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Samenvatting
— Summary in Dutch —

Dankzij veelbelovende technologieén zoals netwerkvirtualisatie, netwerkslicing en
edge computing, kunnen 5G netwerken potentieel altijd en overal snelle en
betrouwbare mobiele breedbandconnectiviteit bieden. Om echter het succes van de
uitrol van 5G-netwerken te garanderen, moeten we niet alleen de technische
uitdagingen diec met deze technologieén gepaard aanpakken, maar ook hun
economische implicaties.

In dit thesisboek hebben we een uitgebreide techno-economische analyse
uitgevoerd van het uitrollen van 5G-netwerken, met als doel de haalbaarheid ervan
te beoordelen en strategische aanbevelingen te doen aan mobiele netwerkoperators
(MNO's). Om dit overkoepelende onderzoeksdoel te behalen, zijn vijf zaken
onderzocht: de haalbaarheid van 5G-uitrol voor verschillende soorten regio's en
diensten, de besparingen (kwantitatief) die verschillende 5G-technologieén met
zich meebrengen, nieuwe verdeelsleutels voor kosten, potenti€le business- en
samenwerkingsmodellen, en de optimale strategie voor de uitrol van 5G
betreffende technologische keuzes en timingbeslissingen.

Om deze vijf onderzoeksdoelen aan te pakken, voerden we een techno-
economische analyse uit van verschillende case studies. We hebben verschillende
techno-economische modellen ontwikkeld die in dit onderzoek worden gebruikt,
waaronder scenario-analyse van relevante scenarios, kosten-batenanalyse,
sensitiviteitsanalyese, analyse van business modellen en verdeelsleutels voor
kosten.

Wat betreft de haalbaarheid van 5G-netwerken voor verschillende soorten regio's
werden twee soorten diensten geanalyseerd in drie verschillende regio's: enhanced
Mobile Broadband (eMBB) en Ultra-Reliable and Low Latency Communication
(URLLC) in landelijk gebied, voor het luchtruim en op de snelweg. Voor het
eMBB-scenario hebben we de rendabiliteit ge€valueerd van geintegreerde
satelliet-4G- en 5G-netwerken voor connectiviteit in, respectievelijk, landelijke
gebieden en vliegtuigen. De onderzochte oplossing bleek rendabel te zijn voor de
noden van eindgebruikers (2 tot 5 Mbps), maar duur voor snelle breedband. Voor
het URLLC-scenario hebben we CCAM-diensten op de snelweg in grensgebieden
bestudeerd. Deze analyse biedt inzicht in de Total Cost of Ownership (TCO) die
gepaard gaan met de verschillende scenarios. We stelden verschillende
prijszettingen voor; de op kosten gebaseerde prijszetting bleek de meest effectieve
aanpak.

Wat betreft de potenti€le besparingen van 5G-technologieén hebben we
voornamelijk gefocust op twee technologieén, netwerkvirtualisatic en edge
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computing. Ons onderzoek toonde aan hoe het cachen van populaire inhoud op
Mobiele Edge Computing (MEC) zowel OPEX-kosten, als de Average Cost Per
User (ACPU) kan verlagen. Er moet hier echter wel een afweging gemaakt
worden tussen de mate van personalisatie en cachingsnelheid. Daarnaast werd ook
de impact van Network Function virtualization (NFV) op implementatiekosten
bekenen, waarbij we een kostenbesparing van 12 tot 45% van de kosten van het
kernnetwerk aantoonden als gevolg van het gebruik van NFV en netwerkslicing.
We wilden nieuwe verdeelsleutels ontwikkelen om kosten te delen tussen
aanbieders van diensten en stakeholders, die beter geschikt zijn voor de unieke
kenmerken van 5G-technologieén. Daarvoor hebben we twee kostenmodellen
ontwikkeld: ¢één voor de toewijzing van kosten aan dienstverleners in
gesegmenteerde netwerken en de tweede om kosten te delen tussen stakeholders.
We hebben een nieuwe verdeelsleutel voorgesteld voor gesegmenteerde 5G-
netwerken.De resultaten van het model toonden aan dat eMBB-video een
aanzienlijk deel van de netwerkkosten draagt in vergelijking met spraak, ten
gevolge van de hogere bandbreedtevereisten. Ook hebben we een verdeelsleutel
ontwikkeld om kosten te verdelen onder stakeholders die 5G-gebaseerde
mobiliteitsdiensten ~ aanbieden. We  hebben  belangrijke  kostfactoren
geidentificeerd, waaronder het type connectiviteit en de mate van samenwerking
tussen actoren, en hebben aangetoond dat het implementeren van een collaboratief
businessmodel, waarbij infrastructuur gedeeld wordt, de investeringskosten voor
betrokken operators aanzienlijk kan verminderen.

We hebben onderzocht welke potenti€le business- en samenwerkingsmodellen
een succesvolle implementatie van 5G mogelijk maken, om 5G-connectiviteit aan
te bieden in vliegtuigen, en vervolgens in wagens. Voor de 5G connectiviteit in
vliegtuigen, hebben we verschillende businessmodellen geidentificeerd,
afthankelijk van wie de service aan de eindgebruiker zal leveren, namelijk
wholesale versus retail modellen, waarbij de keuze gebaseerd is op het niveau van
controle en risico dat de luchtvaartmaatschappij bereid is te nemen. Het
retailmodel is voordeliger voor klanten omdat het een kortere waardeketen biedt
en een betere kwaliteit garandeert. Voor low-cost maatschappijen wordt het
sponsormodel voorgesteld. De freemium wholesale en retail modellen maken
branding en gratis diensten mogelijk voor zowel MNO's/luchtvaartmaatschappijen
als passagiers, maar vereisen een voldoende hoog conversiepercentage van gratis
naar premium om rendabel te zijn. Het complementaire servicemodel is beter
geschikt voor luchtvaartmaatschappijen die inzetten op klanten die betalen voor de
premium service, inclusief connectiviteit. Verder hebben we verschillende
prijsmodellen voorgesteld voor elk businessmodel om maximale winstgevendheid
te garanderen. Voor de 5G connectiviteit in wagens, hebben we drie
businessmodellen voorgesteld die afhankelijk zijn van opkomende 5G-
technologieén, specifiek netwerk slicing en MEC, en rekening houden met de
gefaseerde uitrol van 5G-netwerken (non-standalone en standalone
implementaties). Van de verschillende geidentificeerde modellen toont het
collaboratieve businessmodel het meeste potentieel op basis van MNO-feedback,
maar dit model vereist een herziening van huidige regelgeving.



Om technologische keuzes en timingbeslissingen voor 5G-
implementatiestrategieén te optimisaliseren, hebben we verschillende scenario's
bestudeerd voor twee soorten connectiviteit: Vehicle to Infrastructure (V2I) en
Vehicle to Network (V2N), met verschillende concentraties van RSU's en
macrocellen in het onderzochte gebied. Voor V2I-connectiviteit concludeerden we
dat het installeren van de eerste wegkantunits aanzienlijke kosten met zich
meebrengt, terwijl het toevoegen van nieuwe wegkantunits geen significante extra
uitgaven vraagt. Voor V2N-connectiviteit toonden onze resultaten aan dat het
toevoegen van extra macrocellen resulteerde in hoge cumulatieve kosten, waarbij
OPEX de dominante kostenpost is vanwege de sitehuurkosten die nodig zijn om
de nieuwe macrocellen te hosten. Daarnaast hebben we verschillende MEC-
implementatieopties bestudeerd, variérend van het installeren van MEC in een
gecentraliseerd model (in het datacenter) tot een volledig gedistribueerd model
waarbij MEC-nodes naast elke microceltoren worden gehost. De keuze tussen
implementaties heeft aanzienlijke implicaties voor zowel end-to-end (E2E) latency
als implementatiekosten. We hebben drie MEC-clusteringmodellen voorgesteld
die kunnen helpen bij het maken van deze afweging tussen latency en kosten. We
hebben deze modellen ge€valueerd vanuit zowel kosten- als E2E-latency
perspectieven, waarbij bleek dat MEC-clusteringmodellen beter presteren dan het
niet-geclusterende alternatief op het gebied van kosteneffectiviteit en efficiéntie.
Met MEC-clusteringmodellen kan er tot 71% bespaard worden op de TCO, en kan
de E2E-latency met 1-6 ms verminderd worden. Bepaalde modellen zijn
kosteneffectiever dan andere, afhankelijk van de beschikbaarheid van bestaande
netwerkinfrastructuur. Netwerkdeling, zowel in actieve als passieve vorm, kan de
kosten van MEC-implementaties aanzienlijk verminderen met respectievelijk 31%
en 25%. Bovendien werd de impact van het penetratieniveau van wagens op de
TCO geévalueerd. Zoals verwacht, hoe hoger het aantal tegelijkertijd verbonden
auto's (hoge penetratiepercentages), hoe hoger de TCO van de vereiste
implementatie moet zijn om aan de gedefinicerde KPI's te voldoen. Resultaten
toonden ook aan hoe duur het is om in een greenfield van de snelweg, waar geen
bestaande glasvezelkabel of elektriciteitsvoorzieningen zijn, een netwerk op te
zetten. Greenfield-implementatie is driemaal duurder dan wanneer deze
infrastructuur reeds aanwezig is.

Hoewel de techno-economische modellen in deze doctoraatsthesis ontwikkeld zijn
om de uitrol van 5G-netwerken te beoordelen, geloven we dat ze gemakkelijk
kunnen worden aangepast om andere soorten technologieén te evalueren, rekening
houdend met de specifieke kenmerken van die technologieén.

Toekomstig onderzoek kan het uitbreiden van de analyse naar andere 5G-
gebruiksscenario's zoals mMTC omvatten, het opnemen van dynamisch verkeer in
de verdeelsleutel voor netwerkslicing en het toekennen van beschikbare midellen,
en het evalueren van de levering van 5G-connectiviteit aan andere bewegende
opervlakken en aan andere soorten regio's zoals stedelijke en dichtbevolkte
gebieden. We willen ook het belang benadrukken van het evalueren van de
sociaal-economische voordelen van 5G en de mogelijke impact ervan op het
behalen van de Sustainable Development Goals (SDGs) om tot een allesomvattend
begrip van de mogelijke impact te komen.
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Summary

5G networks have the potential to offer fast and reliable mobile broadband
connectivity anytime, anywhere, and to anything thanks to promising technologies
like network virtualization, network slicing, and edge computing. However, to
ensure the success of 5G networks rollout, not only the technical challenges
associated with these technologies need to be addressed, but also their economic
implications.

In this dissertation, we conducted a comprehensive techno-economic analysis of
the 5G network deployment aiming at assessing its feasibility and providing
strategic recommendations to mobile network operators (MNOs). To achieve this
overarching research objective, five research challenges have been tackled,
including assessing the feasibility of 5G deployment for different types of regions
and services, quantifying the cost savings associated with various 5G
technologies, developing new cost allocation models, identifying potential
business and collaboration models, and identifying technology choices and timing
decisions for optimized 5G deployment strategies.

These five research challenges were addressed by conducting a techno-economic
analysis of several case studies. Therefore, we developed several techno-economic
models to be used in this research including scenario analysis, cost-benefit
analysis, sensitivity analysis, business modelling analysis, and cost allocation
models.

Regarding the feasibility of deploying 5G networks for different types of regions
and services, two types of services were analyzed in three different types of
regions: enhanced Mobile Broadband (eMBB) and Ultra-Reliable and Low
Latency communication (URLLC) in rural, in the sky, and on the highway. For the
eMBB use case, we evaluated the economic viability of an integrated satellite-4G
and 5G networks to provide connectivity to rural and to airplanes respectively.
The studied solution was found to be economically viable for good throughput per
user (2 to 5 Mbps) service but expensive for high-speed broadband. For the
URLLC use case, we studied the provision of CCAM services on the highway in
cross-border environments, analysis results aim at providing insights into the Total
Cost of Ownership (TCO) associated with various deployment scenarios. Several
revenue models were proposed and the cost-based revenue model was found to be
the most effective approach.

Regarding the potential cost savings of 5G technologies, we studied mainly the
impact of two technologies namely network virtualization and edge computing.
Our research showed how caching popular content on mobile edge computing
(MEC can significantly save on OPEX costs and decrease the required Average
Cost Per User (ACPU). However, there is a trade-off between the level of content
personalization available and the caching rate. The impact of Network Function



virtualization (NFV) on deployment cost has also been assessed, demonstrating a
cost saving of 12 to 45% of the core network costs resulting from the use of NFV
and network slicing.

Regarding developing new cost allocation models that are better suited to the
unique characteristics of 5G technologies to share costs among services and
stakeholders, we developed two cost allocation models one for allocation of cost
to services in sliced networks and the second one to share costs among
stakeholders. For the former case, we proposed a novel cost allocation model for
5G-sliced networks, and two other models were developed to provide input to the
proposed model namely resource allocation and 5G VNF dimension models. The
results of the model showed that eMBB video bears a significant portion of the
network costs due to its important requirement in terms of throughput compared to
voice. For the latter case, we developed a cost allocation model to distribute costs
among stakeholders involved in the provision of 5G-based connected mobility
services. We identified key cost allocation drivers including connectivity type and
the degree of collaboration between actors and showed that implementing a
collaborative business model using infrastructure sharing can significantly reduce
investment costs for involved operators.

Regarding identifying potential business and collaboration models that can enable
successful 5G deployment, we identified several business models to provide 5G
connectivity first to airplanes and second to connected cars. For the first case
study, we identified different business models depending on who will provide the
service to the end user, namely wholesale versus retail models, with the choice
based on the level of control and risk the airline company is willing to take. The
retail model is more beneficial to customers as it offers a shorter value chain and
higher quality assurance. For low-cost structures, the sponsorship model is
suggested. The freemium wholesale and retail models offer branding opportunities
and free services to both MNOs/airline companies and passengers but require a
high enough conversion rate from free to premium to work effectively. Premium
airline companies are better suited to the complementary service model, where
customers pay for the full premium service that includes connectivity.
Furthermore, we proposed various pricing schemes for each business model to
ensure maximum profitability. For the second case study, we proposed three
business models that rely on emerging 5G technologies, specifically network
slicing and MEC, and account for the phased rollout of 5G networks (non-
standalone and standalone deployments). Among the various models identified,
the collaborative business model shows the most promise based on MNO
feedback, but it requires regulatory review.

Regarding identifying technology choices and timing decisions for optimized 5G
deployment strategies, we studied different deployment scenarios for two types of
connectivity: Vehicle to Infrastructure (V2I) and Vehicle to Network (V2N) with
varying densifications of roadside units and macrocells in the studied area
respectively. For the V2I connectivity, it was concluded that installing the first
roadside units incurs a significant cost while adding new roadside units will not
have a significant capital expenditure. For the V2N connectivity, our results
showed that adding additional macrocells resulted in a high cumulative cost,
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where OPEX is the dominant cost due mainly to the site rental cost required to
host the new macrocell.

Additionally, we studied different MEC deployment options, ranging from
installing MEC in a centralized model (in the data center) to a fully distributed
model where MEC nodes are hosted next to each microcell tower. The choice
between deployment models carries significant implications for both end-to-end
(E2E) latency and deployment costs. As a result, it becomes necessary to strike a
balance between these factors, and to this end, we proposed three MEC clustering
models that can help achieve this trade-off between latency and cost. We
evaluated those models from both cost and E2E latency perspectives, revealing
that deploying MEC clustering models outperforms non-clustering deployment in
terms of both cost-effectiveness and efficiency. With MEC clustering models, you
can save up to 71% on the TCO and reduce E2E traffic latency by 1-6 ms. Certain
models are more cost-effective than others depending on the availability of prior
network infrastructure, and network sharing in both its active and passive forms
can significantly reduce the cost of MEC deployments by 31% and 25%,
respectively. Moreover, the impact of the penetration rate of connected cars on the
TCO was evaluated. Results showed that as expected, the higher the number of
simultaneously connected cars (high penetration rates), the higher the TCO of the
required deployment needs to be to meet the defined KPIs. Results demonstrated
also how expensive it is to deploy in a green field of the highway where no
existing fibre cable or electricity facilities. The green field deployment is three
times more costly than the pre-equipped field deployment.

Although the developed techno-economic models have been used to assess the 5G
networks rollout, we believe that they can be easily adapted to evaluate other types
of technologies with respecting of course the specificities of those technologies.
Finally, future work for the completed research can include extending the analysis
to other 5G use cases such as mMTC, incorporating dynamic traffic into network
slicing cost allocation and resource allocation models, and evaluating the
provision of 5G connectivity to other moving platforms and to other different
types of regions like urban and dense urban areas. We want also to highlight the
importance of evaluating the socio-economic benefits of 5G and its potential
impact on achieving the Sustainable Development Goals (SDGs) for a more
holistic understanding of its potential impact.






Introduction

“Don’t you think dreams and the Internet are similar? They are
both areas where the repressed conscious mind vents.” - Yasutaka
Tsutsui

In contemporary society, our daily routines, including work and social
interactions, heavily rely on Internet connectivity. The consequences of even a
single hour without internet access on the global economy would be significant.
According to [1], a 60-minute interruption in World Wide Web connectivity
would result in a loss of €1.7 billion to the world economy. This figure would
increase to €17 billion after ten hours and to €41.7 billion after a full day. In
modern times, fast and reliable internet access is no longer considered a luxury,
but rather a necessity. The continual evolution of smartphone technology has
further heightened the need for fast and reliable internet connectivity anytime and
anywhere. Consequently, the need for broadband networks has become
increasingly apparent in recent decades. Broadband connectivity plays a pivotal
role in communication, education, commerce, and other vital services.
Furthermore, the coronavirus crisis highlighted the critical role that broadband
networks played in enabling remote work and telecommuting, increasing
flexibility for both employees and employers and preventing the economic
catastrophes associated with the pandemic. In the Broadband Commission report
[2], broadband was dubbed the "Hidden Hero" of the pandemic.

This chapter provides the necessary background to comprehend the research
presented in this dissertation. Initially, an overview of broadband networks is
given, comprising wired and wireless network types. The focus then shifts to
explaining the fifth generation (5G) of the cellular network in greater detail,
including its technology, use cases, and the enabler key technologies.
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1.1 Broadband networks

In telecommunications, broadband refers to a permanent, high-speed internet
connection with a wide bandwidth for data transmission. It surpasses the older
narrowband dial-up internet access in terms of speed and reliability. Broadband
technology enables us to communicate information through voice, video, and data
by utilizing a wide range of devices and network systems.

1.1.1 Definition, network architecture, and economic
considerations

Initially, "broadband" was a technical term but later transformed into a marketing
phrase for any Internet access technology with relatively high speed. The 802.16-
2004 standard [3] specifies that broadband must have instantaneous bandwidths
exceeding 1 MHz and support data rates above 1.5 Mbit/s. Recently, the Federal
Communications Commission (FCC) revised the definition to include download
speeds of at least 25 Mbit/s and upload speeds of at least 3 Mbit/s [4]. For the
European Commission (EC), a satisfactory broadband internet access service, at a
fixed location, should comprise a download sync speed of at least 30 Mbps, an
upload sync speed of at least 1.5 Mbps, and low latency to enable effective voice
and video calls, and unrestricted data usage [5].

The generic architecture of a broadband network is captured in Figure 1-1.

Home Network = Access Network = Backhaul Network Core Network Data Network
o ' EH
S |
&

Figure 1-1: High-level architecture of a broadband network

The high-level network architecture consists of mainly three parts: the core
network, the backhaul network, and the access network. These network parts link
the end-user or the household/business to the data network (e.g., internet). The
household/business is served by the home network also known as Local Area
Network (LAN).

Broadband technology comprises both wired and wireless high-speed transmission
technologies. The following section provides a definition for each of the three
primary components of a network, accompanied by examples from both wired and
wireless networks.
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Access Network: The access network is the part of the network that connects the
end user's premises or the user equipment (UE) to the service provider's
distribution point or base station in the wired and wireless network, respectively.
Examples of access network technologies in the wired world are DSL, cable
modem, and fiber-optic cable, while examples in the wireless world include
2G/3G/4G/5G cellular technologies, and satellite [6]and [7].

Backhaul Network: The backhaul network is the part of the network that
connects the access network to the core network in both the wired and wireless
worlds. It aggregates traffic from the access network and transmits it to the core
network for further processing and routing. Examples of backhaul network
technologies include copper, fiber-optic cable, microwave links, and satellite
[6]and [7].

Core Network: The core network is the central part of the network that provides
connectivity between different access networks and/or other networks (e.g., data
network) and is responsible for routing traffic between different parts of the
network and providing various services such as security, quality of service (QoS),
and mobility management in both the wired and wireless worlds. Examples of
core network technologies in the wireless world include Evolved Packet Core
(EPC) and 5G Core (5GC) [6] and [8].

It's important to note that the definitions of these terms may vary depending on the
context and the specific technology being used. However, the definitions provided
by the international telecommunication union (ITU) and the 3rd Generation
Partnership Project (3GPP) are widely used in the wired network and cellular
industry respectively and provide a general understanding of these concepts.
Economic considerations

Deploying new broadband networks or upgrading existing ones involves a
complex evaluation of various factors that can significantly impact the feasibility
and success of the deployment. To ensure a viable return on investment, it's
crucial to carefully assess the economic factors associated with the broadband
network. Apart from selecting the appropriate broadband technology to meet the
service requirements in specific geographic conditions, which will be discussed in
the next section, the cost of deploying and maintaining the network infrastructure
is a critical factor to consider. In what follows, a detailed look at the challenges
associated with each element of the broadband network is given.

Firstly, the access network is often considered the most challenging element of
broadband networks due to its direct interface with end-users and their devices,
introducing various complexities and constraints in terms of coverage, capacity,
reliability, and quality of service. Additionally, the access network may have to
operate in different environments, each with its own set of challenges and
requirements. Even after selecting the suitable broadband technology, estimating
the cost of deploying the access network is the most challenging factor. A study
by the Global System for Mobile Communications Association (GSMA)
Intelligence [9] found that the Radio Access Network (RAN) accounts for the
largest share of the total cost of a mobile network deployment, followed by the
backhaul network and the core network. An estimated 60-80% of the capital
expenditure (CAPEX) and 40-60% of the operating expenditure (OPEX) are going
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towards the RAN. The backhaul network accounts for about 20-30% of the
CAPEX and 20-30% of the OPEX, while the core network accounts for 5-15% of
the CAPEX and 10-20% of the OPEX

Secondly, the backhaul network connects the core network to the access network
and requires high-speed connections to the core network, which can be expensive
to deploy, especially in rural or remote areas with low population density. The
backhaul network may also require complex routing and traffic management
systems, which can add to the cost and complexity of deploying and maintaining
this part of the network. According to [10], “the key challenge of backhaul is in
providing cost-effective capacity at the lowest possible total cost of ownership
(TCO)”.

Finally, building and maintaining a cost-effective core network for broadband
networks is a critical challenge. Several factors contribute to the cost of a core
network, such as equipment, installation, maintenance, and upgrades. The
challenge is to design a network that is scalable, reliable, and secure while keeping
costs under control [11].

In conclusion, deploying new broadband networks or upgrading existing ones
requires careful evaluation of the economic factors associated with each element
of the network. By estimating the cost of deploying and maintaining the network
infrastructure while comparing different technological options, a viable return on
investment can be achieved.

In the next subsection, some of the aforementioned technologies are classified into
two primary categories: wired and wireless broadband networks. The link between
each technology and the specific part of the high-level network architecture
(Figure 1-1) it impacts is also highlighted. While most technologies primarily
impact the access network part, hence, the term broadband access networks is
widely used to refer to broadband networks, some technologies can span more
than one network part of the architecture presented in Figure 1-1.

1.1.2 Wired broadband networks

As explained previously, several technologies are classified as wired broadband
connectivity. In the following, each technology will be described apart.

Cable TV connectivity or Cable modem

Cable TV connectivity or also commonly referred to as cable modem facilitates
the provision of broadband by cable operators, utilizing the same coaxial cables
that transmit visual and auditory signals to your television set. Typically, cable
modems are external gadgets featuring two ports - one that connects to the cable
wall socket and another linking to a computer as illustrated in Figure 1-2. These
modems can transmit data at a speed of at least 1.5 Mbps.

Many cable TV companies provide high-speed Internet access by dedicating one
or more of their 6-MHz channels to this service, utilizing modulation techniques
to offer various levels of connectivity to their customers. The customers receive a
cable modem, which links to the cable alongside the television, providing Ethernet
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connectivity to their computer. To enable wireless connections to the Internet for
PCs and laptops, a Wi-Fi access point is frequently attached to the cable modem
[12]. Additionally, TV can still be watched simultancously. The actual
transmission speed depends on factors such as the type of cable modem, cable
network, and volume of traffic. The architecture of the cable modem network
spans across the three previously explained network parts namely the radio access,
backhaul and core network.
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Figure 1-2 An illustration of the Cable modem technology: based on [13]

Digital Subscriber Line (DSL)

DSL is a technology that allows for faster transmission of data over traditional
copper telephone lines. The speed of DSL service can range from several hundred
Kbps to several Mbps, depending on the distance between the home or business
and the nearest telephone company facility. DSL utilizes the standard telephone
lines found in most homes. Despite these lines being designed only for voice
signals, advanced techniques have been developed to enable fast data
transmissions. A DSL modem is then used to connect to the subscribers’
computers and home telephone lines. The data rate of a DSL line is heavily
dependent on the distance between the subscriber and the central office. As the
distance increases, the data rate decreases. However, even for the longest runs of
up to 6 km, data rates of up to approximately 2 Mbps are achievable.

DSL technology has undergone significant advancements, giving rise to newer
versions like ADSL, VDSL, VDSL2, and G.fast. VDSL can offer data rates of up
to 52 Mbps, while VDSL2 can reach up to 200 Mbps over shorter distances. This
remarkable progress is due to the use of fiber in the backhaul network part,
replacing copper as depicted in Figure I-4. The deliverable rate is dependent on the
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distance between the subscriber and the digital subscriber line access multiplexer
(DSLAM). The latest DSL technology, G.fast, can deliver combined download
and upload speeds of up to 1 Gbps over existing telephone wiring. Achieving this
requires the distribution point unit to be located closer to the home. The evolution
of DSL technology is captured in Figure 1-3.

As shown in Figure 1-4, the ADSL technology spans across the access and
backhaul network parts, yet, the new advancements of DSL technology cover the
access network part only.
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Figure 1-3 Evolution of DSL technology over time. The x-axis represents years, while the y-
axis represents data. The graph shows how DSL technology has advanced over time, with
increasing data rates enabling faster internet speeds for users: based on [14].

Fiber

Fiber optic technology utilizes transparent glass fibers, which are as thin as human
hair, to transmit light instead of electrical signals for data transmission. This
enables data to be transmitted at much higher speeds than traditional DSL or cable
modem services, often reaching tens to hundreds of Mbps. The actual speed
experienced by the user may depend on factors such as the proximity of the fiber
to the computer and the service provider's configuration, including bandwidth
usage. Fiber can also deliver other services such as voice (VoIP) and video-on-
demand simultaneously. Although fiber broadband is currently only available in
limited areas, telecommunications providers have plans to expand their fiber
networks and offer bundled voice, Internet, and video services. The technology
can be installed all the way to the customer's home or business and is known as
Fiber to The Home (FTTH), to the curb outside also called Fiber to The
Curb/Cabinet (FTTC), or to a location in between the provider's facilities and the
customer also known as Fiber to the distribution point (FTTdp). The different
fiber access options and their possible combination with DSL are depicted in
Figure 1-4. Fiber technology is used for both access and backhaul network
elements.
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Figure 1-4 Overview of the different Fiber access types with comparison and combination
with DSL access technologies, based on [15].

The European market share of the different wired broadband technologies as of
2019 is illustrated in Figure 1-5.

The data presented in Figure 1-5 highlights the dominance of DSL in several
European countries, including France, Italy, and the UK. However, it is worth
noting that certain countries such as Spain, Latvia, Lithuania, and Romania have
made significant strides in the fiber market and have a relatively larger market
share compared to other fixed broadband technologies.
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Figure 1-5 Fixed broadband subscriptions — technology market shares in the EU (% of
subscriptions), July 2019 [16] showing the dominance of DSL technology in several
European countries.

On average, DSL technology has the highest market share in Europe with 72% in
2013 and 58% in 2019 followed by modem cable. During the same period, the
market share of DSL decreased significantly, while fiber gained traction,
increasing its market share from a mere 5% in 2013 to almost 20% in 2019, as

depicted in Figure 1-6.
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Broadband market shares at Member State level by technology, % of fixed broadband lines, 2013-2019
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Figure 1-6 The European average of technology market shares for fixed broadband
subscriptions, July 2013- 2019 [16] showing the decline of DSL market share in favor of
fibre.

1.1.3 Wireless broadband networks

To comprehend the various categories of wireless broadband networks, we should
first grasp the concept of wireless communication or transmission.

Wireless communication involves transmitting data, voice, and video without
physical cables or wires by using electromagnetic signals that travel from
transmitting devices to end-user equipment. The initial wireless transmitters used
to transmit coded signals, such as Morse code [17], but advancements in
modulation led to the transmission of voice and music, which became known as
radio. Wireless transmissions rely on electromagnetic waves to carry signals, data,
voice, and video over a communication path.

The foundation for modern wireless networking was established in the early 1970s
through the launch of ALOHAnet in Hawaii, a wide area network (WAN) that
utilized ultra-high frequency signals to broadcast data across the islands. The
technology behind ALOHAnet played a critical role in the creation of Ethernet in
1973 and contributed significantly to the development of the first wireless
standard, 802.11 [18].

History of wireless technology

Wireless technology has been in existence for over a century, but it wasn't until
the last 15 years, especially after the ratification of the 802.11ac [19] and 4G [20]
standards, that it advanced enough to allow the development of comprehensive
applications and services for widespread adoption by consumers and enterprises.
The evolution of wireless features has progressed from simple data transfers with
speeds of just several Kbps to operations that require gigabits of data for
completion.
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With each new generation of wireless technology, more sophisticated capabilities
are created, providing users with greater flexibility in accessing information and
services from almost anywhere. Simultaneously, mobile devices have become
more potent and versatile, allowing users to perform complex tasks. The progress
in performance, capacity, and coverage will continue, enabling people to stay
connected wherever they go.

The history of the evolution of wireless technology is illustrated in Figure 1-7.

The history of wireless technology
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Figure 1-7 The evolution of wireless technology, photo by TechTarget [21]

So, in technical words, what is a wireless network?

A wireless network is a grouping of devices that communicate through radio
frequencies for sending and receiving data. Unlike wired networks that rely on
physical cables to establish connections, wireless networks enable the connection
of endpoint computing devices such as smartphones, laptops, and tablets to
peripheral devices without using wired cabling.

Wireless networks rely on radio transmission to broadcast and receive signals
within a specific range of electromagnetic radiation spectrum or "spectrum." Data
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is transmitted over wireless networks through small, embedded hardware antennas
within devices.

Different wireless networks utilize different frequency ranges within the spectrum,
and various channels help reduce congestion within each frequency range. These
frequencies are regulated by government agencies to avoid interference between
different wireless networks and other electronic devices that use the same
frequencies. Different wireless networks may use different wireless technologies,
such as Wi-Fi, Bluetooth, or cellular networks, depending on the application and
requirements [12].

Figure 1-8 shows a comparison between the various types of wireless networking
technologies in use today based on the range and data rates. These technologies
will be detailed separately in the following sub-sections.
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Figure 1-8 Summary of wireless networking technologies shown as data rate versus range,
adopted from [12].

Figure 1-1 illustrates the three main components of a generic network architecture:
the core, the backhaul, and the access network. Wireless technologies are
classified based on their impact on specific parts of the network architecture. The
access network can be further divided into two parts: the shared access network
utilized by all users and the private Local Area Network (LAN) used inside
limited areas such as residences, schools, or office buildings. To categorize
different wireless technologies, we follow an inside-to-outside approach, starting
from the LAN to the backhaul network.

Wireless technologies for the Local Area Network (LAN)

In the high-level network architecture presented in Figure 1-1, wireless networks
for LAN relates to the home network part. The famous wireless access technology
used for LAN is Wi-Fi. Wi-Fi, short for "wireless fidelity," is a wireless
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networking technology that has gained widespread popularity. It is based on the
IEEE's wireless Ethernet standard, 802.11, and was initially designed to extend
Ethernet LANs wirelessly. This technology has allowed laptops, personal
computers, and even cell phones to connect to an organization's or company's
LAN without the need for a wired connection. This has simplified the process by
eliminating the need for new wiring and provided users with greater mobility,
especially since laptops are now more commonly used than fixed PCs. In today's
world, Wi-Fi has become the primary wireless link for smartphones and tablets to
access the Internet [].

Figure 1-9 shows how Wi-Fi network works. The data to be sent over the network
is encoded into electromagnetic waves that are propagated through the air, which
are received and decoded by the wireless network interface card (NIC) installed in
the receiving device. Wireless networks use a wireless access point (WAP) to act
as a central hub to manage communication between devices. The WAP serves as a
connecting link between the wireless and wired networks, enabling wireless
devices to utilize resources like servers and printers available on the wired
network.

Internet
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Figure 1-9 lllustration of a simple Wi-Fi network

Wi-Fi's popularity can be attributed to its low cost, high data rate, and ease of
deployment. The IEEE 802.11 standard includes different versions such as
802.11a, 802.11b, 802.11g, and 802.11n, each with varying data rates, with a
maximum of 54/11/54/600 Mbps for 802.11a/b/g/n respectively, and a range of
100-200m [22]. 802.11a operates at the unlicensed 5GHz band, while 802.11b/g
operates at the unlicensed 2.4GHz band. Despite 802.11a providing a greater
number of frequency channels and higher throughput, it experiences more multi-
path propagation issues compared to 802.11b/g. The 802.11b standard employs
the Complementary Code Keying (CCK) technique with a 25 MHz bandwidth,
while 802.11a/g utilize Orthogonal Frequency Division Multiplexing (OFDM)
modulation with a 20 MHz bandwidth [23].
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In Figure 1-10, the evolution of Wi-Fi standards with their respective use case is
illustrated.
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Figure 1-10 The evolution of Wi-Fi standards and their respective use cases, adopted from
[24]

An additional wireless broadband technology within the IEEE 802 standards is
802.16, commonly referred to as WiMAX. This technology was specifically
developed to cater to the requirements of Wireless Metropolitan Area Networks
(WMAN:S). To learn more about WiMAX, we refer the reader to this article [23].
While Wi-Fi is more an indoor connectivity solution, users need an outdoor
mobile broadband to use with their smartphones and tablets while moving outside
the Wi-Fi range.

Cellular networks: evolution from 1G to 6G: 3GPP standards

Cellular network technology spans across the access and home network parts
illustrated in Figure 1-1. A cellular network represents a wireless network
enabling mobile devices, including smartphones and tablets, to communicate with
one another and access the internet via a network of interconnected cells. Each cell
is typically served by a base station, which uses radio waves to transmit and
receive data between the mobile device and the network [25]. The evolution of
cellular networks has been driven by several technical drivers that have enabled
each new generation of networks to provide increased capacity, data rates, and
coverage. Below is a summary of the evolution of cellular networks from 1G
onwards, highlighting the main technical drivers. Although 1G and 2G networks
are not classified as wireless broadband networks, we have included them in this
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overview to provide a comprehensive understanding of the evolution of cellular
networks. However, it is only with the advent of 3G networks and beyond that
cellular networks are commonly referred to as broadband networks.

The evolution of the different cellular communication is illustrated in Figure 1-11
and each generation will be detailed further in the following sub-sections.
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Figure 1-11 The evolution of cellular communication [28]

1G (First Generation)

The first generation of cellular networks, 1G, was introduced in the 1980s and
provided analog voice services where each call used a separated narrowband
frequency channel. The main technical driver for 1G was the development of the
cellular network architecture, which allowed mobile phones to be used over a
wider area than was previously possible. The first 1G network was launched in
Japan in 1979 by NTT, and subsequently, other countries followed. Multiple
cellular standards, including Nordic Mobile Telephone (NMT), Advanced Mobile
Phone System (AMPS), Total Access Communications System (TACS), and
others, were adopted across different regions [26] and [27]. These networks
operated on the 800 MHz (USA) and 900MHz (EU) frequency band and used
frequency modulation technology for voice communication. The data rates were
slow, and the networks supported only voice calls [26].
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Figure 1-12 The 1G network architecture, adopted from [28].
The network architecture of 1G networks is presented in Figure 1-12. In cellular
networks, cells are represented by a hexagonal form. In order to enhance capacity,
these cells can be subdivided into smaller units called sectors. The Mobile
Telephone Switching Office (MTSO) establishes connections between Base
Transceiver Stations (BTS) and the Public Switched Telephone Network (PSTN).
The MTSO manages handoffs, call routing, registration, authentication, and other
functions in a circuit-switched' (CS) [29] network. Operators obtain licensed
spectrum from regulatory organizations to provide voice services.
2G (Second Generation)
Second-generation cellular networks were introduced in the 1990s and used digital
technology, which offered several advantages over 1G. The primary driver behind
2G was the need for improved voice quality and capacity. 2G networks employed
digital modulation methods, including Time-Division Multiple Access (TDMA)
and Code-Division Multiple Access (CDMA), enabling a higher number of users
to share the same frequency band and introducing circuit-switched data services
[26]. The most popular 2G standard was GSM (Global System for Mobile
Communications). GSM was introduced in Europe in 1991 and quickly gained
worldwide acceptance. 2G also enabled the introduction of short message service
(SMS), which was a significant milestone in the history of mobile communication.
2G networks operated in the 900 MHz and 1800 MHz frequency bands. The
European Telecommunications Standards Institute (ETSI) Special Mobile Group
(SMGQG) played a key role in the development of the GSM standard. This group
chose TDMA as the standard, which was subsequently followed by other digital
standards adopted in different countries. Alternatively, CDMA was first initiated
within the IS-95 standard (later called cdmaOne) [26]. GSM primarily offers voice
and circuit-switched data services, attaining data rates of up to 9.6 kbps. [30].

I Circuit switching establishes a dedicated physical path between two communication
devices for the duration of a communication session. This path is reserved exclusively for
the two devices to exchange data until the session is terminated. During this time, the path
is unavailable for other communications [32].
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Figure 1-13 The network architecture of 2G GSM networks, adopted from [28].

Figure 1-13 presents the network architecture of 2G.

The Base Station Subsystem (BSS) is composed of two key components: the Base
Transceiver Stations (BTSs) and the Base Station Controller (BSC). The entire
GSM network is monitored and controlled by the Operation and Support
Subsystem (OSS). The Mobile Switching Center (MSC) provides services such as
registration, authentication, call routing, call location, and other features. The
Home/Visitor Location Register (HLR/VLR) stores subscriber information. The
HLR provides subscriber data to the Gateway Mobile Switching Center (GMSC)
for call routing to the appropriate MSC. A Serving GPRS Support Node (SGSN)
manages mobility and packet routing, while the Gateway GPRS Support Node
(GGSN) connects the GPRS network to external packet-switched? networks [28].

2.5G and 2.75G

The lower data rate of GSM has prompted cellular systems to develop new
technologies, such as General Packet Radio Service (GPRS) [31], [33], and [34].
GPRS, viewed as a 2.5G technology, employs both circuit and packet switching
similar to GSM. It can boost data rates up to 50 kbps, using transmission and
modulation methods akin to those in GSM.

GPRS serves as a crucial stepping stone towards an enhanced GSM environment,
supporting higher data rates through EDGE. Predating 3G, EDGE is a radio
technology that allows data transmission and reception at speeds up to 200 kbps.
Building upon the GSM standard, EDGE utilizes the same transmission
mechanism and bandwidth as GSM, but with a different modulation technique.
While 8PSK offers higher data rates within a smaller area, GMSK ensures reliable
wide coverage. EDGE was designed to improve packet-switching services and
enable high-speed data applications, such as multimedia [33] and [34].

2 Packet switching is a method of sending data over a network in which the data is divided
into small packets and sent individually across the network. Each packet is sent
independently and may take a different path through the network to reach its destination.
When the packets arrive to their destination, they are reassembled into their original form
[32].
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3G (Third Generation)

The third generation (3G) of cellular networks was introduced in the early 2000s
and marked a significant improvement over its predecessor, 2G. 3G networks
enabled faster data transfer rates and supported multimedia applications such as
video calling and mobile internet browsing. The main technical driver behind 3G
was the use of a new radio access technology called Wideband Code Division
Multiple Access (WCDMA) and high-speed packet access (HSPA) technologies,
which allowed data rates of up to several megabits per second. 3G networks
operated on a variety of frequency bands, including 850 MHz, 900 MHz, 1700
MHz, and 2100 MHz, depending on the region. 3G networks supported data rates
of up to 2 Mbps, which made it possible to stream video and use more advanced
data services like video calling.
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Figure 1-14 The 3G WCDMA network architecture, adopted from [28].
The network architecture of 3G networks is presented in Figure 1-14. The BSC
functions in 2G were replaced by the Radio Network Controller (RNC), while the
Base Transceiver Station (BTS) functions were taken over by the NodeB.
WCDMA, also known as Universal Mobile Telephone System (UMTS), is
composed of NodeB and RNC groups, which collectively make up the UMTS
Terrestrial Radio Access Network (UTRAN). The two cellular protocols used in
3G were WCDMA (UMTS) and CDMA2000 [28].
HSPA+ (Evolved High-Speed Packet Access) is an advanced 3rd Generation
Partnership Project (3GPP) standard introduced in late 2008 and widely adopted
by 2010. On the other hand, 3.9G Long-Term Evolution (LTE) boasts capabilities
that exceed those of conventional 3G mobile communications [33] and [34]. Both
ITU and 3GPP have reached the consensus that LTE can be rightfully called 4G
technology [35].
4G (Fourth Generation)
The fourth generation of cellular networks, 4G, was introduced in the late 2000s
and provided even higher data rates and improved network efficiency. 4G is a
technology that exclusively enables packet-switched based networking. The main
technical drivers for 4G were the introduction of long-term evolution (LTE)
technology, and the use of multiple-input and multiple-output (MIMO) antenna
systems. 4G networks operated on a variety of frequency bands, including 700
MHz, 8§50 MHz, 1800 MHz, 2100 MHz, and 2600 MHz, depending on the region.
4G networks supported data rates of up to 100 Mbps, which made it possible to
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stream high-definition video and use more advanced data services like mobile
gaming and virtual reality.

4G utilizes orthogonal frequency division multiplexing (OFDM) to enable
advanced multi-antenna transmission and expandable transmission bandwidths up
to 20 MHz. One of the critical components of the system technology is MIMO,
which allows for multi-stream transmission and higher data rates. This results in
improved spectral efficiency, connection quality, and the ability to adjust radiation
patterns for signal gain and mitigation. Adaptive beamforming in antennas is used
to generate an interference array, which in turn improves the signal quality.

Control Plane EPC
\ {/ PDN \Iju
RV \, s

Data Plane

Figure 1-15 The 4G LTE network architecture, adopted from [28].
The network architecture of 4G networks is presented in Figure 1-15. 4G is a
globally standardized cellular technology that utilizes an evolved packet core
(EPC) to replace the core network functions, and an eNodeB to replace the
NodeB. Together, the group of eNodeBs form the evolved UTRAN (EUTRAN).
The EUTRAN to EPC connection utilizes both control plane and user plane
signals, allowing for flexible evolution rates and network deployment options.
The Home Subscriber Server (HSS) element, taken from 3G and 2G, is a central
database that stores information about all network subscribers. The packet data
network gateway (P-GW) serves as a gateway that connects packet data networks
(PDN) to the outside world and is accessible via an access point name (APN). The
serving gateway (S-GW) routes data from the base station to the PDN gateway,
which serves the same purpose as the GGSN and SGSN in UMTS and GSM.
The mobility management entity (MME) utilizes signaling messages and the HSS
to govern high-level mobile functioning. The policy control and charging rules
function (PCRF), as part of the P-GW's policy control enforcement function
(PCEF), regulates charging features and makes policy control decisions that are
flow-based. The control plane is used by nodes to exchange signaling messages,
while the user plane is used for data transmission between the UE and the PDN.
Signaling messages may be used by nodes to start, stop, or change a UE's data
session [28].
With the adoption of 4G, data speeds have significantly increased to up to 100
Mbps). As demand for mobile broadband communication capacity continues to
grow year after year, the wireless technology has evolved to include LTE
Advanced (LTE-A). LTE-A is designed to achieve even higher peak throughput
rates than LTE, with a theoretical maximum rate exceeding 1 gigabit per second
(Gbps) [36].
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5G (Fifth generation)

The fifth generation of cellular networks, 5G network are the latest generation of
cellular networks and were introduced in the late 2010s. The standardization
process for 5G communication is now complete and the implementation of this
standard is taking place globally [37]. The International Telecommunication
Union (ITU) has defined the vision and specifications for 5G with the goal of
meeting eight Key Performance Indicators (KPIs) and three common use cases
namely enhanced Mobile Broadband (eMBB), Ultra-Reliable Low-Latency
Communication (URLLC), and massive Machine Type Communications (mMTC)
[38]. These KPIs include achieving a data rate of Gigabits per second (Gb/s) for
eMBB, air interface delay of a few milliseconds (ms) for URLLC, and Indicator
type communication for mMTC, with a requirement for millions of connections
per square km (1 M/km2) [38].

To achieve these KPIs, several enabling technologies have been developed and
considered during the standardization process. Technical trials are currently being
conducted to ensure the successful implementation of these technologies.
Examples of these technologies include the Dual Connectivity Architecture,
Massive Multiple-Input Multiple-Output (mMIMO), mm-wave communications,
flexible frame structure among other wireless technologies [39].
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Figure 1-16 The 5G NR network architecture, adopted from [28].

The network architecture of 5G networks is presented in Figure 1-16. The 5G New
Radio (NR) network is built around the "next generation NodeB," or gNB, which
serves as the base station (BS). Unlike previous generations of cellular networks,
the NG-RAN consists of two separate units: the centralized unit (CU) and
distributed unit (DU). The gNB replaces the eNodeB, while the 5G core (5GC)
supplants the EPC.

Within the 5G network, various functions are responsible for specific tasks. The
access and mobility management function (AMF) is accountable for mobility
management among other tasks. The session management function (SMF)
allocates UE IP addresses, performs UPF selection and control etc.. The unified
data management (UDM) function handles subscription management, registration,
user data, and mobility management. The policy control function (PCF) enforces
policy rules for control plane (CP) functions.
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The user plane function (UPF) plays a critical role in connecting external data
networks to the 5G network, as well as managing UP QoS. The application
function (AF) manages the policy framework and other policy control tasks [28].
Further explanation regarding all these 5SGC network functions is provided in
section 1.2.2.

Table 1-1 Comparison between different generation of cellular networks, adopted

from [28]
Cellul | Standards | Applications Multiple | Physical Duplex | Switchi
ar Access Resources | Methods | ng
Gener Techniq Techniq
ations ues ues
1G AMPS, Voice call with | FDMA Frequency | FDD CS
NMT, analog signals
TACS
2G GSM, IS- | Voice services | TDMA Time slots | FDD CS
54, with digital From
1S-95 signals, SMS. 2.5G
From 2.5G, CS&PS
email and web-
browsing.
3G WCDMA, | Mobile TV, | CDMA | Time FDD/T CS&PS
CDMA20 | video telephony, slots/ DD
00 and video PN codes
conference
4G LTE High data rate | OFDM Time/ FDD/T PS
applications, A Frequency | DD
eg. HD TV,
cloud
computing,
video gaming,
etc
5G NR IoT, enhanced | OFDM Time/ FDD/T PS
broadband, A Frequency | DD
smart city, VR,
AR etc.

The remarkable surge in connected devices has resulted in a significant uptick in
data traffic. This, along with the emergence of new applications such as
autonomous vehicles and Virtual Reality/Augmented Reality (VR/AR), has
created a demand for data rates and latency beyond what 5G networks can deliver.
These challenges are fuelling the development of 6G communication systems,
anticipated to be deployed by 2030 [40].

6G (Sixth generation)

To fully realize the potential of 6G networks and address the challenges presented
by emerging technologies, researchers from academia and industry are working to
define the main qualifying technologies that will differentiate 6G from its
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predecessor. While 6G standard has not yet been finalized, here below we list
some of the 6G expected capabilities

The development of 6G wireless communication networks aims to enhance data
throughput, system capacity, spectrum efficiency, latency reduction, and coverage
expansion up to 100 times more than 5G. The focus is to enable faster and more
efficient communication, particularly for the Internet of Everything (IoE), and
support the growth of an industrial omnipresent intelligent mobile society. 6G will
operate at higher frequencies like mm-wave, terahertz, and visible light, allowing
data rate reaching Tbps, and a user experience data rate of 10 Gbps. It will also
integrate artificial intelligence (AI) technology, prioritize endogenous security
solutions, and leverage new technologies like edge computing, cloud computing,
Al and blockchain [36].

Hybrid solution: Fixed wireless access (FWA)

Fixed wireless access (FWA) is a wireless technology used to provide broadband
internet access to fixed locations like homes and businesses. FWA utilizes radio
waves to transmit data between a wireless access point or base station and a
receiver located at the customer's premises, typically a router or modem that
connects to the customer's devices via Ethernet or Wi-Fi. While FWA mainly
relies on cellular networks for access, it can also use other technologies such as
satellite for backhaul, as shown in Figure 1-17.

FWA is often used in rural or remote areas where laying physical infrastructure
like cable or DSL is not feasible or cost-effective. Additionally, FWA can be used
to provide internet access to temporary locations like events or construction sites.
The FWA technology spans across the access and home network parts of the high-
level network architecture depicted in Figure 1-1, with backhaul networks
included when technologies other than cellular networks are used.

Home Network  Access Network Backhaul Network Core Network Data Network
wp
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Wireless link Wired link

Figure 1-17 Fixed wireless access technology using cellular networks (shown in the bottom
part of the figure) and satellite communication (shown in the upper part of the figure) for
backhauling. This figure shows the impacted network element of Figure 1-1 namley the
access network and the backhaul network.
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Satellite

Satellite communications cover broadcast satellites which are unidirectional

satellite for television use and broadband satellites which are bidirectional

satellites for Internet access. In this section we describe the latter one. Broadband
satellite technology uses communication satellites to provide internet access to
remote areas that are not served by traditional wired broadband networks. The
orbit is the trajectory of the satellite. There are three types of satellite orbits used
for broadband internet services: Geostationary Earth Orbit (GEO), Medium Earth

Orbit (MEO), and Low Earth Orbit (LEO) [41]. Choosing a satellite system

involves selecting an appropriate orbit that meets the key performance indicators

(KPIs) for the intended services.

o Geostationary Earth Orbit (GEO): Satellites in GEO are positioned
approximately 35,800 km above the equator, allowing them to stay in a fixed
position relative to the Earth's surface. This means that a user can maintain a
constant connection with a satellite in GEO, as the satellite appears to remain
stationary in the sky. However, the distance to the satellite creates a delay in
data transmission known as latency, which can impact some applications,
such as online gaming or video conferencing. GEO satellites are often used
for broadcasting and delivering broadband services to remote regions [42].

e Medium Earth Orbit (MEO): Satellites in MEO are positioned at an altitude
of around 5,000 to 12,000 km above the Earth's surface. They are closer to the
Earth than GEO satellites, which reduces latency and allows for faster data
transfer rates. However, since MEO satellites move relative to the Earth's
surface, they require a larger number of satellites in a constellation to ensure
continuous coverage. MEO satellite constellations are often used for
providing broadband services to airplanes, ships, and land-based users [42].

e Low Earth Orbit (LEO): Satellites in LEO are positioned at an altitude of
approximately 500 to 2,000 km above the Earth's surface. They are much
closer to the Earth than GEO or MEO satellites, which minimizes latency and
allows for very high data transfer rates. LEO satellite constellations typically
consist of hundreds or even thousands of satellites, which can provide
continuous coverage and enable seamless handoffs between satellites as they
orbit the Earth. LEO satellite constellations are being used to deliver
broadband internet services to consumers and businesses, and some
companies are planning to deploy global broadband networks using LEO
satellite constellations [42] and [43].

Satellite broadband works by transmitting data from the user's premises to a

satellite using a satellite terminal. The satellite then relays the data to a ground

station, which is connected to the internet backbone. The data is then sent back to
the satellite and transmitted back to the user's premises. Satellite can also be used

only for backhauling other broadband access technologies as shown in Figure 1-18,

hence, satellite impacts two parts of the network architecture presented in Figure

1-1, namely the backhaul and the access network.
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Figure 1-18 Satellite communication as backhaul, and access network technology (shown
in the upper part of the figure) and satellite communication used for backhauling other
access technology (shown in the bottom part of the figure). This figure shows the impacted
network element of Figure 1-1 namely the access network and the backhaul network.

1.2 5G networks

In the previous section, we provided a high-level introduction to 5G networks,
placing them in the context of the evolution of cellular networks through the
different generations. However, as this dissertation aims to study 5G networks
from a techno-economic perspective, it is important to delve deeper into the
details of this latest generation of mobile networks. This section will provide a
more comprehensive overview of 5G networks, including the famous 5G use
cases, the spectrum that will be used, the 5G network architecture, and the
enabling technologies that make 5G possible

1.2.1 5G use cases

Based on the IMT vision 2020 and beyond that defined the basic guidelines for
future broadband networks, 3GPP has adopted the following three main use cases
as the main use cases of 5G networks [44]:

The IMT vision 2020 laid out fundamental guidelines for future broadband
networks and has identified three primary use cases. Following this vision, 3GPP
has adopted the same three use cases for 5G networks. They are as follows:
Enhanced Mobile Broadband (eMBB)

The demand for mobile broadband is expected to increase, leading to the
development of Enhanced Mobile Broadband. This new usage scenario will
require additional features and application areas to ensure better performance and
a more seamless user experience. The usage scenario encompasses various cases,
such as wide-area coverage and hotspot, each with unique requirements. For
example, the hotspot scenario requires extremely high traffic capacity to support a
dense user population, while mobility needs are minimal, and the user data rate
surpasses that of wide area coverage. In contrast, for wide area coverage, users
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seek continuous coverage, medium to high mobility, and a significantly enhanced
user data rate compared to existing rates. However, the data rate requirement
might be less stringent than in the hotspot case [44]. eMBB will enable a range of
applications such as virtual/ augmented reality, and ultra-high-definition video
streaming.

Ultra-Reliable and Low Latency Communications (URLLC)

This use case is designed for applications that require highly reliable and low
latency connectivity such as autonomous vehicles, remote surgery, and industrial
automation. With URLLC, 5G networks can achieve latencies as low as 1
millisecond and provide the reliability of up to 99.999% [45].

Massive Machine Type Communications (mMTC)

This use case is aimed at supporting a substantial number of connected devices,
such as sensors and IoT devices requiring both low data rates and power
consumption. With mMTC, 5G networks can support up to 1 million devices per
square km, which is a significant improvement compared to the 4G networks [45].
These three use cases are presented in Figure 1-19.

Enhanced mobile broadband

Gigabytes in a second _I__ y

I_ 3D video, UHD screens

. Work and play in the cloud
Smart home/building
Angmented reality

Inchustry automation

Mission critical application

r Self driving car

Smart city

Massive machine type Ultra-reliable and low latency
communications communications

Figure 1-19 5G use cases according to the IMT 2020 vision [44].

The 5G use cases have different network requirements in terms of latency, peak
data-rate, mobility, etc. The radar chart in Figure 1-20 illustrates the network
requirement of the three 5G uses cases. As can be seen in the figure, eMBB
requires mostly high data rate, high traffic capacity per area, and high mobility,
whereas mMTC requires high connection density and medium network energy
efficiency and URLLC is demanding in terms of mobility and latency.
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Figure 1-20 5G use cases requirements [44].

1.2.2 5G spectrum

In order to support the diverse use cases outlined in the previous section, it is
necessary for 5G networks to access a new spectrum, as the current spectrum
allocated to mobile communication networks is insufficient to meet the
requirements of the identified use cases [46]. As a result, 5G networks will utilize
a range of frequency bands, including low-band, mid-band, and high-band
frequencies [47] and [48]. These three bands are detailed in the following section
and presented in Figure 1-21.

Low-band frequencies (sub-1 GHz) have better coverage and can penetrate walls
and other obstacles, but they have limited capacity and slower data speeds. They
will be used primarily for wide-area coverage and indoor use.

Mid-band frequencies (1 GHz to 6 GHz), a.k.a sub-6 GHz, provide a balance
between coverage and capacity, making them ideal for providing both wide-area
coverage and high-speed data transfer. They will be used for the 5G networks'
backbone and to deliver high-speed data services in urban and suburban areas.
High-band frequencies, also referred to as millimeter waves (mmWave), these
waves offer high capacity and speed, although their coverage area is limited and
can be obstructed by obstacles such as buildings and trees. They will be used for
providing high-speed data services in densely populated urban areas, stadiums,
and other venues with high data usage.

In addition to these three frequency bands, 5G networks may also use unlicensed
spectrum and shared spectrum allowing several users to use the same frequency
band. Overall, the use of different spectrum types and bands is essential for the
success of 5G networks, as it allows for the optimal balance between coverage,
capacity, and speed.
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Figure 1-21 5G frequency bands compared to the previous cellular generations,

[49].

It is worth emphasizing that the frequency bands utilized by older mobile
generations have been incorporated and are still being used in the new generation,
as can be seen in Figure 1-21.

1.2.3 5G network architecture

The main objective of 5G communication networks is to provide services that
cater to the various demands of highly mobile systems, including high throughput,
low latency, and a large number of connections as described under the framework
of the three 5G use cases (section 1.2.1). Additionally, the goal is to achieve a
completely connected society while ensuring human-centric coexistence with
machine-type applications. The acquisition of new spectrum bands (as described
in section 1.2.2) alone is not sufficient to meet these diverse requirements.
Therefore, the 5G framework needs to employ a dynamic, logical, and flexible
architecture supported by various advanced technologies that can support different
applications [50].

In contrast to earlier mobile communication networks, 5G embraces a smarter
architecture that is not constrained by the proximity of base stations or complex
infrastructure limitations. It employs a versatile deployment approach, integrating
innovative technologies such as network slicing, software-defined networking, and
network function virtualization [50]. This approach has led to a comprehensive
reassessment of the entire architectural system encompassing both the Radio
Access Network (RAN) and the Core Network, as well as the functional division
between them, in accordance with the 3GPP New Radio (NR) standards [51].
3GPP defined the 5G system architecture in [55], outlining the necessary features
for an operational 5G system. Usually, a mobile system architecture comprises
two primary components: the Core Network (CN) and the Access Network (AN).
The 3GPP's 5G system architecture entails interaction between the user equipment
(UE) and an endpoint, which could be another UE or a server like the Application
Server (AS). This 3GPP system includes the AS, 5G Core Network (5GC), Next
Generation Radio Access Network (NG-RAN), and UE. It facilitates
communication between the data network and UE through the AN and CN [50].
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Figure 1-22 5G system end-to-end architecture based on [50].

In the following, we discuss the main technical advancements in the two main 5G
architecture elements namely the NG-RAN or a.k.a the 5G new radio (5G-NR)
and 5GC.

NG-RAN or 5G-NR

The 3GPP New Radio (NR) is a versatile and unified air interface that enables the

three primary categories for 5G communications as described previously in

section 1.2.1, namely, eMBB, URLLC, and mMTC among other 5G vertical
applications. It operates within frequency bands of up to 52.6 GHz by enabling
network deployment across frequency spectrums below 6 GHz, covering
mmWave and centimeter wave (cmWave) frequency bands [52]. It supports
massive MIMO on a large scale, boosting network coverage and capacity
performance, thereby catering to the substantial demand for data services. The NR
air interface is based on an OFDM-based signal modulation like LTE [50] and

[52].

5GC

The mobile core network in general is a group of functions typically housed

within one or multiple devices that serve multiple objectives. These functions

include authenticating devices before connecting them to the network, delivering
internet (IP) connectivity for voice and data services, ensuring that the promised
quality of service (QoS) requirements are met, monitoring user mobility to ensure
uninterrupted service, and keeping track of subscriber usage for billing and
charging purposes. The 3GPP has maintained the concept of a flat architecture
with a separation between the Control Plane (CP) and User Plane (UP) to meet
service requirements. This allows for a scalable and adaptable network, as
operators can utilize this functional split for dimensioning, deployment, and
customization to fit their specific needs [53]. In addition, 3GPP identifies two

representations to be used in the SGC architecture [54], [55], and [53]:

1. The point-to-point reference presentation: this architecture has been used for
decades in the previous mobile network generations. The reference point
representation, which emphasizes the interactions between pairs of network
functions through point-to-point reference points (e.g., N7) connecting any
two network functions (e.g., SMF and PCF), is employed when there is a need
to depict such interactions between functions (Figure 1-23).
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Figure 1-23 Non-Roaming 5G System Architecture in reference point
representation [56].

2. Service-Based Architecture (SBA): service-based architecture, on the other
hand, is a more flexible and modular approach to network design. In this
architecture, the network functions are divided into smaller, independent
building blocks called services. Each service provides specific functionality
that can be accessed and used by other services. This enables the creation of
more complex services by combining smaller, independent services, without
the need to modify or replace the entire network. This illustration also
incorporates point-to-point reference points connecting NFs wherever needed
(Figure 1-24).

Nnssf Nnef Nnrf Npcf Nudm Naf

Figure 1-24 5G System Service-based architecture [57].

As can be seen in Figure 1-23 and Figure 1-24, each network function (NF) has a
name and executes certain functionalities, in the following we delve into the
various NFs in the 5G core network. It is important to note that not all
functionalities of each function are described but the famous ones. The major 5G
NFs are described in the following and the comparison with the 4G NFs is
highlighted [57]:
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“Access and Mobility Management Function (AMF) supports a range of
functionalities such as Termination of Non-Access Stratum (NAS) signaling, NAS
ciphering & integrity protection, registration management, connection
management, mobility management, access authentication and authorization, and
security context management. AMF also includes some of the MME functionality
from the EPC world (i.e., the 4G/LTE core network).

Session Management Function (SMF) supports session management tasks such
as session establishment, modification, release, UE IP address allocation &
management, and traffic steering configuration for UPF for proper traffic routing.
SMF also incorporates some of the MME and packet gateway (PGW)
functionality from the EPC world.

User plane function (UPF) carries out functions such as packet routing &
forwarding, packet inspection, and QoS handling, and acts as an external PDU
session point for interconnecting to Data Network (DN). UPF also includes some
of the serving gateway (SGW) and packet gateway (PGW) functionality from the
EPC world.

Policy Control Function (PCF) provides a unified policy framework, policy
rules for control plane functions, and access to subscription information for policy
decisions. PCF also includes some of the PCRF functionality from the EPC world.
Authentication Server Function (AUSF) acts as an authentication server and
incorporates some of the HSS functionality from the EPC world.

Unified Data Management (UDM) is responsible for generating Authentication
and Key Agreement (AKA) credentials, user identification handling, access
authorization, and subscription management. UDM also incorporates some of the
HSS functionality from the EPC world.

Application Function (AF) facilitates application influence on traffic routing,
accessing NEF, and interaction with a policy framework for policy control. AF has
the same functionalities as AF in the EPC world.

Network Exposure Function (NEF) enables the exposure of capabilities and
events, secures the provision of information from external applications to the
3GPP network, and translation of internal/external information. NEF is not present
in the EPC world.

NF Repository function (NRF) facilitates the service discovery function and
maintains the NF profile and available NF instances. NRF is not present in the
EPC world.

Network Slice Selection Function (NSSF) helps in selecting the Network Slice
instances to serve the UE, determining the allowed NSSAI, and determining the
AMF set to be used to serve the UE. NSSF is not present in the EPC world.”

5G non-standalone and standalone architecture

After understanding the NG-RAN and the 5GC, the question raises is how these
two 5G main elements are interconnected and deployed. In the following section,
we address this question.
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5G networks can be deployed based on two different options, namely the Non-
Stand Alone (NSA) and Stand Alone (SA) architectures [58]. Figure 1-25
illustrates how the NSA architecture links the NG-RAN to both the 5GC and 4G
(LTE) core network, while the SA architecture, depicted in Figure 1-26, solely
connects the 5GC and NG-RAN.

The NSA architecture utilizes a combination of the NG-RAN with the current
4G access network (E-UTRAN) and its core network (EPC) to enable the use of
5G NR technology without the need for a network replacement. It is an
intermediary step towards the full 5G network deployment [59]. However, while
the 5G NR can provide benefits such as lower latency and higher capacity, only
4G services will be available at its capacity. The Next Generation NodeB (gNB),
acting as the logical node for 5G NR base stations (BS), links to the 4G/LTE BS,
known as the enhanced NodeB (eNB), via the X2 interface. The gNB is
responsible for establishing connections between the User Equipment (UE) and
the 5SGC interface. The eNB is connected to the EPC, more specifically to the
Mobility Management Entity/Serving Gateway components (MME/S-GW),
through the S1 interface. On the other hand, the S1-U interface links the gNB to
the EPC. Furthermore, the gNB can establish links with other gNBs through the
X2-U interface [60]. The E-UTRAN obtains information about the UE from the
MME and local E-UTRAN to determine whether to utilize dual connectivity. The
4G components of the NSA manage the control plane for early 5G networks.
Thus, the QoS implementation for 5G SA is reliant on the heavy deployment of
4G infrastructure [61].
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Figure 1-25 The 5G NSA architecture [50].

The SA architecture represents the complete 5G architecture where the NG-RAN
provides both LTE and NR radio access. The eNB delivers control and user plane
functions for LTE/E-UTRAN towards the UE, while the gNB provides the same
functions for 5G NR. The Xn interface connects the gNBs and eNBs, and the NG
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interfaces connect them to the 5GC, which is linked to the AMF via the NG-C
interface and the UP function through the NG-U interface [61].
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Figure 1-26 The 5G SA architecture [50].

1.2.4 5G key technologies

In this section, we will cover several key technologies that are integral to 5G
networks, including SDN, NFV, network slicing, MEC, HetNet, Massive MIMO,
and mmWave. For further information on additional 5G technologies, we
recommend referring to [62].

SDN, NFV, and network slicing

Traditional network architectures are often inflexible, complex, and costly to
build, maintain, and operate. In contrast, emerging concepts such as Network
Function Virtualization (NFV) and Software Defined Networking (SDN) offer
more dynamic, programmatically efficient network configuration, while network
slicing allows for the creation of logical end-to-end networks that can be
dynamically created to meet the specific requirements of different services [63].
SDN is an approach to network architecture that separates the control plane from
the data plane, allowing for centralized control of the network through an SDN
controller [64]. This enables dynamic and programmatically efficient network
configuration, making it easier to troubleshoot and maintain the network. In
contrast, NFV involves moving network functionalities from specialized hardware
to software, allowing them to run on standard-based hardware and be easily
moved to any location within the network. This approach reduces the need to add
new equipment and enables more flexibility to scale up or down, experiment, and
deploy new services with lower risk [63].
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When combined, SDN and NFV are considered the key enablers of the network
slicing concept. Network slicing refers to the creation of logical end-to-end
networks that can be dynamically created to meet the specific requirements of
different services. According to 3GPP [65]: “A network slice is viewed as a
logical end-to-end network that can be dynamically created. A given User
Equipment (UE) may access to multiple slices over the same Access Network (e.g.
over the same radio interface). Each slice may serve a particular service type with
an agreed upon Service-level Agreement (SLA)”. Network slicing allows different
service providers with disparate traffic requirements to share the same
infrastructure resources. This does not mean deploying Virtual Local Area
Networks (VLANS) to isolate traffic flows, but it means splitting physical network
resources and network functions to deploy an exclusive end-to-end (E2E)
implementation for each application, e.g. eMBB, URLLC. Network slicing allows
Mobile Network Operators (MNOs) to open their virtualized networks to vertical
segments such as the healthcare sector, car manufacturers, intelligent transport
providers, and service providers that lack physical network infrastructure.

These technologies provide the flexibility to tailor services to the specific needs of
customers, resulting in more efficient use of resources and a better overall
customer experience [63].

A network slice refers to a chain of customized logical network functions (NFs)
that are designed to support specific use cases or business models' requirements.
Each slice is designed to support a set of KPIs such as capacity, latency,
reliability, etc. Figure 1-27 presents two examples of network slices.

DN1
ol
(@)
A\ [-AME. |
Common NFs
DN2

Figure 1-27 Examples of network slices [65].

The diagram presented in Figure 1-27 depicts the sharing of control plane network
functions (NFs) among various network slices. Notably, certain NFs, namely
NSSF, NRF, and AMF, are shared among slices, serving distinct purposes such as
selecting network slice instances for the UE, maintaining the NF profile and
available NF instances, and handling UE mobility, respectively. Conversely, NFs
like SMF, PCF, and UPF are dedicated to specific slices. It is worth noting that
NRF can serve as both a shared and dedicated NF.
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Multi-access Edge Computing

Multi-access Edge Computing (MEC) technology is gaining more and more
recognition as an important factor in enabling advanced applications that require
low latency and high quality. MEC is considered crucial, alongside other 5G
technologies, for the success of applications such as Vehicle to Everything (V2X)
and Augmented Reality (AR)/Virtual Reality (VR) games as outlined in ETSI GS
MEC [67]. MEC helps reduce latency by hosting services close to users and data
generators [68]. In 2014, MEC was introduced to provide cloud-computing
capabilities to the RAN close to mobile subscribers [69]. The MEC Industry
Specification Group (ISG) of the European Telecommunications Standards
Institute (ETSI) developed the MEC architecture specification based on specific
use cases [67] An example of MEC-based network architecture for different use
cases is illustrated in Figure 1-28.
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Figure 1-28 Generic MEC network architecture based on [70].
HetNet

One key technique to improve network capacity, coverage performance, and
energy efficiency is network densification through the deployment of various cell
types, such as macro-, micro-, pico-, and femtocells. This approach has been
widely used in current wireless cellular networks, such as 3G and 4G LTE,
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resulting in a multitier cellular HetNet (Heterogeneous Network) [71].
Additionally, wireless HetNets may include remote radio heads (RRHs) and
wireless relays, further enhancing network performance. Unlike the current LTE
system, where multi-hop communications were deemed supplementary, relaying
and multi-hop communications are anticipated to be fundamental components of
the 5G wireless architecture [71] and [72].

HetNet provides a more efficient and flexible wireless communication
infrastructure. This allows for better coverage, higher capacity, and improved
quality of service for users, particularly in areas with high traffic demand.

Massive MIMO

Massive MIMO is an advanced physical-layer technology for future wireless
access, considered the most compelling technology currently available for sub-6
GHz frequencies. The technology involves using large antenna arrays at base
stations to simultaneously serve multiple terminals with smart processing to
exploit the unique propagation signatures of each terminal, resulting in superior
capacity as illustrated in Figure 1-29. Massive MIMO offers two major benefits:
First, it provides excellent spectral efficiency by multiplexing many terminals at
the same time-frequency resource, which is possible due to the sufficiently
different channels to different terminals in diverse propagation environments.
Second, Massive MIMO achieves superior energy efficiency due to the array gain,
allowing for a reduction of radiated power. Additionally, its ability to perform
well with low-accuracy signals and linear processing can lead to considerable
savings. Notably, Massive MIMO performs equally well in line-of-sight and rich
scattering propagation environments [73].

Figure 1-29 Massive MIMO uses large antenna arrays to spatially multiplex many
terminals [73].
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mmWave

The mmWave frequencies have promising applications, including high-resolution
video streaming and outdoor point-to-point backhaul links. While mmWave
technologies have already been standardized in IEEE 802.11ad for short-range
services, their use in cellular applications is relatively uncommon, likely due to
high propagation loss, penetration loss, and rain fading [74]. Nonetheless, with the
expected proliferation of small cells such as pico- and femtocells in future 5G
HetNets, short-range mmWave technologies could prove highly advantageous. As
a result, mmWave frequencies are among the potential technologies that could
satisfy the requirements of the 5G network [71].

1.3 5G Network rollout

In the preceding section, we delved into the realm of emerging 5G technologies
and their potential to enhance network capabilities, while also highlighting their
promising cost-saving attributes. In this subsequent section, our focus shifts
towards a comprehensive exploration of the global 5G rollout landscape,
examining the progress across three distinct continents. Through this lens, we will
dissect the impact of policies embraced in these regions and their influence on
shaping the trajectory of 5G development.

Reports published prior to 2020 [98], [99] and [99] extensively highlighted the
fact that despite the widespread enthusiasm for 5G, the economic benefits in terms
of GDP growth and employment resulting from new services and products will
take time to materialize globally. It’s becoming increasingly evident, especially in
Asia, that achieving perfected 5G technology will necessitate a longer period,
potentially spanning a decade [98]. This realization has been acknowledged by
both China and Japan, with China Telecom noting the comparatively higher costs
of 5G compared to preceding generations. Consequently, the complete rollout of
5G might proceed at a more deliberate pace than initially foreseen within the
industry [99]. In fact, in the light of market saturation, revenues for Mobile
Network Operators (MNOs) have experienced decline [100]. Yet, the
implementation of 5G broadband in densely populated urban areas could
rejuvenate their prospects. By amplifying smartphone activity, especially within
online services like social networking, entertainment video streaming, and
gaming, 5G could energize the Business-to-Consumer (B2C) market.
Additionally, it could enable MNOs to generate new revenue streams through
Internet of Things (IoT) applications and innovative use cases targeting industrial
users in the Business-to-Business (B2B) market. However, commercially less
attractive regions, such as rural and remote areas, pose challenges for MNOs to
achieve a wide coverage of 5G [100]. Indeed, the uncertainty surrounding
financial returns, encompassing technology and network capital costs, has
contributed to reduced enthusiasm among operators. This hesitation to invest
without a well-established business case and proven revenue potential further adds
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to the complexity. Globally, MNOs are assessing the consequences of heightened
demand for new infrastructure and its associated funding. Initial strategies include
delaying investments in new 5G infrastructure or integrating existing core
networks with upgraded 5G radio access networks to optimize backhaul capital
investments. As a last resort, exploring alternative investment sources becomes
essential, with the government emerging as a key entity with sufficient remaining
capital. Consequently, the imperative of the 5G campaign is to convince
governments that the substantial costs are justified by the substantial social and
economic benefits. This endeavour draws support from a multitude of studies that
project trillions of Euros in economic value and the creation of millions of jobs
[98].

Yet, policymakers embarking on the journey of 5G development must anticipate
and tackle core rollout challenges that could impede progress if left unattended
according to [102].

A key challenge pertains to the economic viability of the 5G business case and
its broader ecosystem. Beyond consumer entertainment streaming, use cases like
IoT applications for smart cities and autonomous vehicles demand high levels of
reliability, resilience, and security. These requirements should be meticulously
integrated into the 5G network’s design. Effective 5G systems design is crucial to
overcoming this economic vulnerability [103]. This dissertation will thoroughly
address this challenge across various chapters, notably in chapters 2, 3 and 5.
Furthermore, it stands as the central research focus within the initial stages of this
study.

Another significant hurdle linked to 5G technology is its novelty. Initial
deployment and operations depend heavily on suppliers, given the unfamiliarity of
the technology to the workforce. A substantial cost component revolves around
workforce training, spanning network engineering, operations, and instruction for
installers dealing with a dense concentration of small cells. For instance, China’s
5G rollout encountered the challenge of establishing an extensive installer training
program, demanding meticulous training materials [102].

In densely urbanized settings, a third major difficulty emerges — the identification
of sufficient outdoor sites with proper backhaul, and potentially, fronthaul
connections. Sites must adhere to Inter-Site Distance (ISD) requirements, based
on propagation distance, for the specified density. They must also offer power
supplies, grounding, and high-speed broadband connectivity to core networks and
edge servers. Deploying 5G base stations may involve diverse mounting options
like walls, roofs, or lampposts. However, ensuring the physical protection of local
servers, securing roadside units, managing appearance concerns, and navigating
complex permitting processes pose additional challenges [104].

The fourth challenge, though seemingly remote, pertains to future
cybersecurity. 5G networks, due to their high data rates, become prime targets for
aggressive cyberattacks and malware infiltration, especially for critical
infrastructure applications. Although security was retroactively integrated into the
standardization by 3GPP committees, the level of security in major deployments
remains uncertain [105].
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Furthermore, there are concerns about the health effects associated with 5G-
related RF radiation. A portion of the population across several countries
worries about these potential effects. The World Health Organization (WHO) has
established a program to assess the health implications of exposure to
electromagnetic fields encompassing 5G frequencies. Governments must address
these concerns transparently and responsibly, taking into account public sentiment
without ignoring protests [106].

However, recent reports from 2022 onward, such as [101] and [107], have

demonstrated the positive impact of effective policies implemented by various
countries to address some of the aforementioned challenges. These policies have
not only encouraged MNOs in these nations to make significant strides in their 5G
rollout but have also led to notable progress in 5G penetration. This advancement
spans both the B2C sector, measured through the number of 5G subscribers, and
the B2B market, quantified by the number of trials and projects focusing on
industrial use cases.
Moving forward, the subsequent sections delve into detailing the current status of
5G deployment in specific countries. Additionally, we explore how the 5G
promotion policies adopted in these nations have played a crucial role in fostering
the successful implementation and adoption of 5G technology. Lastly, we draw
valuable lessons from these experiences and offer recommendations that could be
applied to other countries and the European context.

1.3.1 Global 5G advancements

The global adoption of 5G is rapidly increasing, as presented in Figure 1-30, with
over 30% of regions launching 5G networks. Early-stage B2C 5G applications
focus on extended reality (XR), high-definition (HD), and immersive experiences,
particularly in entertainment through live streaming, virtual reality (VR), and
augmented reality (AR). B2B 5G applications are undergoing extensive
verification and demonstration, with implementations in sectors like industry,
healthcare, and autonomous driving. However, scaling up these applications
requires further investigation.

Major countries and regions are recognizing the economic and social potential of
5G and are actively creating favourable environments for 5G innovation.
Governments are initiating strategic plans, projects, and policies to drive 5G
application ecosystems, transform the economy, and promote vertical industry
integration. Countries like China, South Korea, the U.S., and Europe have each
devised strategic plans to accelerate 5G adoption. South Korea and the U.S. are
focusing on strategic development and technical advancement respectively, while
Europe is implementing policies and projects for 5G integration. China is actively
promoting the convergence of 5G with advanced technologies to achieve its vision
of being a worldwide leader in 5G and encouraging large-scale 5G deployment.



64 Chapter 1

[ YR——
5G Connections, Worldwide

2025 38
2024 2.8
2023 21
2022 1 Rest of the world

= China
2021 0.67 : ey

i Asia-pacific developed
2020 | 0.21 Western Europe

' North America

2013 0.013

00 05 1.0 15 20 25 30 35 40

Connections (B)
Source: CSS Insight

& 2022 Market Research Future®(Part of WantStats Research And Media Pvt. Ltd.)

Figure 1-30 Worldwide 5G connections between 2019 and 2025, from [108]

In the following, we delve into the cases of China, the USA, and Europe,
examining their unique contexts and approaches.

1.3.1.a 5G in China: current status and adopted policies

5G rollout status

China has been at the forefront of 5G commercial adoption since issuing 5G
commercial licenses in June 2019. Over the past three years, 5G network coverage
has expanded from cities to rural areas, , with over 1.037 million 5G base stations
deployed by the end of August 2021 and with 70% of new phones being 5G
capable and over 25% of users adopting 5G, as presented in Figure 1-30. This shift
is reflected in the financial reports of telecom companies, demonstrating the
economic benefits of 5G implementation []. Notably, China’s 5G
commercialization began with the business sector (B2B). After four years of
development, SG to business has gained significant traction in various industries,
forming a supportive framework for continued growth.

In fact, the economic benefits of 5G commercialization have become more
evident, significantly boosting telecom operators’ revenues. In the period from
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January to August 2021, telecom services yielded a total revenue of CNY991.9
billion (around 125 billion Euro), a remarkable 8.4% year-on-year growth,
marking the highest level since 2014.

Furthermore, the surge in 5G user penetration has positively impacted mobile data
services, elevating the average revenue per user (ARPU) for mobile services. In
the first half of 2021, China Mobile’s 5G ARPU reached CNY88.9 (11 Euro),
significantly surpassing its overall mobile ARPU of CNY52.2 (7 Euro).

China has achieved significant milestones in building high-quality and targeted 5G
networks. The adoption of standalone (SA) networking is becoming predominant,
offering advantages in supporting vertical industries and network capabilities like
slicing and low latency. Collaboration in network co-building and sharing
between telecom operators is now the norm, leading to substantial savings in
construction costs and energy consumption. For instance, as of September 2021,
China Telecom and China Unicom successfully co-built and shared over 500,000
5G base stations, resulting in substantial savings of up to CNY 100 billion (around
13 billion Euro) in network construction costs. Moreover, this collaboration has
led to an annual conservation of over 12 billion kWh of electricity

In conclusion, China’s 5G development journey has been marked by significant
achievements in both technological advancement and market leadership, reshaping
the telecommunications landscape on a global scale. These achievements are the
direct result of well-implemented and impactful policies [109].

Adopted policies

During the 14™ Five-Year Plan period (2021-2025), China’s focus on building a
modern socialist nation coincides with a pivotal phase for extensive 5G network
deployment. China’s ambition includes speeding up the rollout of 5G networks,
aiming for a 56% user penetration rate within this period. This vision encompasses
10 key sectors for 5G for B2B applications, spanning areas like transportation,
energy, manufacturing, agriculture, education, healthcare, and cultural tourism,
with the aim of developing 5G-based use cases and industry ecosystems.
Comprehensive initiatives are in motion to implement the government’s 5G
development principles. The Ministry of Industry and Information Technology
(MIIT) has placed priority on 5G development in its planning, manifesting in the
“1+2+9” strategy. The MIIT’s efforts extend to policy guidance, network
construction, use case creation, and industrial growth, as outlined in documents
such as the “Notice on Accelerating the Development of 5G,” and the “Dual
Gigabit Network Coordinated Development Action Plan (2021-2023) [110].
Further, the MIIT, in collaboration with other central government bodies,
introduced the 5G Application “Set Sail” Action Plan (2021-2023), outlining 32
tasks across eight initiatives to guide 5G adoption in consumer, business, and
public sectors. Fifteen key areas for B2B applications were identified, including
healthcare, education, energy, transportation, and more. This plan promotes
knowledge sharing and support mobilization through regular summaries and
nationwide promotion. Local governments have also taken part in supporting 5G
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development by issuing various policies and setting objectives aligned with their
economic conditions. By August 2021, 569 5G policies had been released,
indicating robust government support.

These different policies have focused on several aspects among which we list
[110]:

Strategic Importance: Recognizing the fundamental importance of 5G to
economic and social development.

Leadership and Investment: China’s commitment to becoming a leader in 5G
coverage, technology, and adoption, is backed by significant investments.
Economic Benefits: Focusing on the economic benefits of 5G commercialization,
driving revenue growth for telecom operators.

Standalone Networking: Emphasizing standalone (SA) networking with a 5G
core network, providing superior capabilities for vertical industries.

Network Sharing: Encouraging collaboration in network co-building and sharing
among telecom operators to improve cost efficiency.

Policy Implementation: Effectively implementing policies through close
coordination with both central government agencies and local authorities.

Public Engagement: Addressing public concerns about health effects and
electromagnetic fields, promoting transparent and responsible communication.
These policies collectively underscore China’s strategic approach to 5G
development, which has demonstrated remarkable efficiency in fostering the
rollout of 5G technology up to the present moment.

1.3.1.b 5G in the USA: current status and adopted policies

5G rollout status

In the early phases of its introduction in the United States, 5G networks exhibited
extensive population coverage but a limited user adoption rate. As of June 2021,
over 80% of the population had access to 5G networks; however, the rate of user
penetration remained under 10%. During the initial stage, telecom operators
primarily rolled out mmWave 5G networks due to the absence of mid-band
spectrum. Yet, these high-frequency networks offered only constrained coverage
and incurred substantial deployment expenses. Post-2019, a shift occurred with the
integration of low-band spectrums to establish 5G networks, enabling broader
coverage. This expansion was facilitated by the widespread implementation of
spectrum-sharing technologies to offer nationwide 5G services. In March 2021, a
significant milestone was reached when the Federal Communications Commission
(FCC) concluded the auction of C-band (3.7-3.98 GHz) spectra. Following this,
major telecom operators embarked on planning for the deployment of C-band
networks, which will take precedence in their forthcoming 5G network
development endeavours [101].

Adopted policies

The United States government has designated the advancement of the 5G industry
as a paramount national priority. This commitment is evidenced through the
formulation of strategic plans, facilitation of 5G technology research and



Introduction 67

development, allocation of crucial 5G spectrums, and the reinforcement of robust
cybersecurity measures.

In October 2018, the FCC introduced the SG FAST Plan [101], a comprehensive
strategy aiming to advance 5G network development and enhance the United
States’ position in this domain. The plan includes key components:

Spectrum Allocation: This involves auctioning mmWave spectra, assigning mid-
band spectra, optimizing low-band spectra utilization, and fostering new Wi-Fi
opportunities in license-free frequency bands.

Infrastructure Policy Update: A focus on easing 5G development barriers at all
levels, particularly through policies addressing small cells, commonly used in 5G
networks. These new policies aim to expedite small cell site approval processes.
Regulation Amendments: Changes include eliminating network neutrality
policies, streamlining approval for new network device connections to existing
poles, encouraging 5G backhaul network deployment with reduced -costs,
promoting investment in advanced networks and services, encouraging optical
fiber network investment by lifting regulations on enterprise data service tariffs,
and safeguarding the network supply chain by restricting purchases from entities
posing national security risks [101].

The profitability of deploying 5G networks in densely populated urban areas is
very likely, while the economic feasibility of such deployment in rural regions
is challenging. To bridge the digital gap and extend economic prospects to
rural areas, the FCC established the 5G Fund for Rural America. This
initiative will allocate $9 billion over the next decade in two phases to introduce
5G wireless broadband services to rural regions. The initial phase, spanning ten
years, involves $8 billion for SG deployment in areas where telecom operators
lack incentives for independent deployment. The subsequent phase, with at least
$1 billion and any leftover funds from the first phase, will support 5G
deployment for precision agriculture initiatives [101].

1.3.1.¢ 5G in Europe: current status and adopted policies

5G rollout status

Since its inaugural commercial launch in 2019, 5G has swiftly gained traction
across Europe, with the majority of countries introducing commercial services. By
June 2021, 81 operators in 30 European nations had initiated commercial 5G
offerings [101]. Notably, prominent national mobile network operators like those
in the UK, Germany, France, and Italy have established operational 5G networks.
Initially, the mid-band spectrum was predominantly employed for network
deployment. However, from the latter part of 2020, some European operators
embraced low-band frequencies and dynamic spectrum sharing (DSS)
technologies, augmenting network accessibility. For instance, Deutsche Telekom
harnessed DSS to cover 80% of Germany’s populace. High-band 5G networks
have proven valuable in addressing escalating demand for high-speed data. Spain
and Finland are employing mmWave networks for targeted coverage in hotspot
areas, enabling specialized 5G applications. By June 2021, according to the Global
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System for Mobile Communications Association (GSMA), 5G networks
enveloped 28.51% of Europe’s population and 51.48% of Western Europe [107].
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Figure 1-31 5G coverage Map across Europe in 2022, source [111]
In Figure 1-31, the 5G coverage of the populated areas is presented. According to
the 5G observatory, the source of this figure, the data was last updated in July
2022, serving as a broad reference point without implying specific quality of
service metrics. Encompassing all 5G coverage, including that facilitated by
Dynamic Spectrum Sharing (DSS), this information pertains to locations covered
by at least one operator. According to the same source [111], and based on this
coverage map, 81% of the populated areas in Europe are covered by 5G networks.
And here, raise several questions, what about less populated areas, like rural areas
and low-traffic corridors? And what policies were put in place by the EU to foster
the deployment and adoption of 5G?

Adopted policies

Elevating competitiveness in the digital economy and establishing a single digital
market stand as paramount objectives within the European Union (EU). Positioned
as a cornerstone for digital economy advancement and pivotal to the creation of a
cohesive digital market, 5G has gained significant attention. Since 2012, the EU
has been promoting 5G network deployment, commercial adoption, and
innovative industry applications. This has been achieved through strategic
initiatives such as crafting a comprehensive 5G development roadmap, fostering
research collaboration among member states, initiating government-led research
projects, and other concerted efforts.



Introduction 69

In 2016, the EU released the 5G Action Plan, designed to foster investment in 5G
networks, catalyze innovative ecosystems, and enhance Europe’s collective 5G
competitiveness. This plan furnishes EU member states with directives for
formulating 5G development strategies and roadmaps. Its objectives encompass
coordinating network deployment, spectrum allocation, cross-border service
continuity, and standardization across member states, engendering a pivotal mass
for 5G innovation within the EU’s single market [112]. The EU’s 5G ambitions
target initial network rollout by 2018, widespread commercial adoption by the end
of 2020, and comprehensive coverage for urban areas and major transportation
routes by 2025. In addition to the 5G Action Plan, the European Commission (EC)
adopted a new strategy towards its broadband program called “Connectivity for a
European Gigabit Society 2025 in September 2016 [113]. The main targets (for
2025) announced in this agenda were:

1 Provide gigabit connectivity for all of the main socio-economic drivers.

2 Guarantee uninterrupted 5G coverage for all urban areas and major terrestrial
transport paths.

3 Access to connectivity offering at least 100 Mbps for all European households.

In December 2018, the EU formally introduced the European Electronic
Communications Code (EECC), establishing the foundational framework for the
existing regulatory model [114]. The EECC outlined objectives including ensuring
the availability of pioneering 5G spectrum in the EU by the close of 2020 and
establishing a streamlined authorization structure for small-area wireless access
points (SAWAPs). By December 21, 2020, the EU mandated its member states to
integrate the EECC into national legislation, aiming to bolster the advancement of
5G networks across EU nations.

On March 9, 2021, the European Commission underscored in its publication
“2030 Digital Compass: The European Way for the Digital Decade” that 5G plays
a pivotal role in establishing secure, high-performance, and sustainable digital
infrastructure [115]. The Digital Decade, as presented in Figure 1-32, outlines
ambitions for universal Gigabit network coverage for all European households by
2030, complete 5G coverage across populated FEuropean areas, and the
deployment of at least 10,000 climate-neutral and highly secure edge cloud nodes.



70 Chapter 1

Skills
20 million employed ICT specialists, more
graduates + gender balance
80% of adults can use tech for everyday tasks

Infrastructure
Gigabit connectivity for everyone, high-speed
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Figure 1-32 The Digital Decade Compass: objectives and targets, source [116]

The EU has prioritized 5G as a catalyst for industrial transformation. Starting in
2016, the EU has introduced policies and initiatives to engage European
stakeholders in 5G trials and adoption across industries. These efforts span various
domains, from studying 5G’s viability in key sectors to advancing breakthroughs
in hardware and core technologies. The 5G Infrastructure Public-Private
Partnership (5G PPP) projects have progressed through phases, focusing on
integrating 5G into vertical industries and establishing test platforms. The EU has
invested over EUR400 million, fostering private investment of over EURI billion,
to solidify its global standing in 5G applications. European countries like the UK
and Germany have also launched initiatives to support 5G adoption in industries,
such as the UK’s 5G Testbeds and Trials Programme and Germany’s focus on
Industry 4.0. Collaborative efforts across operators, industries, and research
institutions have resulted in extensive testing and innovation in areas like
autonomous driving, healthcare, and more. Clusters and platforms have formed to
encourage replicable, commercialized 5G applications across various sectors
within different countries [101].

1.3.1.d Comparison of the studied policies

European policies are centred around fostering 5G deployment through research
projects that showcase its integration into industrial use cases. These efforts also
explore the feasibility of economically implementing 5G in challenging regions
like rural and cross-border areas—areas that often hold less appeal for Mobile
Network Operators (MNOs), as previously discussed®. In contrast, the American
approach includes direct allocation of deployment funds to rural areas,
exemplified by the “5G Fund for Rural America” ($10 billion). Furthermore, a
significant aspect of the American strategy involves the removal of regulations

3 The research presented in this dissertation is conducted within the context of European
funded projects aimed at tackling the challenges of 5G rollout in areas that are less
attractive to MNOs.
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that hinder 5G rollout progress, such as Net neutrality, while also simplifying
barriers to 5G development across all levels.

Conversely, China’s approach has centred on facilitating network sharing among
MNOs and adopting the 5G standalone network early in the deployment phase,
with a key emphasis on B2B as the primary revenue generator for 5G deployment.
Considering that this research study was developed within the context of
European-funded research projects like SAT5G, 5G-CARMEN, and 5G-Blueprint
[117], the insights gained and recommendations provided to policymakers in
section 8.2.1 hold relevance not only within the European context but also for
other nations embracing analogous policies. These insights and recommendations
stem from a foundation of best practices observed in the policies of various
countries, as elucidated in the preceding section. They have been juxtaposed
against the prevailing European landscape, highlighting opportunities for
enhancement.

1.4 Research challenges

As highlighted in the previous section, the need for fast and reliable mobile
broadband connectivity is critical for both Business to Customer (B2C) and
Business to Business (B2B) markets. 5G networks have the potential to meet the
essential KPIs required for providing connectivity-based services for these
markets. From a user perspective, the primary drivers for 5G networks are high-
speed connections, anywhere, anytime, and to anything. However, the deployment
of 5G infrastructure, using the previously discussed key enabler technologies such
as mmWave and massive MIMO, can be expensive. On the other hand,
technologies like NFV, network slicing, and beamforming can help reduce rollout
costs. Hence, it is crucial to investigate the economic considerations of deploying
the 5G network, including identifying the factors driving the high deployment
cost, determining which cost-saving technologies to utilize, and selecting the
appropriate technologies to meet service requirements while minimizing
deployment costs. As highlighted in section 1.1 and in section 1.3, understanding
the economic implications of the 5G network rollout is of utmost importance.
Particularly in challenging environments such as remote, rural, and cross-border
regions, there exist obstacles that impede the rapid realization of investment
benefits, as discussed in section 1.3. These hindrances arise from the significant
costs involved and the sparsely distributed populace across these areas.
Acknowledging these complexities, we have intentionally selected these regions
as the primary focus of our study. The goal is to assess the economic viability of
deploying 5G, illuminating a path forward amidst these unique challenges to
inform concerned stakeholders such as MNOs and policymakers.

Therefore, this research aims to address the challenges and opportunities
associated with the 5G network rollout from a techno-economic perspective in the
selected use cases.
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Techno-economic analysis (TEA) is a field that combines engineering and
economic principles to evaluate the feasibility, sustainability, and profitability of
technological solutions. In today’s society, where sustainability and economic
efficiency are increasingly emphasized, TEA provides valuable insights that can
help policymakers and investors make informed decisions.

TEA can help to answer critical questions such as: What are the costs associated
with implementing new technologies, and how can we optimize the design and
operation of these systems to maximize their efficiency and profitability? What
impact will the implementation of these technologies have on end-users in specific
fields? What are the potential economic benefits and costs associated with
adopting these new technologies, and how can we ensure that their deployment is
both sustainable and viable? Moreover, TEA can be applied to identify emerging
business models, especially as new technologies disrupt traditional industries.
Section 1.5 of this book describes the techno-economic models used to accomplish
this goal.

Therefore, the research objective of this dissertation is to provide a comprehensive
techno-economic evaluation of the 5G network rollout and its implications in
terms of network deployment strategies, the feasibility of the network deployment,
and the viability of potential business models and we explore the interconnections
between 5G technologies and these factors in detail to shed light on the
opportunities and challenges that arise from these technological advancements.
This overarching research objective can be achieved by tackling five research
questions, which we will explore in greater detail in the following subsections.

1.4.1 RQ1: Feasibility of SG deployment for different types of
regions and services

The deployment of broadband networks, particularly 5G, relies on two significant
factors: the characteristics of the targeted region and the specific services or Key
Performance Indicators (KPIs) required. The characteristics of a region include its
geography, population density, and household distribution, among others, which
can classify regions as remote, rural, urban, or dense urban. Service KPIs refer to
requirements such as the high capacity for broadband services like video
streaming or ultra-reliable, low-latency internet access for connected mobility
services.

For example, deploying terrestrial broadband networks in rural and remote areas is
a challenging and costly endeavour due to geographical constraints and low
population density, particularly for the backhaul network, as explained in section
1.3. In such situations, satellite communication can serve as an alternative solution
to backhaul 5G networks, enabling coverage in hard-to-reach locations at
reasonable costs. However, it’s important to thoroughly evaluate the economic
viability of such an integrated solution. Yet, there is a lack of techno-economic
analysis of integrated 5G and satellite solutions in the literature according to a
survey of 150 techno-economic analysis papers that assess 5G networks [75].
Hence, it is crucial to address this gap. In contrast, providing reliable and low-
latency internet access for services such as connected mobility is a challenge in
urban and densely populated areas. Here, 5G technology shows promise as a
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potential solution. Despite this potential, the literature has not extensively
addressed the economic feasibility of deploying 5G-based connected mobility
services [75].

To address these gaps, this research question focuses on both factors, namely the
type of region to be served and the services provided, in assessing the feasibility
of the 5G rollout.

1.4.2 RQ2: Quantification of 5G technologies cost savings

The potential cost savings that 5G technologies, such as network virtualization,
content caching using MEC, and network slicing, offer in deployment have been
widely discussed [76]. These technologies are designed to help reduce capital and
operational expenses associated with deploying, maintaining, and operating a 5G
network, as explained in section 1.2.4. However, many papers in the literature,
including white papers and reports issued by standardization bodies [76], fail to
provide quantitative analysis to support their claims regarding the potential cost
savings of various technologies, except for SDN technology, which has been
thoroughly addressed in [77]. Therefore, there is a need for a comprehensive and
quantitative assessment of the potential cost savings of 5G key enabler
technologies.

Hence, this research question aims to quantify the cost savings that can be
achieved through the adoption of these technologies and to identify which
technology should be used under specific conditions to provide a clear
understanding of the economic benefits of these technologies.

1.4.3 RQ3: Cost allocation of deployment cost to services and
stakeholders

Once the deployment cost of a 5G network has been determined for a specific
region with particular service KPIs, it is crucial to allocate this cost among the
various services being offered. This allows service providers to understand which
services are more expensive and demanding in terms of network resources.
Furthermore, deployment costs must be shared between all stakeholders involved
within specific business models. However, due to the novelty of technologies used
in the 5G network and the complexity of its ecosystem, new allocation models are
necessary. For instance, network slicing, as discussed in section 1.2.2, enables
services to be separated from one another in a logical sub-network, customized
according to their specific KPIs. Yet, a significant challenge that arises with
network slicing is how to allocate the network’s cost to the running network slices
and services. Since the network has been dimensioned to support a particular set
of services, each network slice or service must bear a proportionate share of the
total network cost based on the resources it consumes. Properly allocating costs is
essential for pricing the different end-to-end services according to their required
resources.
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Therefore, the focus of this research question is to identify new allocation models
that address the unique aspects of 5G’s emerging technologies while respecting
the complexity of its ecosystem.

1.4.4 RQ4: Identification of potential collaboration and business
models to save on the investment cost

The emergence of the 5G networks presents a unique opportunity for businesses to
innovate and develop new business models. With its promising technologies like
network slicing and edge computing, businesses can explore new applications and
services that were previously impractical. 5G’s faster data transfer rates, lower
latency, and increased network capacity make it possible for businesses to unlock
new potentials. However, the complexity of the SG ecosystem poses a significant
challenge in establishing sustainable and viable business models. With various
stakeholders from diverse backgrounds involved, they must collaborate to
leverage the full potential of 5G technology. For instance, network infrastructure
sharing is a collaboration model enabled by the introduction of network
virtualization [78]. In this model, mobile network operators (MNOs), in the case
of 5G networks, collaborate in the network deployment by sharing some of their
network infrastructure in passive and/or active mode [86]. Network sharing can
offer significant cost savings and improve network coverage [79] and [80].
However, it also presents business challenges, including the loss of competitive
advantage, revenue sharing, and the ceding of control and ownership. MNOs must
coordinate and share their network infrastructure with their partners and comply
with various regulatory requirements [80]. Consequently, successful network-
sharing collaboration models require careful assessment of these challenges.
Therefore, this research question focuses on exploring and evaluating sustainable
business and collaboration models that can help involved stakeholders to
capitalize on the introduction of 5G technologies.

1.4.5 RQS: Technology choices and timing decisions for
optimized 5G deployment Strategies

The first research question aims to tackle the challenge of assessing the impact of
various regions and services on the feasibility of deploying 5G technology.
However, it’s important to note that the choice of 5G technology can have a
significant impact on deployment costs, particularly when there are alternative
technologies available. For instance, when deploying a 5G network for B2B
customers, it’s crucial to determine whether it’s more cost-effective to utilize a
slice of the public 5G network or to deploy a private 5G network. Furthermore, in
addition to technology choice, deployment timing also has a significant impact on
the feasibility of the deployment. For instance, deciding when to deploy 5G
networks for connected mobility given a specific level of adoption for connected
cars is critical to ensuring its viability.

Therefore, this research question aims to identify the optimal deployment
strategies based on the selected technology. To achieve this goal, several sub-
research questions must be addressed, including what technology to adopt, how to
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combine certain technologies, when to adopt them, and for which use cases. The
answers to these questions will provide valuable strategic recommendations for
mobile network operators (MNOs), policymakers, and regulators. By following
the identified recommendations, MNOs can optimize their network resources,
reduce investment costs, and provide better user experiences. Additionally,
regulators and policymakers can use these findings to make informed decisions
about 5G rollout and investment policies, promoting the growth of the digital
economy.

1.5 Research approach: modelling the techno-
economic impact

The techno-economic analysis (TEA) is an interdisciplinary domain that draws on
concepts from both engineering and economics to evaluate the feasibility,
sustainability, and profitability of technological solutions. TEA can be used to
address various research challenges related to technology, such as selecting the
appropriate technology, dimensioning the deployment, making pricing decisions,
and conducting cost allocation studies. By integrating knowledge from multiple
fields, TEA provides a comprehensive approach to assessing the economic and
technical feasibility of new technologies. This can help decision-makers and
innovators in various industries make informed decisions and foster innovation.

Therefore, given the nature of the research challenges we want to address in this
dissertation (discussed in section 1.4), and in light of the challenging nature of the
selected use cases (further detailed in section 1.5.6), we adopted a research
approach that relies on a generic techno-economic methodology. Our developed
TEA methodology, presented in Figure 1-33, involves five main iterative steps.
First, we identify the value network and business models. This step involves
defining the different business roles and stakeholders involved in the 5G
ecosystem of the specific case study, as well as the interactions between them. We
consider various ways in which stakeholders interact, which can lead to different
value network configurations and corresponding business models. Then, by
analyzing the different business models together with the case study
specifications, e.g., region to cover, service KPIs, possible technologies, etc. we
identify different deployment scenarios that can be analyzed in the later steps of
the methodology. Next, we conduct a viability study of the business case by
developing a Total Cost of Ownership (TCO) model along with revenue models.
The fourth step involves analyzing the impact of new technologies on the business
case. Specifically, we investigate the effects of innovative technologies for
generating potential cost savings and optimizing the network deployment scenario.
Finally, we conduct sensitivity analysis to assess the degree of uncertainty linking
the different models outputs to the inputs. This step is important for understanding
the range of possible outcomes and identifying key drivers of the business case.
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By following these five steps, we provide a structured approach for analyzing the
potential of the 5G networks rollout and evaluating the corresponding business
cases. This methodology can help stakeholders make informed decisions about
whether and how to invest in 5G networks, taking into account the complexities of
the value network and the potential impact of new technologies.

—[ Business modelling analysis

« Identification of key stakeholders
« Establishment of value network
« Potential business models

—[ Identification of deployment scenarios

« Based on case study specification
* Based on possible technologies

—[ Viability study

* TCO model
* Revenue models
¢ Cost-benefit trade-offs

Impact of new technologies on business
case

LI

« Cost savings of 5G technologies
* Optimized deployment based on technological choices

—[ Sensitivity Analysis }

« Assess the degree of uncertainty

Figure 1-33 Techno-economic methodology

We developed a generic TEA framework that translates the adopted TEA
methodology into interconnected TEA research models in order to generate the
required results and insights. The developed TEA framework is presented in
Figure 1-34, where the 5G case study specifications together with technological
choices and insights from the business modelling analysis feed the scenario
analysis model identification. The latter generates a list of possible deployment
scenarios to be evaluated and compared using the rest of the TEA models
presented in the diagram namely the economic viability study models and the cost
allocation models. To ensure the accuracy and reliability of the results, sensitivity
analysis is also conducted to refine the findings, assess the uncertainty of certain
assumptions, and derive cost drivers for each deployment scenario.
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Throughout the analysis, a variety of techno-economic models have been
employed, falling into two main categories: qualitative and quantitative models.
For instance, within the realm of business uropa io analysis, the Value Network
Analysis represents a qualitative approach. Conversely, quantitative models
include the Total Cost of Ownership (TCO) model, the cost allocation model, and
sensitivity analysis. In the following, we define each of the TEA models presented
in the developed framework in Figure 1-34.

1.5.1 Business modelling analysis

To effectively evaluate the viability of a 5G network roll-out, it is necessary to
consider not only the technical aspects and challenges but also the disruptive
impact it will have on current business practices, market dynamics, and
stakeholders.
In this section, the focus will be on defining key business modelling terms,
including stakeholders and business roles, as well as introducing the value
network representation. This section will also explain the selected business
modelling framework, which was chosen after a thorough comparison of
commonly used frameworks. Finally, the business modelling methodology utilized
in this work will be briefly outlined.
Definition of a stakeholder, roles, and the value networks
Given the varied definitions and interpretations of terms like value networks,
business models, and business roles in the literature, the purpose of this section is
to offer unambiguous definitions of these terms, along with a detailed explanation
of the qualitative and quantitative analysis steps necessary to evaluate a particular
process.

Table 1-2 Definition of a stakeholder, roles, and value networks [89]

Identification of the business roles.
Business roles signify the specific tasks

that need to be accomplished during the

deployment and operation of a network,

essentially defining “what is being
done.” These roles involve distinct

responsibilities such as base station and

tower deployment, equipment

maintenance, and service provisioning. It
is worth noting that the level of detail

required for a given analysis may vary,
but each business role should be viewed
as an indivisible task.
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Value network

A value network illustrates how different
roles interact through the exchange of
value streams, which can be either
tangible or intangible. Tangibles refer to
goods, services, or revenues that are
exchanged through a  contractual
transaction, while intangibles relate to
knowledge or benefits that support the
core product but are not necessarily part
of the contractual agreement. Each value
stream represents a transfer of value, and
a unique value network can be used to
represent each process.

Identification of business actors
Business actors denote “by whom” the
tasks are being carried out. This step
involves identifying actors based on real-
world examples.

ActorA

Actor B

ActorC

Value network configuration

Actors may assume various roles, and as
such, they can be assigned to these roles
to indicate each actor’s responsibilities in
a given value network configuration. It is
important to note that each process has
only one value network, representing the
interaction of roles, but there can be
multiple value network configurations in
which different actors assume different
roles.

ActorA

Actor B

Role 4
Actor C

Business model

A business model illustrates the inbound
and outbound value streams of a single
actor within a particular value network
configuration.

ActorA

58
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Business case

A business case involves a quantitative /
assessment of a business model,
combining incoming revenues with
outgoing costs in an economic analysis
that includes measures such as Net

Present Value, Internal Rate of Return, @ f

and so on. It is worth noting that the —
business case for each actor will depend /
on the chosen value network Ao

configuration, given that the roles an
actor takes on may vary.

In this dissertation, the term ecosystem has been also used to refer to a complex
network of interconnected organizations, entities, and individuals that collaborate,
interact, and influence each other within a particular industry or market [90]. In a
business context, an ecosystem model considers not just a single company or
organization in isolation but takes into account the broader context in which it
operates. This broader context includes suppliers, customers, competitors,
partners, regulators, and other stakeholders that impact and are impacted by the
activities of the focal organization.

Overview of different value network options

After conducting a thorough literature review, various frameworks have been
identified that represent how businesses generate added value and profit. Three of
the most used frameworks are the Business Model Canvas (BMC) [91], Value
Network Analysis (VNA) [92], and E3 Value Model (E3) [93]. While the main
differences between these frameworks are reflected upon in this section, it is
worth noting that BMC and VNA cannot be compared one-to-one as they operate
on different layers. BMC is a tool that helps to understand how added value is
created and how it leads to revenue and costs at an individual business actor level.
However, for this work, the aim is to analyze how different types of stakeholders
or actors will interact with each other to achieve the 5G roll-out. Therefore, a
broader perspective is necessary, and Value Network Analysis (VNA) is the
framework that will be used to identify these interactions between the business
roles and the responsible actors.

The most significant advantage of Allee's approach, as compared to E3, is the
ability to convert intangible assets such as human knowledge, internal structures,
ways of working, reputation, and business relationships into negotiable forms of
value. VNA provides a way to model, analyze, evaluate, and improve the
capability of a business to convert both tangible and intangible assets into other
forms of negotiable value, thereby realizing greater value for itself [94] .
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Business modelling methodology

A comprehensive methodology has been developed with a clear focus on
identifying viable business models for providing 5G connectivity in different
circumstances such as considering various use cases, areas to be covered, and
service KPIs. The methodology involves several steps, beginning with the
identification of the ecosystem. This involves defining the various business roles
and stakeholders involved, as well as understanding their interactions. The second
step is to identify the value network [81]. This involves analysing the different
ways stakeholders interact with each other, resulting in different configurations of
the value network. These configurations lead to the development of individual
business models that are best suited for each stakeholder. This methodology is
presented in Figure 1-35.

Establishment Identification of
of the value potential
network business models

Identification of
the 5G

ecosystem

Figure 1-35 Business modelling methodology

In Chapter 3, we employed the outlined methodology to pinpoint potential
business models pertinent to 5G-based inflight connectivity. In our pursuit of
analyzing and drawing comparisons among these identified business models, we
leveraged the value network intelligence framework proposed by V. Allee [92]
and [94] as our foundational framework. However, we tailored this framework to
accommodate the unique aspects of the use cases and eliminate any extraneous
elements unsuitable for our specific use case. For instance, in the “Brand &
Relationship” category, we combined components such as perceived value and
reciprocity under the overarching concept of branding potential. This allowed us
to explore the beneficiaries of enhanced perception and associated advantages.
Furthermore, we introduced new categories like technology within the “Business
Performance segment” to address the technology prerequisites necessary to

uropa customer demands and ensure QoS. In alignment with our objectives, we
opted to exclude certain evaluation metrics, including “Flow Path Optimization”.
This decision aligns with our framework’s primary objective: firstly, to
meticulously analyze the proposed business models, and secondly, to conduct a
comparative assessment based on diverse metrics. Flow Path Optimization,
initially introduced by Verna Allee, entails scrutinizing a specific business model
with the intent of enhancing it. For instance, by dissecting the links within the
Value Network, Allee aimed to identify areas ripe for improvement and
optimization..
Additionally, in Chapter 5, we investigated possible business models for
connected mobility services using the same approach. For a more comprehensive
understanding of the various steps involved in the business modelling
methodology, we recommend referring to these two chapters.
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1.5.2 Scenario analysis

We adopt the definition of scenario analysis as defined in [3], where scenario
analysis is a technique used in strategic planning to examine the potential
outcomes of different sets of defined input parameters on a quantitative model.
This can provide valuable insights for decision-making, particularly when there is
limited scientific information available to accurately predict future outcomes. In
the context of cellular technology, such as 5G, scenario analyses can be useful for
assessing the demand for networks and informing deployment decisions. In 3GPP
literature, scenarios often refer to different deployment situations, such as urban or
rural areas, and are used to evaluate various 5G deployment options.

Throughout Chapters 2, 3, 5, and 7, we utilized the scenario analysis model to
identify potential deployment scenarios for analysis and comparison. This process
helps to identify optimal deployment strategies for the given situations.

1.5.3 Economic viability study

The economic viability study serves as a mechanism to assess the economic
feasibility of a project or policy. This is accomplished by identifying all the costs
and revenues and comparing them to determine if the project or policy is worth
pursuing. The goal of a viability study is to determine whether the benefits of a
project or policy outweigh its costs, and if so, by how much [81].

In the subsequent sections, we introduce the chosen cost model, specifically the
Total Cost of Ownership (TCO) model. We define its essence, draw comparisons
with alternative models, elucidate the rationale behind its selection, and
subsequently detail its seamless integration into the overarching generic cost
model adopted for this study. Additionally, we elaborate on the benefits estimation
model employed in this dissertation.

Generic cost model

To enhance the comprehension of the cost model’s description, we clarify first the
used economic terminologies before delving into the specifics of the cost model.
Definition

We have adopted [82]’s definition of CAPEX and OPEX.

Capital expenditures, commonly referred to as CAPEX, involve investing in fixed
infrastructure that is gradually depreciated over time. For network operators,
CAPEX includes expenses such as acquiring land, network infrastructure like base
stations and routers, and software for network management systems. It’s worth
noting that equipment purchases are always considered CAPEX, regardless of
whether the payment is made in a lump sum or spread out over time.

In contrast, operational expenditures, also known as OPEX, do not contribute to
the infrastructure itself but rather encompass ongoing expenses necessary to
maintain the company’s operations. These costs typically consist of technical and
commercial operation expenses, as well as administrative expenses. For network
operators, OPEX primarily comprises rental and leasing fees for infrastructure
such as land, buildings, and network equipment, as well as personnel wages.
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In most cases, the overhead cost is defined as the cost of marketing, helpdesk,
human resources, finance, etc.

Model description

The cost model for 5G networks typically consists of two main components: the
network dimensioning process module and the cost calculation module. The
network dimensioning process module uses the use case specifications, as well as
information about the existing infrastructure, the area being studied, the number of
connected devices, and the KPIs of the use cases. This information is used to
determine the necessary network infrastructure. The cost calculation module is
used to determine the total cost of ownership (TCO) of the 5G network. This is
done by using the bill of materials (BOM) generated by the dimensioning process,
along with unit costs for network elements and distinctions between capital
expenditures (CAPEX) and operational expenditures (OPEX). The TCO is then
calculated by summing the CAPEX, OPEX costs, and overhead costs.

It's important to note that the specific details of the cost model may vary
depending on factors such as the type of network being deployed, the location, and
the specific use cases being supported, and it will be detailed accordingly in each
chapter.

The Total Cost of Ownership (TCO)

The TCO model is a tool for assessing the financial viability of a project,
particularly in the context of technology and asset-intensive projects. TCO focuses
on evaluating all costs associated with owning, implementing, and maintaining an
asset or technology solution over its entire lifecycle [95]. This includes not only
the initial acquisition costs or CAPEX but also ongoing operational (OPEX),
maintenance, and disposal costs. The TCO model is typically used to provide a
comprehensive understanding of the true costs associated with a project, which
can be especially useful for comparing different technology options or evaluating
the long-term impact of various decisions.

Comparing TCO to alternative models

While the Total Cost of Ownership (TCO) model is a widely used approach for
assessing the costs associated with owning and maintaining an asset or technology
solution, there are several alternative models that focus on specific aspects of
financial analysis and decision-making. Here are some alternative models to
consider:

Total Cost of Acquisition (TCA) or CAPEX Analysis: This model focuses
specifically on the costs associated with acquiring an asset or technology solution.
It includes expenses such as purchase price, installation costs, and any immediate
setup expenses. Unlike TCO, it does not consider ongoing operational or
maintenance costs [96].

Return on Investment (ROI): ROI measures the financial return generated by a
project relative to its cost. It compares the net profit generated by the project to the
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initial investment. While it doesn’t capture the full lifecycle costs like TCO, it
provides a simple way to assess profitability [97].

Cost-Benefit Analysis (CBA): Similar to ROI, CBA compares the costs of a
project with its benefits, both in monetary and non-monetary terms. While it
provides insight into the overall value of a project, it may not address ongoing
operational costs comprehensively [81].

Operational Expenditure (OPEX) Analysis: This focuses solely on the ongoing
operational costs of a project, excluding capital expenditure. It’s particularly
relevant for projects where ongoing expenses are a primary concern.

After careful consideration of these comparisons, the TCO model was chosen due
to its numerous advantages. In fact, the TCO model presents a range of strengths.
It provides a thorough examination of costs related to owning and running
technology or systems. This includes direct costs like upfront expenses, operating
and maintenance costs, as well as indirect costs such as energy and personnel
expenses. TCO considers the entire lifecycle of a project, encompassing
acquisition, operation, maintenance, and disposal, aiding in recognizing long-term
costs and potential savings. Moreover, TCO supports decision-making by giving a
comprehensive view of total expenses, aiding in comparing choices and informed
economic decisions [95].

However, the TCO model has certain weaknesses. Estimating costs for different
TCO components can be subjective and challenging. It might not account for
intangible benefits, like improved quality or customer satisfaction, which are hard
to quantify. TCO models might lack adaptability for different contexts or projects,
demanding extra effort for customization. They often overlook external factors,
such as environmental effects or social costs, leading to incomplete economic
analysis. Additionally, TCO models simplify assumptions, like projected lifespan
or inflation rates, which can introduce uncertainties and inaccuracies in cost
calculations.

To overcome the shortcomings of the TCO model, our research approach has
incorporated several strategies:

e Cost Estimation and data collection strategy: to reduce the potential
impact of subjectivity in the data used, which could undermine result
accuracy and reliability, we have implemented a robust data collection
strategy. Since our research was conducted within the framework of
European projects, we sourced data from diverse partners spanning various
countries in Europe. Additionally, we conducted thorough desk research to
compile and benchmark data. By leveraging multiple data sources, we have
enhanced the validity of our findings.

e Generic cost model and scenario analysis: to ensure the versatility of our
model for application in various use cases, we constructed a generic cost
model. By employing scenario analysis, we generated a range of scenarios.
These scenarios were then subjected to the generic model, which was
further tailored to align with the unique aspects of the studied scenarios.
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This approach allows for the adaptability of the model while
accommodating the specific requirements of each scenario..

e Sensitivity analysis: To tackle the challenge posed by simplifying inputs
and assumptions, we conducted a sensitivity analysis. This process
evaluated the influence of various assumptions on the outcomes of the
model, providing a more nuanced understanding of the potential impacts.
The sensitivity analysis model is described in detail in 1.5.5.

However, it is crucial to recognize a noteworthy factor: the inherent limitation
of the TCO approach in adequately incorporating indirect benefits. Consequently,
TCO could be integrated into a more comprehensive quantitative analysis,
encompassing not only economic factors but also societal and environmental
metrics. Alternatively, it could serve as a complement to qualitative assessments.

Benefit estimation model

In this dissertation, two methods have been used for estimating the total benefits
or revenues of deploying 5G-based solutions namely the willingness to pay (WTP)
and the average revenue per user (ARPU):

WTP is the maximum amount of money that a customer or end-user is willing to
pay for a particular product or service. It is a measure of the perceived value of the
product or service to the customer. WTP is often determined through market
research and surveys, and it can vary based on factors such as the customer’s
income, preferences, and the availability of alternative options [83].

On the other hand, ARPU is a financial metric used in telecommunications and
other subscription-based businesses to measure the average revenue generated per
user or customer. It is calculated by dividing the total revenue generated by the
number of customers or subscribers. ARPU can be used to evaluate the
profitability of a business and its ability to monetize its customer base [84].

In this work, estimating the total revenue that will be generated by 5G for a
specific deployment (i.e., certain use cases in a specific region) was challenging.
Therefore, the ARPU was calculated based on the average cost per user (ACPU),
with a profit margin added on top.

In Chapters 2, 3, 5, 6, and 7, we utilized the economic viability study to assess the
feasibility of the deployment scenarios or use cases under study. For more
information about the mathematical formulations of the cost and revenue models,
as well as the various steps involved in the analysis, we refer readers to these
chapters.

1.5.4 Cost allocation model

To fully comprehend the concept of cost allocation, it is important to first define
some relevant economic terminology. This will provide a solid foundation for
understanding the definition of a cost allocation model.

First direct versus indirect cost: direct costs are expenditures that can be attributed
to a particular product or service, whereas indirect costs are expenses associated
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with managing and operating the company providing this product or service [85].
In the context of mobile networks, direct costs refer to expenses that can be
directly attributed to the provision of mobile network services, such as network
equipment, and salaries of network engineers that work exclusively on these
services. Indirect costs, on the other hand, refer to expenses that are necessary for
the operation of a mobile network but cannot be directly attributed to the provision
of mobile services, such as rent, utilities, and administrative expenses.

A cost allocation model is a method used to distribute or allocate the costs of a
particular project, service, or asset among various stakeholders or departments.
The purpose of a cost allocation model is to ensure that all parties responsible for
a project or service contribute to its cost based on their level of involvement or
benefit [87]. Generally, the cost that needs to be allocated is the indirect cost, as
the direct costs can be easily linked to stakeholders, products or services.

In the context of 5G deployment, a cost allocation model can be used to allocate
the cost of deploying 5G infrastructure among various stakeholders involved in
the project, such as telecommunication companies, government agencies, and
other entities. Furthermore, a cost allocation model can also be used to allocate
the cost of deploying 5G infrastructure to the specific services or applications that
are utilizing the 5G network. This can be done for example by analyzing the usage
and traffic data of each service and allocating the cost of deploying 5G
infrastructure accordingly. For example, a high-bandwidth service such as video
streaming may be allocated a higher portion of the 5G deployment cost than a
low-bandwidth service such as email. In general, a cost allocation model can help
ensure a fair distribution of the cost of 5G deployment among various stakeholders
or services. In this dissertation, both cost allocation models have been used
namely the cost allocation to stakeholders and services/slices.

In Chapter 4, we utilized the cost allocation model to allocate the costs of the 5G
network to the services being offered. In Chapter 5, we applied the cost allocation
concept to distribute the 5G deployment costs among the stakeholders involved.
To better understand the distinction between these two applications of the cost
allocation model, we encourage readers to refer to these chapters.

1.5.5 Sensitivity analysis

One of the famous definitions of sensitivity analysis is: “The study of how
uncertainty in the output of a model (numerical or otherwise) can be apportioned
to different sources of uncertainty in the model input” [88]. Every model is based
on a set of assumptions, which introduces uncertainty into the input parameters.
Consequently, sensitivity analysis aims to assess the influence of varying
parameters on the model outputs. Once these parameters are identified, those with
a negligible impact are usually disregarded, while greater attention is devoted to
the important ones [81].

Throughout Chapters 2, 3, 5, 6, and 7, we utilized the sensitivity analysis model.
For a more detailed understanding of the use and application of this model, we
suggest referring to these chapters.
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1.5.6 Choice of studied use cases and data collection

Since our primary objective is to create a comprehensive Techno-Economic
Analysis (TEA) of 5G rollout, and as the deployment of 5G networks in urban
environments has been extensively explored in various published techno-
economic studies, as highlighted in this survey [75], we have opted to complement
existing research by concentrating on more challenging areas. These areas
encompass rural, remote, and cross-border regions. As previously discussed, these
regions tend to be less attractive to MNOs to deploy 5G due to uncertainties
surrounding the investment’s profitability, attributed to their lower population
densities. Given this direction, the research challenges outlined in section 1.4 can
be thoroughly examined, drawing on the distinct attributes of the chosen use cases.
To feed the techno-economic models, to study the selected use cases, with the
required data, and since our research was conducted within the framework of
European projects, we sourced data from diverse partners spanning various
countries in Europe including British Telecom (BT), Telecom Italia (TIM),
Deutsche Telekom, SES, Airbus, Thales among others. Additionally, we
conducted thorough desk research to compile and benchmark data as explained in
the data collection strategy in section 1.5.3. By leveraging multiple data sources,
we have enhanced the validity of our findings.

In the following section, a detailed description of the studied use cases and the
specific research questions investigated within each case will be provided.

1.6 Outline and research contributions

This PhD dissertation consists of a series of publications that were produced
during the research. The original publications were not modified except for
formatting changes to ensure consistency. In this section, we provide an overview
of the remaining chapters of the dissertation, explain how they are interconnected
with the identified research questions in section 1.4 ( in Figure 1-36), and
highlight their main contributions. A comprehensive list of all publications written
during the research period, including those not included in the dissertation text, is
provided in Section 1.7.
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Figure 1-36: Overview of how the different contributions in Chapters 2 to 7 are
linked to the different research questions and the overarching research objective.
Under each research question, we put the related chapters that answer the research
question or its sub-parts by highlighting the research contributions done in those

chapters.

Chapter 2 describes how an integrated satellite-4G network solution can bridge
the digital divide in Europe by providing broadband connectivity to rural and
remote areas where deploying terrestrial networks is challenging and expensive.
While our analysis is based on a 4G solution, we adopted several technologies
from the 5G paradigm since the 5G standard was not finalized at the time of
writing.
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Satellite communication holds great promise in providing full coverage to remote
and rural areas, but it is important to acknowledge the high cost of satellite
capacity if we want to deliver broadband connectivity. Therefore, the question
remains: is it economically feasible to use satellites for broadband connectivity?
Additionally, how can the 5G network be leveraged to make connectivity more
affordable for end users?

This study brings the following contributions related to the research questions
previously formulated in section 1.4: Firstly, we explore the economic feasibility
of deploying the integrated satellite-4G solution in rural areas to provide
eMBB (RQ1%). Secondly, we indicate how MEC technology can reduce the
Average Cost Per User (ACPU) to make the solution more affordable for rural
area residents (RQ2). Finally, we show how the ACPU is affected by the
population density of these rural areas, i.e., how the ACPU varies across a
broader range of areas (RQ1).

Chapter 2 discusses the provision of broadband connectivity (eMBB) to remote
and rural areas. On the other hand, Chapter 3 focuses on inflight eMBB
connectivity and presents a techno-economic analysis of an integrated satellite-5G
network solution. As described previously, while satellite communication offers
the potential to reach users anywhere, the high costs of broadband connectivity
using this technology are a major hurdle. The study answers several research
questions: First, is “internet in the sky” feasible from both technical and
economic perspectives using the integrated satellite-SG solution (RQ1)? And,
how can the use of MEC technology help reduce costs (RQ2)? Finally, what
are the potential business and pricing models for delivering inflight
broadband connectivity (RQ4)? By addressing these research questions, the
study provides insights into the viability of the satellite-5G solution and its
potential impact on the aviation industry.

In the previous chapters, we examined the feasibility of deploying the 5G network
for specific service types across various regions. The next question is, how should
we distribute the deployment cost among the services to be offered?

In Chapter 4 we propose an allocation model to answer this research question
for slice-based 5G network (RQ3). This chapter presents a model for distributing
the cost of network deployment among the various deployed slices, which can
subsequently be utilized to determine the prices of different E2E services. To
provide the required inputs to the proposed model, a resource allocation algorithm
and a 5G network function (NF) dimensioning model are also introduced. The
chapter also explores the outcomes of the different models, in addition to the cost
savings on the core network part that stems from utilizing NFV (RQ2).
Besides the eMBB service investigated in the previous chapters, Chapter 5 also
investigates the provision of URLLC services. This chapter delves into the
provision of cooperative, connected, and automated mobility (CCAM) services,
which fall under the category of URLLC services. Connected mobility services

4RQ1-5 refer to the research questions discussed in section 1.3.
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require a reliable and low-latency network, and the 5G technology has been
identified as the ideal provider for CCAM requirements. However, providing
CCAM services involves multiple stakeholders from various fields, such as
MNOS, OEMs, and regulators. This chapter investigates the potential business
and collaboration models that take benefit from emerging 5G technologies
(RQ4). To evaluate the viability of the identified business models, a cost-benefit
analysis is conducted (RQ1) and has been used also to assess the impact of the
time of the deployment on the total cost (RQ5). Additionally, a cost allocation
model is developed to share the 5G deployment costs among the involved
business actors (RQ3). In Chapter 5, we encountered the challenge of the lack of
data on the penetration rates of connected cars, which required us to simulate
different deployment scenarios assuming the same year as the reference for their
deployment. To address this issue and account for the uncertainty in predicting the
penetration rate of connected cars, we proposed a scenario-based approach with
three distinct penetration rate scenarios: low, medium, and high (RQS5). This
approach allowed us to conduct a more precise techno-economic analysis, which
is detailed in Chapter 6.

In the realm of providing CCAM services, the MEC paradigm plays a vital role in
the 5G network architecture by reducing E2E latency. However, to ensure optimal
deployment of MEC in terms of E2E latency and deployment cost, MNOs must
carefully consider different deployment models. In Chapter 7, we propose
various MEC deployment models and evaluate them from both E2E latency
and cost perspectives. Our findings can inform the decision-making process of
MNOs as they determine their deployment strategies for MEC technology (RQ5).
The final chapter of this dissertation, Chapter 8, presents a comprehensive
conclusion on the techno-economic analysis of deploying a 5G network. It
effectively summarizes the key findings from previous chapters and utilizes them
to provide strategic guidelines for 5G network deployment, with a specific
emphasis on the role of the key 5G technologies. Furthermore, the book concludes
with an insightful overview of potential areas for future research, highlighting
avenues for further exploration in this field.

1.7 Publication List

1.7.1 Publications in international journals (listed in the Science
Citation Index)

1. Chiha, A., Van der Wee, M., Colle, D., & Verbrugge, S. (2020). Techno-
economic viability of integrating satellite communication in 4G networks
to bridge the broadband digital divide. Telecommunications Policy,
44(3), 101874.

2. Chiha, A., Van der Wee, M., Goratti, L., & Colle, D. (2021).
Techno-economic analysis of inflight connectivity using an integrated
satellite-5G network. International Journal of Satellite Communications
and Networking, 39(4), 322-338.
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This chapter presents an analysis that was conducted before the 5G standards had
been finalized, and therefore, it is based on a 4G solution. However, even at that
time, several technologies from the 5G paradigm, such as MEC technology, were
already being adopted. The chapter proposes integrating satellite communication
into 4G networks to provide enhanced broadband connectivity to rural areas in
Europe and bridge the digital divide. To evaluate the economic viability of this
integration, we use a techno-economic framework based on the Total Cost of
Ownership (TCO) model. We simulate two scenarios to assess the viability of the
integrated satellite-4G solution and to evaluate the impact of adopting the MEC
technology, one without MEC and the other with MEC. Moreover, we evaluate the
economic viability of the proposed solution across a wider range of areas based
on various population densities.
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Abstract— Bridging the broadband digital divide between urban and rural
areas in Europe is one of the main targets of the Digital Agenda for Europe.
Though many technological options are proposed in literature, satellite
communication has been identified as the only possible solution for the most rural
areas, due to its global coverage. However, deploying an end-to-end satellite
solution might, in some cases, not be cost-effective. The aim of this study is to
give insights into the economic effectiveness of integrating satellite
communications into 4G networks in order to connect the most rural areas (also
referred to as white areas) in Europe. To this end, this paper proposes a converged
solution that combines satellite communication as a backhaul network with 4G as
a fronthaul network to bring enhanced broadband connectivity to European rural
areas, along with a techno-economic model to analyze the economic viability of
this integration. The model is based on a Total Cost of Ownership (TCO) model
for 5 years, taking into account both capital and operational expenditures, and
aims to calculate the TCO as well as the Average Cost Per User (ACPU) for the
studied scenarios. We evaluate the suggested model by simulating a hypothetical
use case for two scenarios. The first scenario is based on a radio access network
connecting to the 4G core network via a satellite link. Results for this scenario
show high operational costs. In order to reduce these costs, we propose a second
scenario, consisting of caching the popular content on the edge to reduce the
traffic carried over the satellite link. This scenario demonstrates a significant
operational cost decrease (more than 60%), which also means a significant ACPU
decrease. We evaluate the robustness of the results by simulating for a range of
population densities, hereby also providing an indication of the economic viability
of our proposed solution across a wider range of areas.

Keywords— Techno-economics, broadband digital divide, satellite, 4G

2.1 Introduction

While the ICT revolution continues at a fast pace bringing new technologies such
as Internet of Things (IoT), machine learning and block chain, half of the people
on earth are still without a fast and reliable Internet connection. However,
broadband Internet is no longer seen as a comfort, but as a basic service: "Like
electricity a century ago, broadband is a foundation for economic growth, job
creation, global competitiveness, and a better way of life” [35]. The disconnected
users are mostly located in rural areas. In [62], broadband connectivity is seen as
the essential protector against the depopulation of these rural areas, thanks to the
wide range of available services such as public e-services, e-learning, telemedicine
and online social networking.

From a policy perspective, providing high-speed broadband connectivity for rural
users is one of the main challenges facing the European countries to satisfy targets
announced in the Digital Agenda for Europe [55]. Therefore, the public-policy
focus on the digital divide is shifting towards broadband Internet access. In
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Europe, only 53% of rural homes are covered by next generation access compared
to 80% of overall EU households [31].
Based on [45], important global reasons for not having broadband Internet access

are>:

a) Internet service is not available;
b) Internet service is available but does not correspond to household needs;
c) Cost of service is too high.

It is clear that when it comes to bridging the broadband digital divide, one

should look at both technical and economic parameters. Many technical solutions
have been proposed to tackle the absence of broadband infrastructure. A full
wireless-based solution with the combination of WIMAX and Wi-Fi technologies
was proposed by [50]. This paper investigates the use of WIMAX to provide
backhauling support, while Wi-Fi is used to provide access to the end user. This
solution cannot provide global coverage of the areas under study as Wi-Fi access
points are only installed where houses are clustered. In another study, a fiber-
based solution was developed to connect rural areas in India [17]. Using a geo-
intelligent algorithm authors aim to identify the optimized GPON tree to reach
rural areas from the nearest provider’s central office. The algorithm considers the
terrain constraints such as difficult hilly terrain, deserts, and coastal regions, and
demonstrates an incremental fiber saving compared to the anticipated planning
approach of 25.6% to 80%, depending on the terrain characteristics, but is still
expensive. Dean Segel in [16] proposed to use a satellite network to augment or
substitute the terrestrial connection in rural areas with limited connection. A
hybrid-terrestrial solution was proposed where the communication unit is QoS
aware, allowing to forward traffic over different backhauling systems depending
upon the latency-sensitivity of the traffic. Within the same technology, i.e.
satellite, Liolis et al. in [49] have identified several use cases of integrating
satellite into 5G networks. One of these use cases deploys satellite as a backhaul
network to reach unserved rural areas, while 5G will be deployed as an access
network.
Though relevant from a technological perspective, the studies mentioned above
only focus on bringing broadband connectivity to the unserved/underserved areas
without taking into account the cost of the service, the third cause of not having
broadband access.

A variety of studies address both the lack of the network infrastructure and the
cost of the broadband service. Van der Wee et al in [63], for example, applied a
cost-benefit model on specific scenarios, which are different in term of area type,
demand uptake, and revenue scheme. Results prove that deploying a FTTH is only
viable in a dense urban area with an aggressive take-up. Frias et al. in [37]
introduced a cost model to compare a fixed broadband network (FTTH) with a
wireless one (LTE) and applied it to rural Spain. Furthermore, a techno-economic
modelling method for choosing the adequate rural broadband access solution was

5> Note that the ITU mentions four reasons in total, the fourth being: knowledge or skills
needed to use the Internet are lacking. This has been addressed by several papers (Preston
et al., 2007), (Abrardi & Cambini, 2019), and (Moghaddam et al., 2013), but will not be
tackled in this paper.
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proposed by Krizanovic Cik, V et al. [60]. A second techno-economic model that
applies geo-based multi-objective optimization to find areas with the highest
concentration of unserved/underserved users in the USA at the lowest cost to
service providers was developed by Durairajan et al. in [19]. A converged optical-
wireless architecture for interconnecting rural areas in Europe proposed by
Polykalas et al. in [55], was consolidated by a techno-economic study for
connecting the rural areas and islands complex in Greece. This study proved that,
only by using 30% of public funding and 30 % of cost sharing (i.e. infrastructure
sharing between telco and grid operator), the entire Greek islands complex can be
covered by a high-speed fixed-mobile network. Recently, Ioannou et al. in [43]
carried a comparative techno-economic study between FTTdp (Fiber To The
distribution point) and LTE networks in order to estimate the needed ARPU for
rural Greece, finding that both solutions are too expensive for the citizens of rural
areas (ARPU for FTTdp is 332 euro and for LTE is 66 euro for 30 Mbps
download speed). On a larger scale, Feijoo et al. in [36] used a techno-economic
framework to calculate the needed total investments to fill the broadband gap for
urban, suburban and rural geo-types in EU-28. This framework proved first, that
in term of broadband investment, the main gaps are occurring in rural areas, and
second that around 50 billion euro is needed to bridge these gaps. Though
relevant, these models did not look at the willingness to pay of the end user. We
should bear in mind that in most rural areas, inhabitants have a lower income and
the price of the service is crucial for its adoption.

From the discussed literature, we can deduct that rural areas are still
underserved and that, while technological solutions exist, they frequently are too
expensive for market players to invest in. This paper therefore combines technical
aspects with techno-economic evaluation that takes into account Willingness to
Pay, in order to propose a viable solution for connecting remote rural areas,
specifically the European white areas. The proposed solution is a hybrid satellite-
wireless solution in which a geostationary satellite (GEO satellite) network is to be
deployed as a backhaul network. The GEO satellite is chosen thanks to its global
coverage and high capacity. For the access network (fronthaul), we select the 4G
technology, as it is not only one of the Next Generation Network (NGN)
technologies but also provides up to approximately 100 Mbps as a peak data rate.
In order to evaluate the economic viability of the proposed solution we use a Total
Cost of Ownership (TCO) model and compare the Average Cost Per User (ACPU)
to the Willingness To Pay (WTP) of the end users derived from desk research.

The article proceeds by presenting the actual conditions of broadband
connectivity in Europe in section 2.2. In section 2.3, the proposed converged
satellite-4G solution is presented. Section 2.4 highlights the cost model, a
simulation of the model based on a hypothetical use case is presented in section
2.5. Section 2.6 evaluates the robustness of the results by simulating for a range of
population densities and by assessing the impact of the caching data rate. The last
section, section 2.7, summarizes the results and discusses future work.
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2.2 Broadband connectivity in Europe

There is no universal consensus on the minimum download and upload speeds for

a service to be classified as a broadband. The European Commission mentions

both 144 kbps and 3 Mbps, while the FCC (Federal Communication Commission)

in the United States defines broadband at speeds of minimum 25 Mbps [18].

However, a consensus exists on the key role that broadband access plays in job

creation, social and digital inclusion, society’s well-being and the economic

growth. On the European level, there is a current debate on broadening the
concept of the Universal Service Obligation (USO) to include broadband access

[18], [8] and [67].

The idea behind a USO is to ensure all citizens have the right to the same services

independently of their location. In Europe, the universal service from a

telecommunication perspective is outlined by the directive 2002/22/EC “Universal

service and users' rights relating to electronic communications networks and
services (Universal Service Directive)” [22]. In this Directive, the European

Commission (EC) states that “The concept of universal service should evolve to

reflect advances in technology, market developments and changes in user

demand”. To reflect this dynamicity, the EC states in the same directive (under

Article 15) that the Universal Service Directive (USD) should be reviewed in the

light of not only the technological development but also economic and social ones.

Following this decision, the EC has reviewed the directive three times since 2005.

The main points included in these three consultations are:

o In the 2005 consultation on broadening the scope of the Universal Service
Directive (USD) to include broadband, the EC concluded that only a minority
of the European citizens are using broadband  services
(e.g. penetration rates of around 25% in countries such as the Netherlands and
Denmark [2]. As a result of the low penetration rate, the criteria to include
broadband services in the USO were not satisfied.

e The results of the 2010 consultation were different from the one of 2005
giving the significant increase of the broadband penetration (24% at EU 25 in
2009 compared to only 8% at EU 25 in 2004 [32]). However, the EC
concluded that: “At this stage, it would not be appropriate to include mobility
or mandate broadband at a specific data rate at EU level” [23], mainly due to
the huge investment required to ensure the availability and affordability of
broadband to the whole Europe. On the other hand, in order to minimize the
possible market distortion resulting from broadening the scope of USO, the
EC advices Member States to use public intervention tools to guarantee
broadband availability outside the framework of the USO.

o In the 2016 consultation, [29] and [18] estimated the cost of providing the
primary basket (consisting of 9.6Mbps connectivity) by 2020 for all the EU
citizens to be 13.7 billion Euro. In addition to that, the cost of the social tariffs
of broadband (considered at the same level of social telephony tariffs) would
be around 147 million Euro annually. The study concluded that the most



Techno-economic viability of integrating satellite communication
in 4G networks to bridge the broadband digital divide 105

efficient mechanism of financing the broadband universal service would be
public funds. They argue this choice by the fact that the entire society would
benefit from the availability of broadband on both the economic and social
sides. Currently, the USF (Universal Service Funding) is financed by the
telecommunication sectors together with public funds. Therefore, it seems
unfair to provide broadband connectivity using USFs, because other
stakeholders will also benefit from a wider broadband access like the online
service providers etc.... Hence, other means of funding have to be
investigated.

As a conclusion of these reviews on the scope of the universal service, the EC,
Member States, telecommunication operators and all the broadband contributors
agreed that broadband connections should be made available at an affordable price
to all the EU citizens, however without including an exact minimum bitrate in the
USO. Nevertheless, the EC still refers in its reports e.g. [27], to areas served by
less than 2 Mbps as areas without broadband services®.

Therefore, the EC has set a clear policy towards the deployment of high-speed
broadband giving its socio-economic benefits. In 2010, the EC announced the
Digital Agenda for Europe (DAE) which consist of 3 main targets: (1) availability
of broadband for all Europeans in 2013, (2) deployment of 30 Mbps broadband
capability to all Europeans by 2020, and (3) adoption of 100 Mbps broadband by
50% of European households by 2020[24]. Following the announcement of the
Digital Agenda for Europe 2020, the European Commission (EC) has adopted a
new strategy towards its broadband program called “Connectivity for a European
Gigabit Society 2025” in September 2016 [28]. The main targets (for 2025)
announced in this agenda were:

4 Provide gigabit connectivity for all of the main socio-economic drivers.

5 Guarantee an uninterrupted 5G coverage for all urban areas and major
terrestrial transport paths.

6 Access to connectivity offering at least 100 Mbps for all European households.

The last ambitious target of this agenda aims to the global coverage of Europe by
at least 100 Mbps before 2025. As mentioned above, the rural EU average
coverage for NGA (Next Generation Access) technologies at 39.2%, continues to
be significantly lower than the total NGA coverage (76.0%) [31]. However, as
urban areas start to reach the saturation stage of NGA coverage, deployment
should shift towards rural areas to bridge the gap. As mentioned before, billions of
euro should be invested for deploying network infrastructure. The most important
parts of these investments are foreseen to come from the private sector, especially
from the broadband providers. However, the private sector considers the rural

% In this paper, we consider basic or universal broadband services to have at least 2Mbps as
download speed.
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areas as a non-viable market because the cost of deploying a network outside the
urban and suburban areas is on average 80 % higher [59]. Moreover, a study
carried by the European investment bank showed that 41% of the entire broadband
investment should be allocated to rural areas in order to offer high-speed
broadband to all European citizens. A similar study by Point Topic even mentions
63% instead of 41% [54].

Therefore, the EC has encouraged Member States to use public financing in line
with the European Union competition and State Aid rules to achieve the speed,
coverage and growth targets of the Europe 2025 agenda. The EC has defined a set
of conditions that should be satisfied in order to acquire subsidies for the
broadband rollout. These conditions are built on the classification of areas into
white, grey and black. White areas are where there currently is no broadband
provider and unlikely to be in the near future; grey ones are areas where there is
only one broadband provider and black areas are covered by more than one
broadband provider [25]. Hence, white and grey areas are the only eligible areas to
receive the State Aid funding.

Several Member State proposals have been approved by the EC concerning the
public funding of broadband deployment. More specifically, 60 proposals were
approved during the last three years by the EC [26], most of them detailed how
they aim to deploy new broadband infrastructure while assuming the possible rate
of the service demand.

However, there will still be a large need for private funds in reaching the target.
On the other hand, in order to reach the 100% coverage in rural areas, not only
the network rollout and its cost should be considered but also the price of the
service and the willingness to pay (WTP) by the end user, as the ability of the
operators to invest is driven by the end-users’ willingness to pay [47]. Ovando, C.
et al. in [52] proved that for rural areas only a very high take-up could make the
deployment of broadband networks feasible, while the demand of broadband
services is very sensitive to price based on the socio-economic specifications of
those areas. Moreover, not only the price of the service can affect the adoption of
broadband but also other factors such as the age of end users as proven in [46].
Finally, Glass, V. et al. in [39] believe that marginal increases in speed do not
attract customers anymore, but that the inclusion of new services such as video
could lead to an increase in take-up and willingness to pay. It is exactly this
diversification of services and the offering of new services such as video
streaming, video gaming and virtual reality VR applications, that requires a high-
speed broadband.

Recently, Liu et al. in [68] proposed a model to estimate the willingness to pay for
broadband Internet speed in the United States. Results of this study reveals a
concave households’ valuation of the broadband bandwidth. For example, in order
to increase the bandwidth from 4Mbps to 10Mbps, customers are willing to pay
2.348$ per Mbps (14$ in total). Yet, to increase the bandwidth from 100Mbps to
1Gbps they only willing to pay 0.2$ per Mbps (19$ in total). In addition to that, a
noteworthy result found in this research is that costumers value a decrease in
latency from 300-600 milliseconds to 10 milliseconds by around 8$/month, which
is equivalent from moving from Internet over satellite service to 4G services (we
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will come to this later on this paper: section 2.5.3). It is important to mention here
that this data is coming from two surveys that took place in the United States.
Therefore, extrapolating these results to the European level should take into
account the difference in term of willingness to pay between the American and the
European citizens, but at least, they give an order of magnitude of the correlation
between the WTP and the broadband speed.

According to [30], the average European price of a mobile broadband service at 2
Mbps speed (which results in 1.6 GB data per month assuming that users are
active only 9 hours per day and consume in average 80% of the bandwidth) is
between 23 to 31 euro per month. This price should be valid for both urban and
rural areas. However, if we aim for a good service adoption, this price has to be
decreased by 15% to be adopted by rural inhabitants as well as non-adopters in
urban areas according to a wide survey carried out in the USA [11]. We should
hence account for an average WTP of 19 euro per month for a decent broadband
connection in a rural area.

In the light of this literature overview, we can infer that solutions that optimize for
both technical (broadband technology) and economic (demand and willingness to
pay) requirements for network deployment in unserved areas are needed and, to
the best of the authors’ knowledge, not readily available in literature. In the next
section, we present our solution that covers both requirements.

2.3 Converged Satellite-Wireless architecture for
interconnecting rural areas

We propose a converged satellite-wireless solution that takes into account (1) the
technical requirements of high-speed broadband and (2) the economic constraints,
being the cost of the network deployment and the willingness to pay of the rural
inhabitants. Therefore, we investigate in the first subsection (section 2.3.1) the
status of satellite broadband. In section 2.3.2, similar proposed solutions in
literature are discussed. We finalize this section by detailing the technical
description of our solution.

2.3.1 Status of satellite broadband

Using satellite for broadband connectivity has several advantages: it is the only
readily available technology that has a worldwide coverage, while also being
capable to provide high-speed capacity. For that reason, the EC has considered its
first target of the DAE, which is 30Mbps broadband speed for all citizens by 2013
as achieved [24] relying on the global coverage of satellite.

However, according to [45] there are two main challenges facing the deployment
of satellite solutions in rural areas:
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1 The unawareness of the end user about the availability of the Internet satellite
providers, which justify why broadband satellite in Europe has a market share
below 1% compared to other technologies [40]. As a solution, the EC together
with the satellite providers have developed an online tool
(www.broadbandforall.eu) in order to establish a connection between users
and the local satellite suppliers.

2 The insufficient political support for the satellite broadband. In fact, the State
Aid documentation refers for the next generation solutions as wired or mobile
solutions and satellite solutions have been marginalized. On the other hand,
there is a general consensus among satellite operators that a 30 Mbps Service
Level Agreement (SLA) cannot be achieved at any reasonable and affordable
price without some intervention.

In fact, an end-to-end satellite solution may not be viable, for many reasons. First,
the end users need to buy a satellite receiver (well known as VSAT) which is
around 800 euro without counting the price of the installation [64]. In addition to
that, the price of the broadband service itself is very expensive, about 99 euro for a
volume of 2GB per month, with maximum speeds of only 10Mbps/2Mbps
(download/upload) [64]. Giving that, we can think what the price for 30 Mbps
would look like.

As a conclusion, satellite operators are not able to expand their networks to meet
the goals of the EC agenda, given the present funding policies. On the other hand,
the EC will not achieve the goal of 30Mbps coverage for all Europe without the
help of satellite operators.

As a possible solution for this “dilemma”, we suggest in this paper to combine the
4G networks as fronthaul network with the satellite networks as a backhaul. The
use of 4G networks aims to decrease the cost of the radio access network. In
addition to that, satellite networks from a technical perspective are the most
eligible to serve as a backhaul networks for rural areas given their advantages as
presented above.

2.3.2 State of the art of Satellite-4G network solutions

Section 2.1 introduced some papers that support the use of satellite as a backhaul
network to serve rural areas [16] and [49]. They motivate the choice of using
satellite technology as a backhaul network by the expensive cost of upgrading the
terrestrial backhaul route, which could cost millions of dollars, yet the potential
new revenue cannot cover this cost.

From a technical perspective, several sources studied the compatibility between
4G and satellite networks [21], [44], [61] and [69]. Some technical challenges
generated by the combination of satellite and 4G networks have been addressed as
well. Zangar et al. in [70] addressed in their work the “key challenge” in the 4G-
Satellite integration which is the radio resource allocation policy. The main
challenging aspect according to [1] in order to ensure the smooth combination of
4G and satellite networks is the management and the handling of the TCP
connection. The same authors recently analysed the bandwidth aggregator
techniques for hybrid satellite-xDSL links [1].
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2.3.3 Proposed Satellite-4G solution

This paper presents a solution that takes advantage of the satellite
communication’s global coverage and uses it as a backhaul network. In addition,
the solution relies on a 4G access network, as one of the NGA technologies, to be
deployed as a fronthaul network. The proposed solution aims to provide
broadband connectivity to white areas where there is no broadband provider and it
is unlikely to be in the near future. However, in areas where there are already
basic broadband services (but not NGN), satellite solutions can complement the
existing terrestrial solution as described in [49]., but this case is out of scope of
this paper.

The complete network solution is composed of:

1. A 4G core network that treats and processes the offered services,

2. A satellite gateway connected to the 4G core network via a fiber
connection, which is responsible for forwarding the traffic from the core
network to the radio access network (RAN) via a satellite link,

3. A satellite terminal installed near the RAN that receives the traffic from
the satellite gateway via the satellite link and sends it to the RAN and
vice versa,

4. Finally, a RAN which consists of eNodeBs (evolved Node B, i.e. mobile
base stations), responsible of carrying out the traffic from the 4G core to
the end user and vice versa.

The network architecture is presented as follows:

GEO Satellite
(" pata \ ""
Network ™ S
B 3 - o
A
4\
4G core | wmmmm—— \ - A h
Network ) A 3
etwor satellite Gateway satellite h‘ /h\
Terminal ﬁ

Figure 2-1 Network architecture of the integrated satellite-terrestrial solution

To study the viability of the integration of satellite communication within the 4G
mobile network, a cost model is defined and discussed in the next section.2.4
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2.4 Cost Model

The proposed model takes into account both the Capital (CAPEX) and the
Operational Expenditures (OPEX), designed for converged networks, and
considers a planning horizon of 5 years. This model aims to calculate the Total
Cost of Ownership (TCO) as well as the Average Revenue Per User (ACPU) for
the studied scenario. This model aims to study the economic feasibility of the 4G-
satellite solution in rural Europe. In section 2.4.1, we will discuss in more detail
the structure of the model. The mathematical formulation of the model is
presented in section 2.4.2.

2.4.1 Model structure

The main inputs of the model are the bill of materials (BOM), the number of
users, the minimum bitrate per user, the average margin of profit of telecoms
operators and the time horizon of the project. Those inputs feed into a cost model
that consists of four sub-models in alignment with the network architecture
components presented in the previous section. The first sub-model is designed for
the edge site. It incorporates the CAPEX of the radio access network (RAN), the
capex of the satellite terminal, the common capex and the OPEX of all edge
components. The second one models the satellite network used for the backhaul;
both CAPEX and OPEX are taken into account. The third block builds the model
of the costs for the 4G core network and the last block in the diagram englobes all
overhead costs. After the calculation of the CAPEX and OPEX for all these
blocks, the TCO can be derived. Hence, given the TCO as well as the number of
users, the ACPU can be derived as an output of the model. The structure of the
model is presented in Figure 2-2.
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Cost Model of the
4G network
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OPEX of of the MEC OPEX of the CAPEX the Satellite satellite core metwiork 22% on top of
the RAN deployment satellite terminal and OPEX netwark netwark 100

|

‘ Calculation of OPEX and CAPEX |
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Figure 2-2 Cost model structure.
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2.4.2 Mathematical formulation of the model

The previous section has presented, from a high-level perspective, the structure of
the proposed cost model. In this section, we will detail each sub-model formula
used to calculate both CAPEX and OPEX parts. An overview of abbreviations can
be found in Table 2-1.

Cost model of the edge site

The cost of the edge incorporates the CAPEX of the RAN, the CAPEX of the
satellite terminal, the common CAPEX and the OPEX of all the edge components.
The number of equipment needed depends on the dimensioning process of the site,
which in turn depends on the bitrate to be provided in the site (Equation 1). The
CAPEX of the RAN (Equation 3) depends on the number of eNodeBs to be
deployed, which is the maximum of the number calculated based on the bitrate
and the coverage area of the served site (Equation 2).

Equation 2-1
Br, = N, X Br,

Equation 2-2
Cov, Br,
N = MAX a , S
enb ( /Covenb /Bwenb )
Equation 2-3:
CapexRAN = Nenb X Cenb + CT + CInst
Equation 2-4:

OpexRAN = Siterental + (PeNBs + PST) X Cwatt +M

Furthermore, the CAPEX of the satellite terminal consists of the satellite terminal
equipment, which is calculated based on its link capacity with the satellite. The
common CAPEX incorporates all common capital costs needed to build the edge
infrastructure. Finally, the OPEX of the edge (Equation 4) consists of the cost of
the power consumption of all the equipment, the cost of the site rental per year and
the maintenance costs.

Cost model of the satellite network

The cost model of the satellite network consists of two main parts. First, the
CAPEX of the satellite gateway, which is the cost of the equipment and the
building required to deploy the satellite gateway. Second the OPEX of the
satellite network (Equation 6), which is the cost of the satellite capacity (Equation
5), in addition to the cost of the maintenance and the power consumption.
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Equation 2-5

CsatCapS = (Brs + Brp) x 12 % Csathps

Equation 2-6

Opexsat = CsatCapS + PsatGat X Cwatt +M

Cost model of the 4G core network
For modelling the 4G core network, an estimation of the cost of the core network
per user should be made. Given this estimation in addition to the number of users,
the cost of the 4G core network can be calculated. This model uses results found
by Bouras et al. in [10], which calculate the cost of 4G core network deployed to
serve 100,000 users (corresponding to about 100 base stations).
Additional costs
We have built a realistic cost model using the following assumptions for the
additional costs:
e  Hardware installation cost is 15% of the hardware costs [12]. The cost of
the hardware installation is part of the CAPEX costs and it is expressed
by the following formula:

Equation 2-7
Clnst =15% x CHW
e  Maintenance cost is 10 % of the CAPEX costs [12]. Maintenance costs
are counted in the OPEX costs.
Equation 2-8
M =10% x CAPEX
e In most cases, the overhead cost is defined as the cost of marketing,

helpdesk, human resources, finance etc. According to [6], it is around
22% on top of the sum of the CAPEX and OPEX costs.

Equation 2-9
Ovhd; = 22% x (CAPEX + OPEX)

Total Cost of Ownership (TCO)
The Total Cost of Ownership (TCO) of the proposed solution is counted as the
sum of the CAPEX, the OPEX of 5 years and the overhead costs of 5 years.

Equation 2-10

5
TCO = CAPEX + Z OPEX(t) + Ovhd_ (t)
t=1
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Table 2-1 Nomenclature

Nomenclature | Designation Nomenclature = Designation
Br, bitrate peruser | H, average active hours
per user
Brs bitrate per site Nu number of users
Cov, coverage area Csathps cost of 1 Mbps per
month via satellite link
Cov,,, eNB coverage CsmCapS cost of satellite
capacity for a site S
Bw,, eNB bandwidth | Br, bitrate per site for
traffic control and
overhead
b number of eNB | M maintenance costs
b cost of eNB satGat power consumption
satellite gateway per
year
C, cost of the tower | C__ cost of energy
N, number of Nstg number of storage
servers
Mecmng cost of MEC Cstg cost of storage
software
management
C, cost of server N number of sites served
by the satellite gateway
Cinst cost of hardware | Cuw cost of the hardware
installation
Ovhdc overhead costs Pengs power consumption of
the eNBs per year
Siterental Cost of renting | Psr power consumption of
the site  for the satellite terminals
deploying  the per year
eNBs and the
satellite terminal
per year
CsatCaps Caching cost of satellite

capacity for a
site S with
caching data on
the edge
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2.5 Simulation: hypothetical use case

To evaluate the proposed solution from a techno-economic point of view, we
define a hypothetical use case, which will first be described. Inputs used to run the
cost model are listed in the second section and finally results are analyzed in the
third section.

2.5.1 Use case description

The case consists of a satellite backhaul connected to a cell tower located in a
rural area in the EU covering two villages about Skm apart connected via a rural
main road. The villages are home to 350 families, with an average of 3 users per
home. The predominant traffic on the cell is eMBB (enhanced Mobile
Broadband).

From the mathematical formulation of the model presented previously in section
2.4.2, we can conclude that the number of users as well as the minimum bitrate
required per user are the main cost drivers of our model. First, they affect the
dimensioning process; see (Equation 2-1) and Equation 2-2). In addition, the
OPEX costs (Equation 2-5) are directly driven by the bitrate per site.

In order to generate realistic results taking into account the bitrate per user cost
driver, there are two ways to proceed. The first one is to forecast the average
consumed mobile data traffic per user (i.e. monthly download volume) in the
considered timeframe (2020-2024) and then calculate the bitrate per user that
generates this amount of mobile data traffic. The second option is to set an initial
bitrate per user according to the DAE 2020 target, namely 30 Mbps. We can
assume that the first case corresponds to a conservative scenario and the second
one to an aggressive scenario, and hereafter their description:

Conservative scenario

In order to have an idea about the future mobile data traffic, we refer to the well-
known Cisco VNI report [14]. It forecasts that in 2022, the monthly mobile data
traffic for Western Europe will be 8.8GB per user. To know the user bitrate
needed to generate this amount of data we rely on Analysis Mason data used in the
BATS project report [7]. The calculation takes into account the number of hours
during which the user is active, then it results that each 1GB per month
corresponds to an average busy hour data rate of 7.8 kbps. Hence, 8.8 GB per
month results in 68.64 kbps per user as an average busy hour data rate. However,
this bitrate does not meet the definition of the broadband speed set by the EC.
Thus, we consider the minimal speed in this scenario the one of the universal
broadband service, being 2 Mbps. Hence, in this scenario we assume that the
bitrate per user (3 users per family, 350 families) is 2 Mbps, thus taking into
account the active user rate of 80% and the number of active hours of 9 per day,
the resulted average busy hour data rate is 630 Mbps per site.

Aggressive scenario

In order to guarantee a good Quality of Experience (QoE) for the end user, the EC
requires a bitrate of 30 Mbps per user for high-speed broadband services, as
explained above. Hence, in this scenario we assume that the bitrate per user (3
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users per family, 350 families) is 30 Mbps, thus taking into account the active user
rate of 80% and the number of active hours of 9 per day, the resulted average busy
hour data rate is 9450 Mbps per site.

For all the defined scenarios, on top of the site bitrate, we expect 10% traffic and
control plane overheads.

2.5.2 Model inputs

Inputs used to run the cost model are presented in the following tables. General
inputs of the model are described in Table 2-2. Parameters used for modelling the
edge site, which consists of two parts: the RAN and the satellite terminal, as well as
the satellite network and the 4G core network are presented in Table 2-3.

e  General inputs

Table 2-2 General inputs

Parameter Conservative scenario Aggressive scenario

Study period 5 years (2020-2024)’

Area 78.5 km?

Average busy 630 Mbps 9450 Mbps
hour data rate
per site

Average active 98
hours per user

Active  user 802
rate (%)

Cost of 1 kWh 0.114 [33]
©)

Conversion 0.9
rate ($ to €)

Time Value of 5%
Money

7 Use case definition
8 These assumptions are derived based on Internet research, so may be realistic but not
precise.
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e Network inputs

Table 2-3 Network inputs

1BBU, Software upgrades
and maintenance

Parameter Value
Edge inputs

RAN

Macro cell: 3 antennas, | 25-30K €

Macro cell bitrate

Maximal deployment is 5 * 3 sectors per eNB,
(5*3*140=840Mbps) [58].

consumption: cooling etc...

building,  rigging  and | 10k $ [20].
materials (tower 10m)

Power consumption 18 144 kWh per year [58].
Satellite terminal (ST)

Cost of ST 4K § [38].

Capacity of the satellite | 150 [38].

link/ST (Mbps)

Satellite terminal power | 438 kWh per year
consumption

Air conditioning ~500 € [5].
Common power | 30835 kWh per year

Edge maintenance

10% of CAPEX [12].

Satellite Network inputs

infrastructure (€)

Satellite  capacity  cost | 15$-7$ (2020-2025) [20].
($/Mbps/month)
Satellite gateway | Cost of satellite gateway is included in the cost

of satellite capacity

Maintenance

10% of CAPEX [12].

4G core network inputs

Cost of 4G core network (€)

2200K: deployed to serve 100 BS and each BS
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serve 1000 users [10].
Cost of 4G core per user (€) | 22

2.5.3 Results and interpretation

Results for the baseline scenario

As a first step, we simulate the proposed architecture for the scenarios discussed
previously: the conservative and the aggressive scenario, based on collected inputs
presented above and assumptions discussed in section 2.4.2.

Results of the TCO for the three defined scenarios are presented in Figure 2-3.

Total Cost of Ownership of the Satellite-4G

solution

Aggressive scenario
€ 10.000.000

€ 9.000.000
€ 8.000.000
€ 7.000.000
€ 6.000.000
€ 5.000.000
€ 4.000.000
€ 3.000.000
€ 2.000.000

€ 1.000.000
I
€0

Conservative scenario

mCAPEX costs mOPEX costs Overhead costs

Figure 2-3 Comparison of the Total Cost of Ownership for the considered
scenarios

The monthly ACPU for the conservative and aggressive scenarios can as such be
derived: 12 and 155 euro respectively. The ACPU for the aggressive scenario
(2Mbps) is not expensive comparing to the willingness to pay of the rural
inhabitants (19 euro as discussed in section 2.2). Hence, the satellite-4G solution
is viable for rural areas with a modest bitrate per user. However, if we opt for a
good QoE (i.e. the aggressive scenario), the ACPU results in 155.56 euro, which is
way higher than the WTP (especially if we take into account that the ACPU
calculated here does not yet include a profit margin for the telecom operators or
service providers).
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In the view of optimizing these results, we examine the resulted cost components
in more detail, we find that the OPEX are very high, as clearly observed in Figure
2-3. This is due to the satellite capacity (backhaul) that should be paid monthly.
One of the solutions proposed to decrease these OPEX is to cache a percentage of
the popular content on the edge and by doing so we decrease the amount of traffic
that needs to be carried out via satellite link, in turn decreasing the operational
costs [66].

Simulation with caching data on the edge to decrease OPEX
1. Caching technology

Tremendous growth of the video content request is foreseen for the next years.
According to the Cisco VNI Forecast Highlights Tool, Internet video traffic will
be 80% of all consumer Internet traffic by 2022 comparing to 73% in 2017, which
corresponds to 29.5 EB (Exabyte) per month by 2022 compared to only 8.9 EB
per month in 2017 [15]. This growth is driven by the expansion of VoD (Video on
Demand) libraries. According to the same forecasting tool, consumer IP VoD
traffic will reach 3.8 EB per month by 2022, yet, it was only 2.6 EB per month in
2017.

The traditional centralized networks cannot mitigate this exponential growth of
user demand giving the heavy load on the backhaul links and the long latency
[65]. In order to accommodate the huge bandwidth requirements resulting from
the massive demand of the high-definition video content, new network
architectures based on caching strategies have been proposed. Essentially, caching
techniques aim to store a duplicated copy of the most popular content in the
network edge. In this way, the end user does not have to download it from a
central location in the network. Hence caching techniques transform the
bandwidth requirement into a storage requirement [9]. Several papers in literature
optimize content caching techniques and algorithms [66], [65] and [57].

The main question that should be addressed when a caching-based solution is
chosen, is how much data we have to store in the edge. Cha et al. in [13] proved
that the Pareto law is valid for video content consumption in Internet. They found
that 10% of the most popular videos on YouTube account for approximately 80%
of the views. On the other hand, the 90% of the remaining video content has only
20% of views (the same results were found for Daum (a video service in Korea) as
well).

2. Caching scenario specifications

Two reasons are behind the use of the caching technology in this scenario. The
first one is to decrease the amount of the traffic that needs to be sent via satellite
link, and by doing so, decrease the cost of the satellite capacity and hence the
OPEX. Furthermore, caching popular content on the edge will not only solve the
issue of increasing demand for bandwidth, but will also decrease the latency of the
video traffic, as the content is placed closer to the end users. Therefore, our second
reason is to decrease the latency for VOD service, and as discussed previously in
section 2.2, costumers significantly value the decrease of latency.
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In the network architecture presented in Figure 2-1, we need to add Multi Edge
Computing (MEC) infrastructure on the edge site [71]. The role of the MEC is to
cache a percentage of the popular content locally on storages on the edge and to
communicate with the base station to receive users’ requests and send back the
corresponding content. An intelligent algorithm is there to update the cached data
according to the frequency of usage and downloads of new content. We assume
that the Pareto law is applicable here (as argued in the previous section). Hence
20% of popular content will be stored and 80% of user video requests are served
from cached data. Therefore, 80% of the user’s traffic is video (as argued
previously in section 12.5.1 ), and 80% of the video requests can be served from
the cached data (which is 20% of the popular content), resulting in 64% of the user
traffic to be served from the local cache. As this assumption directly affects the
OPEX, a sensitivity analysis on the caching rate is given in section 2.6. The new
network architecture is presented in the following figure:

GEO Satellite
”Diata : "" \
Network ™) P /ﬁ\ /\
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\ -, A A
4G core ‘_ \ .} 4 /h\
; 3
Network Satellite Gateway Satellite /h\

Terminal Mec/cache A .‘

Figure 2-4 Network architecture of the proposed solution with the MEC deployment

In addition to changes in the network architecture of the proposed solution, there
are also changes in the cost model structure (Figure 2-2). We need to take into
account in the new model both the CAPEX and OPEX of the MEC deployment.
Based on how much data can be cached on the edge, the number of storage
equipment and servers required is calculated, and then the cost of the entire MEC
infrastructure is derived based on the following equations:

Equation 2-11
COStMEC = CAPEXMEC + OPEXMEC

Equation 2-12

Mecyng

CAPEXMEC = NS X CS + Nstg X Cstg + N

The main difference between the two scenarios (without and with caching data on
the edge) is the cost of the satellite capacity. Based on the number of user requests
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that will be served from the cached data Rcq, Equation 2-4(Equation 2-4) becomes
the following equation:

Equation 2-13
CsatCapS = ((1 = Rey)Brs + Brp) x 12 % Csathps

The model inputs related to this deployment are recapitulated in the table below:

Table 2-4 MEC inputs

Parameter Value
Data Caching rate on | 20% - 80%: 20% of popular content will be stored and
the edge 80% of video user requests are served from cached
data.
Popular content | YouTube catalogue: 10"9 MB as a total volume of
volume popular content, which is based on 10°8 MB YouTube
movies, each having a size of 10MB [57].
MEC infrastructure
costs:
~700€
(Lenovo, 2018) _800€
e Server
e TruDDR4 2800€
memory: 64
GB of RAM Free for VMWare
12k€
e Physical
storage: 10 TB
of SAS disks
on 14 disks
e 8vCPU at
2Ghz
e License cost
Management
software: 60 k€ to cover 50 sites’
e 8vCPU at
2,6Ghz,
e 32GBof

° These assumptions are derived based on Internet research, so may be realistic but not
precise
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RAM,
e 600GBof
disk, with the
license

MEC infrastructure | 3022.2 kWh per year
power consumption

When we re-run the model, while assuming that popular content is cached on the
edge, results on the TCO for the conservative and the aggressive scenarios for the
baseline and caching scenario are presented in Figure 2-5. A quick comparison
between the TCO of the solution with and without caching, shows that the TCO
with caching is approximately one third of the one without caching. This
comparison shows an increase in the CAPEX costs in the case of using the cache
due to the cost of the MEC infrastructure, but a much larger decrease in OPEX for
the satellite backhaul. As a conclusion, the use of caching popular content on the
edge with the assumed rate of 64% as explained previously, proves a reduction of
60.5% in OPEX costs, resulting in an important decrease (57.2 %) in terms of
ACPU. A comparison between the obtained ACPU for the aggressive and
conservative scenarios for both cases with and without caching is recapitalized in
Table 2-5.
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Total Cost of Ownership of the Satellite-4G
solution with caching Vs Without caching
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Figure 2-5 Total expenditures of satellite-4G solution with caching data on the
edge Vs the baseline scenario

Table 2-5 ACPU with and without caching

ACPU Conservative = Aggressive
scenario scenario
Satellite-4G without caching 12.1 € 155.6 €
Satellite-4G with caching 6.7€ 66.6 €
ACPU reduction rate 44.6 % 572 %

From the table above, we can extract several conclusions:

e The ACPU reduction rate resulting from the use of the caching
technology is more than 55% (for the aggressive scenario).

e The ACPU reduction rate increases when the bitrate required per site
increases, this is explained by the fact that the bigger data rates we offer,
the more requests are served from the cached data.

e The ACPU for the conservative scenario without caching is economically
viable (compared to the WTP discussed previously). Yet the ACPU for
this scenario with the use of caching concept is very cheap. Still, one
needs to take into account the conversion of ACPU to actual ARPU
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(prices), using profit margins for the telecom operator and service
providers.

e  The deployment of the solution without using the caching concept is not
cost-effective in the case of the aggressive scenario.

e A good speed thus a good QoE can be offered to the inhabitants of white
areas thanks to the satellite-4G solution, in case a caching of the popular
content is deployed in the edge.

These results can give insights to the network operators on the deployment and
pricing strategies that they can follow. For example, it might be that operators
would start as a first step with a modest bitrate per user in order to provide the
universal broadband connectivity to these unserved areas (white areas) in the EU.
The ACPU generated in this case is around 6.7 euro, yet the willingness to pay of
the end user is 19 euro so operators have a good margin to define their pricing
strategy. By choosing the right margin of profit, operators can move forward
smoothly to the aggressive scenario. In this way, they can cross-subsidize the offer
of high-speed broadband by their first offer, which is the basic broadband service.
On the other hand, the combination of the mobile and the satellite networks could
be eligible to receive public funding according the EC criteria presented
previously, as satellite networks were somehow marginalized from receiving
public funding.

To validate our results, we compare them to the findings in [43]. In this latter, in
order to cover rural areas in Greece with a population density of 33 inhabitants per
km?, the required ARPU for the FTTdp solution is 332 euro for. To make a fair
comparison, we will compare our generated ARPU for the aggressive scenario
(i.e. a data rate of 30 Mbps) for the same population density. The generated ARPU
for the Satellite-4G is only 67 euro, taking into account the average margin profit
of 11% on top of the ACPU (Investopedia, 2018). We can hence prove that the
combination of backhaul satellite and fronthaul 4G networks are more cost
effective than the FTTdp technology.

Moreover, a quick back of the envelope calculation of the fiber-4G solution
presented previously in the introduction section, shows that the CAPEX to deploy
such a solution are more than 5M euro, which results on an ACPU of 67.7 euro
per month for a timeframe of 5 years, this without counting OPEX. Hence, the
combination of the fiber and 4G mobile networks is not the right broadband
solution to cover rural areas (a table summarizing this back of the envelope
calculation is drafted in the appendix).

On the other hand, the price of the satellite-only broadband solution presented in
[64] is 99 euro for 10 to 20 Mbps as a download speed for a total 2 GB data per
month. Making the extrapolation, this would result in a price of almost 200 euro
per month for providing 30 Mbps. In addition, we have to count the cost of the
satellite terminal that the end user has to buy and its installation and maintenance
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costs. Hence, the total price per month is also more expensive than the 4G-satellite
solution, even if considering the baseline scenario without caching.

The ACPU of the conservative scenario could motivate operators to offer more
speed to the end user while bearing in mind that offering broadband connectivity
in rural areas will come up with different services, e.g. tech-agriculture, farm
business, e-services etc. This means new sources of benefits for the operators,
which could make the use case more cost-effective than providing only the
universal Internet service. Offering diverse services could be more profitable with
the deployment of network slicing within the upcoming 5G networks due to the
virtualization of network functions [41], but investigating this further is out of
scope of this paper.

However, the price itself is not the only contributing factor as explained
previously in the introduction. Hence, operators in rural areas should look at the
specific demand by the targeted users (e.g. new services targeted to their life).

2.6 Sensitivity analysis

In the simulation phase of the proposed cost model, the bitrate per user has been
considered as a cost driver. Based on this cost driver, we generated results for two
different scenarios, namely the conservative with 630 Mbps per site and the
aggressive with 9450 Mbps per site. Besides the bitrate per user, there are two
important factors also affecting the required bitrate per site, which are the number
of users and the caching rate. Therefore, we study these two parameters in more
detail by running a sensitivity analysis for the model. We studied first the impact
of varying the number of users and hence the population density on the ACPU for
the conservative scenario (in 2.6.1) and second the impact of the caching rate on
the CAPEX and OPEX costs for the aggressive scenario (in 2.6.2).

The input variables used in the sensitivity analysis are described in Table 2-6
below. Note that for this sensitivity analysis, we ran the cost model for the range
in input variables as described in the table.

Table 2-6 Input variables for sensitivity analysis

Input Distribution | range Simulated Related formula
variable scenario in the model
Population Uniform 13-400 Conservative | Equation 2-1
density: inhabitants

number of /km”2

users

Caching rate | Uniform 0%-90% Aggressive Equation 2-13

2.6.1 Impact of the population density on the result

In this section, we study the variation of the ACPU with and without caching data
on the edge for the conservative scenario (as an output) according to the variation
of the population density per km? (as an input). Results of this simulation are
presented in Figure 2-6:
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Figure 2-6 Variation of the ACPU for the conservative scenario according to the

variation of the population.

Based on the European criteria of the classification of regions [34], we classified
in the figure above three main regions based on the population density. Rural areas
presented with the blue rectangle (density under 100 inhabitants per km?), sub-
urban areas presented with the yellow rectangle (density between 100 and 300
inhabitants per km?) and urban areas presented in the orange rectangle (density
over 300 inhabitants per km?). Several deductions can be extracted from the
results of this simulation:

A significant drop of the ACPU is seen in rural areas comparing to a
slight decrease in sub-urban and urban areas. This is due to the non-need
of adding new base stations within a specific margin of population
density. For example, moving from the density of 13 inhabitants per km?
to 26 does not require the installation of new base station which means
the same cost of the infrastructure will be divided by the double number
of users.

A saturation point is reached starting from the population density of 200
inhabitants per km?. This is because increasing the number of users
extensively induces the increase of the required data rate per site thus
increasing the number of base stations and satellite terminals that should
be installed.

Transition points between different densities with high ACPU can be
observed in Figure 2-6, indicated with red circles. This high ACPU is due
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to the need to deploy new base stations to satisfy the additional
bandwidth requirement, yet the number of users are not enough to cover
this additional cost (the cost of the new installed base station).

e Similar to other broadband solutions, the cost per user of deploying the
satellite-4G solution in urban areas is much cheaper than in rural areas.

The low cost of the proposed solution in sub-urban and urban areas can give
insights to the operators about the suitable use of a similar solution to improve
their services at a low cost. Two use cases for both the sub-urban and urban areas
might be of interest.

The first use case for sub-urban areas consists on the consolidation of the “poor”
terrestrial connection with the satellite connection to improve the speed and thus
the QoE. This use case is mainly relevant to homes and small office home office
(SOHO) premises located in underserved areas of developed countries, which are
served with terrestrial telecommunication network infrastructure (xXDSL or cellular
access) of poor bandwidth performance (e.g., users are located far from the
DSLAM or far from the 4G cell tower). In such underserved areas of developed
countries, the use of satellite to complement the existing terrestrial broadband
access link can lead to a hybrid satellite/terrestrial multi-play scenario, which can
be envisaged in order to benefit from low-latency of terrestrial networks and high-
bandwidth of satellite networks [49].

The second use case concerns the use of the satellite solution in urban areas. This
use case involves the delivery and offload of content (multimedia, network
software updates etc.) in the mobile network via satellite alone or a combination of
satellite and terrestrial links for local caching. Onward delivery is by fetching
from the cache and has the advantage of lower latency and potential improved
QoE. Satellites are well suited to provide such broadcast/multicast resources over
wide areas to aggregate the largest audience possible and hence to reduce the
global delivery cost. Combining satellite broadcast/multicast resources with the
terrestrial unicast resources is a powerful way to optimize the content delivery
costs and improve scalability [49]. The feasibility of these two uses cases from a
techno-economic point of view is out of scope of this paper, but can be tackled in
future studies.

2.6.2 Impact of the caching rate on the result

We argued previously the assumption on the caching rate in section 2.5.1.
However, this assumption has a big impact on the results, as can be seen from the
mathematical formulation of the model (section 2.4.2). To this end, we study in
this section the variation of the CAPEX and OPEX in function of the caching rate.
Results of this simulation in presented in the figure below:



Techno-economic viability of integrating satellite communication
in 4G networks to bridge the broadband digital divide 127

Variation of CAPEX and OPEX according to

the caching rate
€ 2.000.000

€ 1.500.000 -
€ 1.000.000 -

€500.000 g—@—9—9—9—9 =

- - < -

€0
0% 20% 40% 60% 80% 100%
®— CAPEX »— OPEX Caching rate

Figure 2-7 variation of the CAPEX and OPEX for the aggressive scenario in
function of the variation of the caching rate

Several interpretations can be extracted from the Figure 2-7 related to CAPEX and
OPEX. On the one hand, the CAPEX increases with the use of caching due to the
cost of the MEC deployment, this can be observed in the Figure 2-7 at the 10%
caching rate point. On the other hand, the CAPEX decreases slightly (can be seen
starting from point 20%) with the increase of the caching rate due to the decrease
of the traffic that needs to be sent via satellite, thus the decrease of the number of
satellite terminals needed to handle the traffic. On the operational costs side
(OPEX), there is a significant decrease in function of the caching rate increase.
The more data is cached, the less traffic is sent via the satellite link, thus the less
the satellite capacity cost is paid. One could think, based on these results, to use a
high rate of caching to decrease the operational costs, however an in-depth
analysis of the consumer traffic and forecasting and optimization algorithms for
popular content are needed to determine the reasonable range of the caching rate
as elaborated in [13].

To conclude, the main observations from the impact of varying the key inputs of
the model on the outcomes are summarized in Table 2-7 below.

Table 2-7 Main observations of the variation of the key parameters of the cost
model.

Input ACPU CAPEX OPEX
variable

Populatio | The ACPU is very | The CAPEX | The OPEX increases
n sensitive to the | increases with | with the increase of
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density: population  density | the increase of | number of users
number variation hence to the | the number of | because of  the
of users number of users and | users  because | increase of the total
it is very low in dense | new sites needs | bitrate required for
urban areas. to be deployed | the new users.
to cover the
need of the new
users.
Caching | The ACPU decreases | Slightly affected | Significantly affected
rate significantly due to | by the variation | by the variation of the
the decrease of the | of caching rate. | caching rate because
OPEX while we save on the
increasing the satellite capacity
caching rate. costs when we cache
more data on the
edge.

2.7 Summary and future work

In this paper, we proposed a new broadband solution to provide the broadband
connectivity to white rural areas in Europe, which is the combination of backhaul
satellite communication with 4G fronthaul networks. A cost model to study the
feasibility of integrating satellite communications within the 4G mobile network
to bridge the broadband gap in rural Europe was proposed. Results from this
techno-economic model show an Average Cost Per User (ACPU) of 12 to 155
euro, depending on the required bitrate per user, and the amount of popular
content that can be cached. Therefore, for the universal broadband service
(2Mbps), results prove that the proposed solution is economically viable based on
the comparison of the ACPU to the WTP of the end user. In addition, the
deployment of the solution without using the caching concept is not cost-effective
in the case of the high data rates are required (case of aggressive scenario).
However, results show that caching popular content on the edge can significantly
save on OPEX costs (60%) and thus decrease the required Average Cost Per User
(ACPU). Yet, the resulted ACPU of providing high-speed broadband as required
by the DAE 2020 (30 Mbps) is still expensive for rural inhabitants, even with
caching (66 euro for 64% caching rate and 44 euro for 80%). In addition, we
proposed in this paper a sensitivity analysis to study the impact of the most
important inputs of our model. Results of this sensitivity shows that indeed both
the population density and the caching rate has a significant impact to a certain
extend on the resulted ACPU.

Results of this modelling approach are able to give both the mobile and the
satellite operators an overview of the feasibility of the proposed solution, and
provide insights into the most cost-effective solution. Results for conservative and
aggressive scenarios can guide operators to fix good strategies for the deployment
of broadband services in rural areas in such way to guarantee both the service
adoption by the rural inhabitants and to generate good revenues.
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As future work, we aim to elaborate a socio cost-benefit model to be able to
analyse the proposed solution on the long run from different perspectives.
Furthermore, the model suggested in this paper restricts on the cost part for 5
years, our intention in the future is to expand it to a cost-benefit model for 10
years to give insights to both mobile and satellite operators about the revenues of
this solution. Last but not least, the sensitivity analysis elaborated in this paper has
investigated only two parameters, namely the caching data rate and the number of
users. Yet still several key parameters and assumptions that should be studied
carefully within this analysis, such the uptake of the service and the geographical
location of the rural areas (i.e. Western Europe, Asia, Africa etc.).
Acknowledgment

The authors would like to acknowledge all partners in the SaT5G project. This
work was conducted within the framework of the SaT5G project, funded by the
European Union's Horizon 2020 research and innovation program under grant
agreement No 761413. This work has also partially been supported by the COST-
action CA15127 (RECODIS).



130 Chapter 2
Appendix
Table 2-8 Back of the envelope calculation for the Fiber-4G solution
Input Value
Assumptions e Areaof 100 km2,

Price of the
Fiber

Number of base
stations

Price of base
station

Price of BSs

Length of fiber
between BSs
Price of fiber to
connect BSs
Total
price:CAPEX
ACPU/month for
5 years

100 km far from the nearest operator central office;
e 1300 users;
e price of m of fiber 50 euro;

e max coverage of a macro cell is 5*2*Pi=78.5 km"2;

5000000
2
25000

50000
5000

250000
5275000

67.7 euro
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While the 5G network helps fulfil the promised KPIs of the three famous use cases,
eMBB, uRLLC, and mMTC, there are still areas where broadband connectivity is
non-existent, interrupted, or slow, such as onboard planes. Inflight connectivity is
now viewed as a "must-have" service, and demand and uptake are significantly
increasing over the last few years. In this chapter, we propose an integrated
solution using both satellite and 5G networks to provide inflight connectivity and
assess the economic feasibility of offering broadband services to passengers on
commercial flights. To this end, we developed a techno-economic framework that
takes into account both capital and operational expenses in computing the Total
Cost of Ownership (TCO), as well as the average cost per user and Megabyte of
data.
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Abstract—The demand for mobile broadband services 1is increasing
exponentially alongside with user expectations regarding the reachability of these
services and their prices. This paper presents an integrated satellite and 5G
network for providing inflight connectivity and evaluates the economic viability of
offering broadband connectivity to passengers on commercial airplanes by the
development of a techno-economic framework, which considers both capital and
operational expenditures to compute the Total Cost of Ownership (TCO), but also
an average cost per user and per Megabyte. Results show high operational costs
mainly due to satellite bandwidth usage. Therefore, caching popular content on the
network onboard is beneficial to reduce the traffic carried over the satellite link,
thus lowering the operational costs as well. Furthermore, the framework is used to
compare the identified business models for Inflight Entertainment and
Connectivity offerings and their pricing strategies, alongside a benchmark against
the current inflight connectivity pricing. Finally, a sensitivity analysis is
elaborated in order to mitigate the uncertainty of inputs (e.g. rate of caching) used
to feed the TCO model. Following concrete recommendations are the main result
of this research: (1) Providing inflight broadband services with a 2 to 5 Mbps
throughput per user is feasible if satellite communications is integrated into the 5G
network. (2) Caching popular data reduces the operational costs and hence the
average cost per user (from 25 to 32% depending on the caching rate adopted). (3)
This framework allows to provide recommendations on the best suited business
models and related pricing schemes.

3.1 Introduction

5G network drivers are centred around providing high-speed connections anytime,
anywhere and to anything. There are however still areas where broadband
connectivity is non-existent, interrupted or slow. One of these cases is onboard
planes; this inflight connectivity is no longer seen as a comfort from passengers’
perspective but as a “must-have” service for which the demand and uptake is
significantly increasing over the last years [1].

Inflight Entertainment and Connectivity (IFEC) onboard airplanes was introduced
nearly two decades ago with the Terrestrial Flight Telecommunication System
(TFTS) [2], which allowed passengers to do voice calls on the plane using
handsets connected to their seats. The radio link between the aircraft and the fixed
telephony network was established via macro cells that can cover up to 240 km?
and up to 10 km of altitude [3]. This connection is known as an Air-To-Ground
(ATGQG) connectivity system. In its first introduction and given the high investments
and maintenance costs, this service did not get a good market adoption compared
to present figures. A second attempt to provide connectivity to airplanes was made
by Boeing in 2006, offering internet connectivity. The service was used by a
limited number of airlines but quickly removed due to a low market demand [4].
Unlike the previous ATG solution, the Boeing solution used a satellite link to
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connect the Wireless Local Area Network (WLAN) on the plane with the network
on the ground.

After these two first attempts, many solutions were proposed by different
companies and adopted by airlines, both offered by specific vendors of aircraft
connectivity solutions such as Panasonic Avionics (adopted by Air Lingus [5] and
Air France [6]), as well as by connectivity providers such as OnAir (operates in
Emirates airline aircrafts [7] and Hong Kong Airlines aircrafts [8]). Over time, the
user demand for more speed and lower prices has dramatically increased, which
pushes airlines to look for advanced IFEC solutions to cope with passengers’
expectations [1].

Integrating satellite communication into 5G network enables a broad range of use
cases where the benefits of satellite can be leveraged [1], such as complementing
and extending dense terrestrial cells; providing connectivity to moving platforms
(ships, airplanes, vehicles and trains); or offloading temporarily congested
networks among other benefits.

In this paper, we propose an integrated satellite-5G (SatSG) solution aiming at
providing broadband access for passengers on commercial airliners, that will
allow providing innovative media services onboard. This solution provides
broadband access to fulfil the private demand of passengers independently of the
airplane’s high priority functionalities. Passengers can use their own personal
device(s), or PEDs - as they do on the ground - or can rely on the seat screens to
access local media content (i.e. from the entertainment system onboard), while the
network requests are individual and specific to each passenger’s activity. To the
best knowledge of the authors, there is no existing integrated solution that
combines 5G technology with satcom to provide IFEC services. Though, the
advanced 5G technology and the innovations in satellite systems can catalyse new
opportunities in the IFEC market to deliver broadband access to airplane
passengers with unprecedented quality of experience, specifically relying on the
O3b satellite constellation for medium earth orbit. This latter can be achieved by
the adoption of new technologies such as caching techniques and 5G network
slicing. This work is the result of collaboration between different partners in the
European Sat5G research project [9].

The rest of the paper unfolds as follows: a detailed description of the integrated
satellite and 5G network solution is presented in section 3.2. Section 3.3 first
details the involved stakeholders, their interactions and the generic value network
and then identifies the potential business models and analyses them using a
suggested framework. A viability study of providing inflight connectivity using
the proposed solution is elaborated in section 3.4. The main takeaways from using
the integrated satellite and 5G network to provide inflight connectivity, as well as
future research steps, are summarized in the last section (section 3.5).

3.2 Integrated satellite and 5SG network for inflight
connectivity

In addition to the several benefits that satellite communication can leverage to 5G
network, satellite technology was chosen to be adopted here, because of its global
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coverage and reliable connection. Using the new High Throughput Satellite (HTS)
technology, a significant increase in the offered backhaul capacity can be achieved
compared to the old generation of satellites [10]. An integrated 5G system
combines this HTS backhaul with mobile network connectivity onboard aircrafts,
complementing pre-existing WLAN to provide broadband services to passengers.
A seminal work regarding architecture options for an integrated satellite-terrestrial
network within 5G can be found in the ETSI TR 103611 report [11], which
identified five different architecture scenarios, with the key innovation being the
introduction of a Non-Terrestrial Network (NTN) segment, which allows mapping
the satellite system onto mobile network equivalents:

i. Direct 3GPP Access; Non-Terrestrial (NT) 5G User Equipment (UE)
connects to the 5G Core Network (5GC) directly using a 5G compliant
NTN New Radio Access Network (NTN 5G RAN); in this case the NT
UE is assumed a device capable of using NTN New Radio (NTN NR)-
based access directly connecting to the 5G core through the NTN 5G
RAN,

ii. Indirect 3GPP Access; the end-to-end connectivity between a 5G UE
(e.g. smartphone) is established indirectly by the presence of a gNB
combined with an NTN NR-based NTN NT UE, which acts as a relay
toward the NTN 5G RAN and thus connects to the 5GC,

iii.  Indirect Mixed 3GPP NTN Access; 5G UEs are served by a gNB
combined with an NTN-enabled NT UE that is served by a trusted
mixed 3GPP NTN access network to connect to the 5GC; the mixed
case arises from non-3GPP Layer 2 and non-3GPP Layer 1,

iv. Indirect Access via NTN Transport Network; the 5G UEs are served by a
gNB connected to an NTN terminal that is linked to the SGC via a
trusted NTN transport network, where the trust comes from the
agreement between operators, respectively the mobile network operator
and the NTN operator,

v. Indirect Untrusted Access; a similar situation to the fourth one is
envisaged but in this case the NTN access network is untrusted in 3GPP
terms and additional 3GPP functionalities (e.g. non-3GPP interworking
function) are required.

In the particular case of an aircraft scenario, we envisage a progressive adoption of
solutions fuelled by the 5G system based on technology maturation. The first
opportunity to adopt a solution based on 5G technology is provided by the
architecture in the Indirect Access via NTN Transport Network scenario described
above, which is referred to as IA-NTN in the remaining of this paper. Such a
scenario requires a less tight level of integration between mobile and satellite
networks, though it requires creating the necessary interfaces and modules to
ensure a trusted end-to-end network. In addition, the TA-NTN architecture
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scenario maintains sufficient modularity from the technology standpoint, as well
as on the business side. The modularity directly implies a faster and less complex
design phase, followed by a slimmer certification process to comply with the
stringent aviation standards. On the other hand, from the market viewpoint,
different types of liaisons can be set in place between the stakeholders, and new
joint ventures might rise. In a more accrued end-to-end 5G system for aircraft
connectivity, the architecture options described in the second and third scenarios
can be adopted, although this requires further maturation and integration of the
satellite technology in the 5G technology mainstream.

In this paper we shall focus the techno-economic analysis on the architecture

option described in the IA-NTN scenario and shown in Figure 3-1.
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Figure 3-1: Architecture option of indirect access via an NTN transport network

[11]

The existing IFEC, as the name says, is composed of an Inflight Entertainment
(IFE) part and a connectivity (C) part. As shown in Figure 3-2, an IFEC system is
composed of a network segment for onboard connectivity, namely for passengers
and cabin crew, whereas a second network segment is dedicated to connecting to a
ground infrastructure. The IFE part of the system is focused on delivering
different type of media contents to passengers, including a catalogue of movies,
TV series, music and newspapers stored in a server onboard. Typically, passengers
consume content either through the embedded seat screens or with their personal
devices (smartphones, tablets, etc.). In the latter case, passengers need to
download an App on their personal devices from the onboard store in order to
access the media resources. Commonly, this is done by connecting to the onboard
wireless network, which is based on different generations of Wi-Fi (e.g. Wi-Fi 5).
On the other hand, we register limited penetration of mobile technology for
onboard connectivity, still. Traditionally, the reasons for a little penetration of
mobile network technology for onboard connectivity can be found in a higher
complexity of the connectivity system, including at spectrum level, if compared to
Wi-Fi. It is worth noticing that the possibility to revisit the onboard connectivity
taking advantage of 5G and network virtualization, as well as of Multi-access
Edge Computing (MEC) gives rise to adopt new models both at technology and
business level. For example, the use of unlicensed spectrum to deliver mobile
network connectivity can also provide an innovative new opportunity [12].
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Figure 3-2: Future aircraft connectivity including multi-constellation backhaul and
edge computing platform onboard

Existing connectivity solutions that airline companies purchase for connecting to a
ground infrastructure rely mostly on a satellite backhaul, though other activities
can be found also regarding ATG links. Satellite systems of different operators in
the Geostationary Orbit (GEO) offer the advantage of global coverage though at
the penalty of higher end-to-end latency due to the altitude of the space segment
(i.e. 500ms two-ways) and lower capacity, a trend that is changing with the
increasing adoption of HTS satellites that make use of multiple spot beams. As
shown in Figure 3-2, satellite connectivity to aircrafts is currently enriched with
newer opportunities that come from Non-Geostationary Satellite orbits (NGSO)
like the Medium Earth Orbit (MEO) and the Low Earth orbit (LEO), as well as
from more efficient use of Ku and ka bands. Although for aircraft connectivity,
GEO constellations remain the de facto situation, the market is currently opening
also to NGSO constellations, which offer significantly lower latency and higher
throughput per satellite beam. For example, note the activities undertaken by
OneWeb and SpaceX along the future release of mega-constellations. As a matter
of fact, it must be considered that by changing the orbit of the satellite system
other challenges arise, including the remarkably larger number of satellites, the



142 Chapter 3

complexity and costs to launch and manage such fleet and the necessary
mechanisms to ensure seamless handover as in the case of an aircraft that travels
over geographical distances.

Another challenge that arises with NGEO satellite is the high Doppler shifts (e.g.
up to 480 kHz Doppler shift for LEO in Ka band for the whole satellite coverage)
[13], which can affect the QoE/QoS of end users by reducing the provided
capacity. However, many techniques have been implemented to counter its effects,
such as built-in Doppler compensate per beam mechanism [13] and others are
under developing in the research community [14] and [15].

As already mentioned above, the techno-economic analysis presented in this work
is based on the future evolution of the IFEC platform in which 5G technology is
adopted and the whole aircraft may become a flying edge infrastructure complying
with the principles of the MEC paradigm. As shown in Figure 3-2, a central office
facility that may belong to different stakeholders in the IFEC value chain provides
overall resource coordination, services orchestration and connectivity to different
data networks.

3.3 Key stakeholders and value network

As discussed in the previous section, the considered scenario is providing
broadband access for passengers on commercial airliners, alongside additional
individual media requests. This scenario proposes a bi-directional broadband
access for each passenger for private use which is transparent to the moving
platform. The network requests are therefore individual and proper to each
passenger’s activities. Typically, the 5G network ecosystem is already complex
due to the involvement of many stakeholders; in addition to that, we add here
another actor which is the satellite network operator. This section presents first the
key stakeholders involved in providing the inflight connectivity using the
integrated satSG network (in 3.3.1) and the interactions between them which
represents the value network (in 3.3.2). Different business models will be analysed
in the light of how value can be exchanged between these stakeholders in section
3.3.3.

3.3.1 Identification of key involved stakeholders in Sat5G
inflight connectivity

The market of IFEC typically includes different stakeholders, following the
architecture requirements (Figure 3-2). The platform includes the IFE and the
connectivity system onboard, as well as the onboard satellite terminal and the
satellite antenna. The satellite equipment is typically based on components
supplied by satellite equipment vendors. The IFE requires one or more media
servers, wireless access points that in the future can embed 5G connectivity, and
seat screens. Airlines are the main customers of the IFEC provider and purchase a
preferred IFEC package that includes specific equipment. Aircraft manufacturers
(e.g. Airbus) request the IFEC provider for equipment that has to be installed on
linefit (new airplanes) but also retrofit on older aircraft models. A satellite
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network operator (SNO) provides satellite connectivity to the aircrafts of an airline
and an onboard operator (or the airline in some business models) offers
connectivity service to passengers relying on the equipment supplied by the IFEC
company. In our case, the onboard operator is a mobile network operator (MNO)
who provides the 5G network inside the aircraft to the airline, because the onboard
operator should have the right to operate 5G network spectrum and only MNOs
holding licences can take up this role. The end user in this case is the passenger
that makes use of the inflight connectivity. It is worth noticing that all the
equipment installed onboard is subject to a rigorous and complex compliance
certification process that follows regulations set by regulators and requires skilled
expertise.

3.3.2 Generic Value network

Following the identification of the stakeholders, this section describes the generic
value network which depicts the interaction between the involved stakeholders.
We adopt here the value network as proposed by Allee who defines it as “a web of
relationships generating tangible or intangible value by dynamic exchanges
between two or more individuals, groups, or organizations” [16]. The term
generic is used since it provides a general overview and can be different when
stakeholders take up multiple roles and relate with different interactions.
Relationships between the different actors are shown in Figure 3-3. The focus of
the business model analysis will be on the interactions between the stakeholders
coloured in orange, while the stakeholders coloured in blue are not core, but
complete the value network ecosystem.

The MNO is placed in the center of the network because it is the main end
provider of the service. It offers the service, equipment and insights for the service
in exchange for a fee paid by the subscriber, which is the airline in this case. In
order to provide these values, the MNO has to buy equipment from an equipment
vendor and capacity from a satellite network operator. We assume that the MNO
owns and operates the core network on the ground. Intangible arcs include product
suggestions, expertise and trends.

For both SNOs and MNOs, regulations are very important, since spectrum
licenses are sold via regulators but are also to be used in different countries with
different law systems. The study of the impact of the complexity of these
regulations on the business model is out of the scope of this paper.

The airline links the end user (the passengers), content provider and MNO by
providing the moving platform. As the end user demands content in exchange for
a fee (tangible value such as direct payment or intangible value such as loyalty),
the content provider plays an important role in finding which content should be
cached. A content distributor provides the content to the content provider, as well
as industry expertise in exchange for a fee, feedback and trends. It becomes clear
that this use case involves many actors, leading to many possible value network
configurations which can be then translated into different business models. The
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next section details these different configurations, focusing mainly on the
stakeholders that are marked in orange in Figure 3-3.
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Figure 3-3: Generic Value Network of providing inflight connectivity using
integrated satellite 5G network

3.3.3 Identification and qualitative comparison of feasible
business models

In order to analyze the potential business models for this use case and compare
between them, a customized framework is developed. To build this framework,
the value network intelligence framework, developed by Allee [17], is used as a
starting point, non-relevant links in the framework were removed, but the main
structure is kept. The description of the suggested framework is presented in detail
in Table 3-1.

Table 3-1: Explanation of the developed framework

TOPIC | DESCRIPTION

Value optimization
Value creation How is the value created in the network, by whom and for
whom?
Financial impact | What is the financial impact for the stakeholders? Who
makes revenues and are there any missed opportunities?
Intangible asset | What are the intangible assets involved in the value
management network?

Business performance

Technology What technology is required to meet the customer
requirements?
Channel Which channels are used to bring the service to the end user

management and how efficient is the channel structure?




Techno-economic analysis of inflight connectivity using an integrated satellite -

5G network 145
QoS What is the required Quality of Service (QoS) for the end
users and are there implications on the performance of the
proposed solution?
Branding & relationships
Branding Who can gain a better perception and what are the
potential advantages that are linked to that?
Differentiation Which additional opportunities are identified in the business
opportunities case that stakeholders can benefit from in terms of
relationships and branding?
Network vitality
Structural Who depends on whom and are there threats in the
dependency structural dependency of the stakeholders?
Specialist Which stakeholders require specialist knowledge of the
knowledge inflight connectivity?
Financial risk Who takes the highest financial risk in the investment?
Linked to this is of course also the revenue potential. A
trade-off has to be made.

The summary of the identified business models is presented in Table 3-2.

In order to make a qualitative comparison between the identified business models,
the suggested framework will be applied to each business model separately first,
after which the business models are compared.

Table 3-2: Summary of identified business models

Model Short description

Wholesale The airline buys the project from an MNO and sells the service
to end users.

Retail The MNO installs the project on the platform provided by the
airline and sells the service directly to end users.

Sponsorship | The airline buys the project from an MNO and generates
revenues by selling sponsorship projects. End users are offered
the service for free.

Freemium The airline buys the project from an MNO and sells the service

wholesale to premium end users. A limited version of the service is offered
to for free.

Freemium The MNO installs the project on the platform provided by the

retail airline and sells the service directly to premium end users. A

limited version of the service is offered to for free.
Complement | The airline buys the project from an MNO and offers the full
ary service service for free to all end users.
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Wholesale model with connectivity for paying users

As described in the Table 3-2, the airline company buys the project from the
MNOs which includes network equipment, hardware installation, connectivity
over satellite etc. and offers the inflight connectivity to the passengers. The airline
collects all revenues and has control over everything inside the airplane and has
thus more independency setting up prices (e.g. price for weekend versus working
days). In [18], Panasonic aviation adopts this business model. The application of

the suggested analysis framework is summarized in Table 3-3.

Table 3-3: Application of the suggested framework to the wholesale model

Value optimization

Value creation

Value for end user: connectivity
Value for airline: increased ticket sales and revenues
for connectivity service

Financial impact MNO

MNO makes profits by selling the project, but can
miss out on revenues by not selling directly to the end
users

Financial impact airline

Increased revenues for airline
Threat of hidden costs for airline

Financial impact end
user

End user pays a price — different pricing options
available

Intangible asset
management

End user feedback can be incorporated in service

Business performance

Technology

Sat5G integration required to reach high performance

Channel management

Business performance might encounter delays in case
of problems due to indirect link end user - MNO

QoS Available bandwidth is split between paid users
Branding & relationships

Branding potential Increased perception of airline that can lead to higher
loyalty

Differentiation Airline can brand itself as an onboard internet

opportunities provider and grow its name

Opportunity to serve as platform for other
connectivity-dependent revenues: sales — promotions

Network vitality

Structural dependency

Quality requirements and delivery times MNO may
not be aligned with airline needs

Specialist knowledge

Airline needs internal experts / managers

Financial risk

Airline takes the financial risk

Retail model with connectivity for paying users

In a retail model, the MNO installs, migrates and operates the full inflight
connectivity project onboard, using the aircraft platform from the airline, and
provides the service to the end user. This allows the MNO to manage the customer
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experience and optimize the pricing model. On the other hand, it implies that the
airline is not directly involved in the revenue stream from the end user. Yet, as it
serves as the platform to provide the service, the airline can have a share in
revenues, agreed upon and contracted beforehand. An example of an MNO that
works via this business model is Gogo. Examples of airlines working together
with Gogo are Alaska Airlines, American Airlines, Vietnam Airlines, Virgin
America, etc. [19]. The application of the suggested analysis framework is
summarized in Table 3-4.

Table 3-4: Application of the suggested framework to the retail model

Value optimization
Value creation Value for end user: connectivity
Value for airline: increased ticket sales
Financial impact MNO MNO has higher revenue potential by selling
directly to end users
Financial impact airline Overhead costs / Share in revenues possible

Financial impact end End users pays a price — different pricing options
user available

Intangible asset End user feedback can be incorporated in service
management

Business performance

Technology Sat5G required to reach high performance

MNO has the opportunity to use multicasting to
its advantage

Channel management Business performance efficiently handled thanks
to direct link between end user and MNO
QoS Available bandwidth is split between paid users,

depending on the pricing model
Branding & relationships

Branding potential Less branding potential for airline, although still
significant
Differentiation Airline can brand itself as an onboard internet
opportunities company and grow its name
Network vitality
Structural dependency Quality requirements from end user are directly
linked to MNO
MNO’s business is dependent on airline
Specialist knowledge Airline does not need internal experts / managers

Financial risk MNO takes the financial risk
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Sponsorship model with free connectivity for all passengers

In a sponsorship model, the airline buys the inflight connectivity project from an
MNO and sells sponsorship deals to sponsors to offset the costs of the project
partly or completely. In this model, third parties could reach a captive audience
and generate ancillary revenues by spreading a promotional message or improve
their company brand. In return, they have to pay the airline for this advertising
opportunity and the required connectivity to do so. The sponsors have to evaluate
the project based on the potential increase in sales. An interesting example of this
model is the partnership between Delta Airlines and LinkedIn at the end of 2018,
in which passengers were offered free internet in addition to free online courses on
topics such as ‘Leadership’ on the platform LinkedIn Learning [20]. The

application of the suggested analysis framework is summarized in Table 3-5.

Table 3-5: Application of the suggested framework to the sponsorship model

Value optimization

Value creation

Value for end user: connectivity

Value for end user: frictionless service (passengers do not
have to worry about payment onboard or in advance)

Value for airline: increased ticket sales

Value for sponsorship partner: end user credentials, data and
the opportunity to advertise and promote

impact airline

Financial MNO makes profits by selling the project to the airline
impact MNO
Financial Airline has an opportunity to create extra revenues if

sponsorship demand is high, resulting in a higher revenue
potential
Threat of hidden costs for airline

opportunities

Financial Service is free
impact end
user
Intangible End user feedback can be incorporated in service
asset
management
Business performance
Technology Sat5G required to reach high performance, although air-to-
ground can also be used depending on end user needs and
sponsor needs
Channel Business performance might encounter significant delays in
management case of problems due to indirect link end user - MNO
QoS Available bandwidth is split between all users
Branding & relationships
Branding High branding potential for sponsor via log-in page,
potential promotions, advertisements, sales
Less branding potential for airline, although still significant
Differentiation | Opportunity to differentiate from other airline companies

providing paid connectivity
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Network vitality
Structural Quality requirements and delivery times of MNO may not
dependency be aligned with airline needs
Specialist Airline needs internal experts / managers / sales
knowledge Sponsor needs internal managers
Financial risk | Airline takes the financial risk of finding adequate sponsors

Freemium wholesale model and Freemium retail model

The freemium wholesale model and retail model are based respectively on the
wholesale model and retail model explained earlier, with a major difference in
customer segments and revenue streams. This difference is based on the fact that
customers can be divided into two segments: the free users and the premium users.
The free users will have access to broadband internet until a certain limit is
reached (e.g. 50 MB) or at a much lower speed than premium users [21] with
possible ads. The premium users have unlimited access to broadband or a good
bitrate compared to free users. They often form a smaller percentage of the
customers, although they are the only customer segment generating direct revenue
streams for the airline (wholesale model) or the MNO (retail model). In the
application of the framework to these two models the difference is in the value
creation where the part offering the free connectivity can has additional value by
managing end user credentials, collecting data and the opportunity to advertise and
promote.

Complementary service model with free connectivity for all
passengers

The complementary service model is similar to the wholesale model with the main
difference is that the airline offers the connectivity to all end users for free. Free
inflight Wi-Fi can be a key differentiator for airlines that want to obtain a higher
market share. A Wi-Fi connection without charge can drive preference and serve
as a platform for connectivity-dependent revenues such as taxi service, other
flights, promotions, and food or drink orders [19]. Loyalty and perception by the
current customers can be improved and new customers can be attracted by
introducing a frictionless service. The price of inflight connectivity can be
reflected in the ticket price for premium customers and be part of their amenity
package, or broadband could be traded for loyalty program points. The latter could
be very effective as frequent travelers are often travelling for business — but not
always in business class, which will make them value a stable Internet connection
more than other rewards [21]. The application of the framework to the
complementary service model is summarized in Table 3-6.

Table 3-6: Application of the framework to the complementary service model

Value optimization

Value creation Value for end user: connectivity
Value for end user: frictionless service (passengers do not
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have to worry about payment onboard or in advance)
Value for airline: end user credentials, data and the
opportunity to advertise and promote

Financial impact
MNO

MNO makes profits by selling the project to the airline

Financial impact
airline

Airline has an opportunity to create extra revenues if ticket
demand rises, resulting in a higher revenue potential
Threat of hidden costs for airline

Financial impact
end user

Service is free

Intangible asset

End user feedback can be incorporated in service

management
Business performance
Technology Sat5G required to reach high performance for passengers
Channel Business performance efficiently handled thanks to direct
management link between end user and MNO
QoS Risk of passengers consuming large amounts of data,
reducing performance for other passengers
Branding & relationships
Branding potential | Increased perception of airline that can lead to higher
loyalty
Differentiation Airline can brand itself as a free onboard internet provider
opportunities (including internet for business needs) and grow its name
Opportunity to differentiate from other airline companies
Opportunity to serve as platform for other connectivity-
dependent revenues: sales - promotions
Network vitality
Structural Quality requirements and delivery times MNO may not be
dependency aligned with airline needs
Specialist Airline needs internal experts / managers / sales
knowledge

Financial risk

Airline takes the financial risk (incorporating connectivity
service in ticket price may lead to lower ticket demand)

By applying the suggested framework, presented earlier in Table 3-1, to the
identified business models, several conclusions were drawn. In cases where the
airline company wants full control over pricing, the wholesale model is suggested.
The retail model is beneficial for airline companies who are more risk-adverse and
do not want to drift away from their core business. The customer will also benefit
from the retail model, as the value chain is shorter, and the quality is assured. The
sponsorship model is suggested when the need or interest for marketing of the
company is rather low. This could be because tickets already sell out fast, or that a
low-cost structure is the main marketing strategy. The freemium wholesale and
retail models are very interesting for both MNOs/airline companies and
passengers, because they bear many branding opportunities, and customers are
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attracted by free services. Combining this with a good quality service and the
option to generate extra connectivity-dependent revenues, can make up a very
viable business model. Key to making the freemium business model work is
having a conversion rate from free to premium that is high enough. The
complementary service model will be preferred for premium airline companies, as
customers from these companies prefer to pay for the full premium service, in
which connectivity is already included.

Currently, 4 out of 5 airline operators prefer the wholesale model over the retail
model, although some airlines offer the service for free [6]. The inflight
connectivity market is expected to become a $30 billion market by 2035,
compared to a 1$ billion market in 2018 [22]. The fact that this market will
become large implies that, if the conversion rate is high enough, a freemium
business model should certainly be considered in the rest of the analysis.

3.4 Techno-economic analysis and business models

Following the qualitative analysis of potential business models, this section will
present a quantitative analysis of the economic viability of the IFEC using
integrated satellite and 5G network. First, the evaluation of the Total Cost of
Ownership (TCO) of the proposed solution is detailed in section 3.4.1. In section
3.4.2, revenue models for different business models and benchmarking with real
life examples are described. Section 3.4.3 presents the evaluation of the
uncertainty of the input using sensitivity analysis.

3.4.1 Quantitative business models evaluation: TCO model

We use a TCO model to evaluate the economic viability of the proposed solution
for the specific use case. The cost model structure adapted in this analysis is
presented in Figure 3-4.
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Figure 3-4: TCO model structure

The main inputs of the model are the bill of materials (BOM), the number of
passengers/users, the minimum bitrate per user, the flight duration, number of
flights per year and the time horizon of the project. Those inputs feed into a cost
model that consists of four sub-models in alignment with the network architecture
components presented in Figure 3-5. After the calculation of the CAPEX and
OPEX for all blocks, the TCO can be derived. Finally, given the TCO as well as
the number of users, the ACPU (Average Cost Per User) can be derived as an
output of the model.
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Figure 3-5: Network architecture of the proposed Sat5G integrated solution
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Hereafter, we will detail the formulas used to calculate both CAPEX and OPEX
for each sub-network following the structure of the cost model.

The cost of the aircraft network incorporates the CAPEX of the 5G gNB, Wi-Fi
Access Points (WAPs), the media server and the CAPEX of the satellite terminal
and the OPEX of all the network components. The CAPEX and OPEX of the
aircraft network are calculated using the following formulas:

Equation 3-1

CAPEXy.eaircrase = Nbgyg X CAPEX,yp + Nbyap X CAPEXyup + CAPEXgr +
CAPEXME:H’REEN:

Equation 3-2

OPEXyeepircrast = (Nbgng X Pyyg + Nbwap X Pwap + Por + Puediasers )
X Cpar + M

The cost of the satellite link depends a lot on how much satellite capacity is
needed to serve the aircraft users. The total satellite capacity needed is:

Equation 3-3
Satcq, = N, X Br,
The OPEX of the satellite network is calculated using the following formulas:
Equation 3-4
Csatcaps = SAtcap (1 — Crgre ) X 12 X Cogempps

Equation 3-5

Opexsat = CsatCapS + PsatGat X Cwatt +M

The cost of the airline data center is mainly the CAPEX of the servers used and
the OPEX of them which is the power consumption and the maintenance costs.
For the core network or operator central office the CAPEX and OPEX are
calculated like below:

Equation 3-6

CAPEXcore = CHWMbps X Sat(]ap X Ratectrl?traffic
Equation 3-7

OPEXcore = CSWMbps X SatCap X Ratectrl_traffic

We have built the cost model using the following assumptions for the additional
cosIs:
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e Hardware installation cost is 15% of the hardware costs [23]. The cost
of the hardware installation is part of the CAPEX costs and it is
expressed by the following formula:

Equation 3-8
Crnse = 15% X Cyy,

e Maintenance cost is 10 % of the CAPEX costs [23]. Maintenance costs
are counted in the OPEX costs.

Equation 3-9
M =10% x CAPEX

o In most cases, the overhead cost is defined as the cost of marketing,
helpdesk, human resources, finance etc. According to [24], it is around
22% on top of the sum of the CAPEX and OPEX costs.

Equation 3-10

Ovhd, = 22% x (CAPEX + OPEX)

The Total Cost of Ownership (TCO) of the proposed solution is counted as the
sum of the CAPEX, the OPEX of 5 years and the overhead costs of 5 years.

Equation 3-11

TCO = CAPEX +

5
(OPEX(t) + Ovhd, (t))

t=1
With:
Br, bitrate per user Nu number of users
NngB number of gNB CsatMbps cost of 1 Mbps per month via
installed in the satellite link
aircraft
Cinst cost of hardware M maintenance costs
installation
Cenv cost of gNB NbWAP number of WAPs installed in the
aircraft
Co, cost of satellite Cwatt cost of energy
terminal
ChMediaser | cost of the media Ratectrl_traffi | percentage of the control traffic
v server c from the overall traffic
Crate caching rate CHW_Mbps cost per Mbps of control traffic of
the hardware of the 5G core
network
Csw mp | cost per Mbps of P() power consumption of (i) device:
s control traffic of the i:{gNB; WAP; Media server}
software of the 5G
core network
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Inputs used to run the cost model are presented in Table 3-7. In addition, the cost
model is based on several assumptions that should be made to have as realistic
results as possible:

1.  We assume the use of MEO satellites within the O3B constellation;

2. Satellite handovers within the O3B constellation are pure satellite
procedures and they do not affect the 5G network, hence we consider
only one satellite gateway to communicate with the 5G core network;

3. We assume that the airplane flies within the coverage of MEO satellites;

4.  When the ground gNB that the UE is attached to hands his traffic to the
gNB located on board, different business entities are involved. This
might need a different process comparing to the normal handover within
5G network (because the new gNB is backhauled by satellite
connectivity, it might be different because the satellite link carries less
capacity and more latency). However, for sake of simplicity, we will
model this case as a normal handover within the 5G network context;

5. We use a combination of small cells and WAPs. WAPs are mainly used
for the local content, but they can carry traffic to the 5G core network.

The scenario considered here is a flight from Munich to Portugal. We assume that
the airplane flies within the coverage of MEO satellites. Since there are specific
locations for satellite gateways within the O3B constellation e.g. Nemea (Greece),
Sintra (Portugal) etc. and in this scenario, we chose to work with the satellite
gateway located in Sintra in Portugal. The virtualized 5G network core is located
in the airline data center in Munich.

Table 3-7: Cost model input

Aircraft Network Price

Wi-Fi AP: Aero-adapted [25] 5000 - 10000 €
5G  Small Cell: Aero-adapted gNB | 50 000 — 100 000€
HW: Ettus B210 SDR, Intel Nuc Server with 4
cores CPU, 16 GB RAM and 500 GB Disk

SW: OAI 4G CN srsLTE [25]

Number of gNBs 1

Number of WAPs 3

Media Server 30 000 — 50 000€

HW: COTS

SW: Open Source / Proprietary [25]

Number of media servers 1 for caching and 1 for
media server

Caching license [25] 12 000€

5G Satellite network Price

VSAT 200 000 — 500 000€
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Aircraft Network Price

SES AvL antenna + radome [25]

5G Core Network

Power usage: 5G 14 907 kWh / year

Aircraft Network Quantity

Power usage: Servers 298 kWh / year

Power usage: gNB 0,7 kWh / year

5G Satellite network Quantity

Power usage: VSAT 447 KkWh / year

Satellite capacity [25] 75 -> 35 between 2020-2025
$ / Mbps / user

VPN: BT [25] 8087 €: 20K euro for the
VPN divided by the number
of flights

Assuming a caching rate of 40%, the results of the studied scenarios are presented
in Figure 3-6.

Total Cost of Ownership for the baseline scenario
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Figure 3-6: TCO and other cost components of the SaT5G proposed solution

The proposed solution with a caching rate of 40% results in 3.5 euro per user as an
ACPU and 0.1 euro per 100 MB of data consumption. A sensitivity analysis will
be elaborated on the caching rate in section 3.4.3.

3.4.2 Revenue models for different business models and
benchmarking

Access to the onboard wireless network can be purchased by a passenger either
online while buying the flight ticket, or directly onboard, and both using different
models. For instance, a minimum amount of time or unlimited navigation with
reduced download speed can also be made available depending on the airline. Not
every revenue model is feasible for every business model. Feasible pricing models
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for the identified business models described in section 3.3.3 are discussed in the
Table 3-8.

Table 3-8: Feasible pricing models per business model

Business model | Feasible considered pricing models

Wholesale Data-based, subscription-based, tiered-bandwidth, per-
flight, time-based pricing

Retail Data-based, subscription-based, tiered-bandwidth, per-
flight, time-based pricing

Sponsorship Average sponsorship deal size per month

Freemium Subscription-based, per-flight pricing

wholesale

Freemium retail | Subscription-based, per-flight pricing

Complementary | Indirect increase in ticket price
service

In order to validate the findings of this use case, a benchmarking with the existing
inflight connectivity service is made and presented in Table 3-9 (assuming a profit
margin of 30% on top of the calculated ACPU).

Table 3-9: Comparison between SaT5G prices and existing solutions

Airline | Provider Business | End-user price | Pricing Average | Comparison  with
model(s) model(s) [ price per | SaT5G price (30%
MB as profit margin)
Aer Panasonic Retail, Economy Data-based | €0,122 |74 times more
Lingus | Avionics, Comple | class: pricing expensive than the
[26] Aeromobile, | mentary |€6,95 /50 MB; Sat5G costs.
Deutsche service |€13,95 / 120
Telekom MB; €29,95 /
270 MB
Business class:
free
Air Gogo Retail $49,95 / 1 |Subscripti |€0,017 |12 times more
Canada month; $5 / 1| on-based expensive than the
[27] hour; $14 / 24 | pricing, Sat5G costs.
hours time-based
pricing
Air Panasonic Unclear |€5 / 20 MB; | Data-based | € 0,200 | 130 times more
France | Avionics €10 / 50 MB; | pricing expensive than the
[6] €30/200 MB Sat5G costs.

From Table 3-9, we can conclude that under the taken assumptions, the Sat5G
integrated solution is cheaper comparing to other inflight internet providers.
However, it is noteworthy that in the cost model of the Sat5G solution, the cost of
the 5G mobile network spectrum is not included and it might be that the existing
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services count the spectrum costs in the price of the service in order to pay off this
high cost.

3.4.3 Sensitivity analysis

As discussed previously, the assumption on the caching rate has a significant
impact on the results since it affects the required satellite capacity to serve the
aircraft. Therefore, in this section we study the impact of the caching rate variation
on the ACPU.

Variation of the ACPU in function of caching rate
£5,00
£€4,00
€3,00
£2,00
£1,00

£0,00
0% 10% 20% 30% 40% 50% 60% 70% 80% 90%

Caching rate

Figure 3-7: Impact of the caching rate on the ACPU

It is clear from Figure 3-7 that the ACPU is, as predicted, strongly related and
affected by the caching rate assumed. The ACPU decreases when the caching rate
increases, since we serve the users more from the cached data on the media server
located on the aircraft than from the traffic sent via the satellite link. Thus, we use
less satellite capacity.

In addition to the caching rate that significantly impacts the ACPU, there is also
the satellite capacity cost that is considered as an important OPEX component.
Therefore, in Figure 3-8, the ACPU is drawn in function of the variation of the
satellite capacity cost.

Results show that there is a linear relation between the satellite capacity cost and
the ACPU and the average cost per MB of data. The ACPU is very sensitive to the
satellite capacity cost but still not expensive even with 105 $/Mbps/month,
comparing the inflight connectivity prices as discussed in the previous section.
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Variation of the average cost per user and per MB
of data in function of satellite cost
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Figure 3-8: impact of the satellite capacity cost on the ACPU and ACPMB

3.5 Conclusion and recommendations

The integration of satellite and 5G network provides a highly promising solution
for providing connectivity to remote or harder to reach locations. Following a
network architecture building on indirect access via a Non-Terrestrial Network,
this paper investigated the cost and the possible business models for providing
broadband service to onboard users. Different business models were identified for
the proposed solution based on who will provide the service to the end user.
Depending on the level of control and risk the airline company wants to take, the
choice for a wholesale versus a retail model can be made. The customer will
benefit more from the retail model, as the value chain is shorter, and the quality is
assured. In case the main goal is a low-cost structure, the sponsorship model is
suggested. The freemium wholesale and retail models are very interesting for both
MNOs/airline companies and passengers, because they bear many branding
opportunities, and customers are attracted by free services. Key to making the
freemium business model work is having a conversion rate from free to premium
that is high enough. The complementary service model will be preferred for
premium airline companies, as customers from these companies prefer to pay for
the full premium service, in which connectivity is already included. Different
pricing schemes were proposed and matched to the identified business models. In
addition, a Total Cost of Ownership (TCO) model was built to investigate the
economic viability of providing inflight connectivity using the integrated
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networks. The main results of this model showed that providing inflight
broadband service with a good throughput per user (2 to 5 Mbps) with reasonable
prices is feasible thanks to the integration of satellite communications into the 5G
network. Moreover, the impact of new technology such as caching techniques on
the business case has been investigated and it proved that caching popular data
reduces the OPEX and hence the ACPU (from 25 to 32% depending on the
caching rate used). However, the higher the caching rate, the lower the
personalization of the content on the aircraft, so a trade-off needs to be made. The
extension of this analysis to other moving platforms such as trains and ships
would be an interesting piece of follow-up work.
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The previous chapters explored the possibility of deploying 5G networks for
specific services in different regions. The next issue to address is how to fairly
distribute the cost of deploying the network among the services to be provided.
Therefore, this chapter offers a solution to this research question by presenting an
allocation model specifically designed for slice-based 5G networks. This model
outlines how fto distribute the costs of network deployment among the different
slices, which can then be used to determine the prices of various end-to-end slices
(services). To provide the necessary inputs for this proposed model, the chapter
introduces a resource allocation algorithm and a 5G network function
dimensioning model. Additionally, the chapter examines the various outcomes of
the different models and the cost savings that arise from utilizing NFV in the core
network.

kekok
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Abstract—Within the upcoming fifth generation (5G) mobile networks, a lot of
emerging technologies, such as Software Defined Network (SDN), Network
Function Virtualization (NFV) and network slicing are proposed in order to
leverage more flexibility, agility and cost-efficient deployment. These new
networking paradigms are shaping not only the network architectures but will also
affect the market structure and business case of the stakeholders involved. Due to
its capability of splitting the physical network infrastructure into several isolated
logical sub-networks, network slicing opens the network resources to vertical
segments aiming at providing customized and more efficient end-to-end (E2E)
services. While many standardization efforts within the 3GPP body have been
made regarding the system architectural and functional features for the
implementation of network slicing in 5G networks, techno-economic analysis of
this concept is still at a very incipient stage. This paper initiates this techno-
economic work by proposing a model that allocates the network cost to the
different deployed slices, which can then later be used to price the different E2E
services. This allocation is made from a network infrastructure provider
perspective. To feed the proposed model with the required inputs, a resource
allocation algorithm together with a 5G network function (NF) dimensioning
model are also proposed. Results of the different models as well as the cost saving
on the core network part resulting from the use of NFV are discussed as well.
Keywords: NFV, SDN, resource allocation, cost model, 5G, satellite,
network function resource modelling.

4.1 Introduction

The exponential increase of the Internet speed together with emerging services
and applications are considered obvious from a customer point of view. However,
telco operators face serious investment challenges to meet these increasing
expectations of the end user while keeping a reasonable Average Revenue Per
User (ARPU) to not experience a customer churn.

Currently, traditional network architectures are static, decentralized and complex.
In addition, network infrastructures are designed to fulfil the requirements of
dedicated, specific services using specialized network hardware (known as
hardware appliances or middleboxes). These services, however, do not make full
use of the available resources all the time. This inefficiency leads to high capital
costs for building, maintaining and operating the networking infrastructure,
leading to long return on investment cycles. Furthermore, the optimization of the
network infrastructure for a specific service prevents the addition of new features
and services, slowing down or even preventing innovations. Technical
improvements and new technological trends, such as SDN, NFV and network
slicing, have to be investigated in order to make the network architecture more
flexible and agile.

For the sake of flexibility and easy troubleshooting of the network, a centralized
network intelligence component is needed. Nevertheless, we cannot achieve a
centralized control of the network without disassociating the routing process
(control plane) from the forwarding process of network packets (data plane). The
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SDN paradigm is an approach that enables dynamic and programmatically
efficient network configuration by splitting the control plane and the data plane
and centralizes the control of the network by using an SDN controller [1].

On the other hand, Network Function Virtualization (NFV) moves the network
functionalities from hardware into software such that they can run on a range of
standard-based hardware which may easily be moved to any location within the
network if needed. The focus of the NFV concept is on reducing the need to add
new equipment. This enables more flexibility to scale up or scale down, and more
opportunity to innovate, experiment and deploy new services with lower risk [2].
These new emerging technologies being SDN and NFV are jointly beneficial and
complementary to each other since they both share the same feature of
encouraging innovation, creativity and competitiveness [1], [3]. Therefore, NFV
and SDN together are considered as the key enablers of the network slicing
concept. According to [4]: “A network slice is viewed as a logical end-to-end
network that can be dynamically created. A given User Equipment (UE) may
access to multiple slices over the same Access Network (e.g. over the same radio
interface). Each slice may serve a particular service type with agreed upon
Service-level Agreement (SLA)”. Network slicing allows different service
providers with disparate traffic requirements to share the same infrastructure
resources. This does not mean deploying Virtual Local Area Networks (VLANSs)
to isolate traffic flows, but it means splitting physical network resources and
network functions to deploy an exclusive end-to-end (E2E) implementation for
each application, e.g. enhanced Mobile Broadband (eMBB), ultra-Low Latency
Communication (uURLLC).

The deployment of multiple network slices requires the network to reserve enough
resources for each specific slice instance according to its requirements. For the
radio access network (RAN) part, the network needs to allocate physical radio
resources to each specific network slice based on the required bandwidth. On the
core network part, an isolated set of logical network functions may be used which
are provisioned for this specific network slice combined with logical and physical
network functions which are shared among multiple network slice instances.
Network slicing gives Mobile Network Operators (MNOs) the opportunity to open
their virtualized networks to vertical segments such as the healthcare sector, car
manufacturers, intelligent transport providers etc., as well as to service providers
that lack physical network infrastructure. MNOs need resource allocation models
to distribute the resources among themselves and their tenants in a way that first
adheres to the SLA agreed beforehand and, second, makes effective use of the
network. Resource allocation problem is seen as one of the challenges that face
slicing-enabled networks according to many surveys on network slicing [5], [6].
However, not only the allocation of network resources to the different slices is
considered as a crucial element towards the efficient use of the network slicing -
and hence the efficient use of the network - also techno-economic challenges pop-
up with the introduction of this new technique [5]. From a techno-economic
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perspective, two main research questions are raised due to the use of the network
slicing concept, being, first, how much cost can be saved by using network
virtualization and network slicing and second, how to allocate the cost of the
network to the running network slices/services?

In this paper, we propose a cost allocation model for network slicing that aims to
allocate the cost of the network to the different network slices deployed on this
network, as well as a cost model to derive how much can be saved by using
virtualization on the core network. To this end, we present, in the next section, a
literature review of the allocation models for network slicing and cost allocation
models in general. In section 4.3, we describe in a detailed way the proposed
model, which requires a slice dimensioning model in order to distribute the cost of
the network to the running slices based on their consumption in terms of network
resources. The resource allocation model or slice-dimensioning model demands
the hardware requirements of each 5G network functions NFs as inputs. Thus,
section 4.4 explains how we modelled the 5G network functions requirement for
both the control and the data plane. Section 4.5 presents the results of the
application of the developed models to a specific use case, which was selected
based on availability of cost model and slice assumptions. Finally, section 4.6
concludes the paper and presents our planned next steps.

4.2 Related work

In order to allocate the cost of the network to the different slices, we have to
follow an optimized resource allocation model, optimized in the sense that this
algorithm assigns the needed network resources efficiently to each slice taking
into consideration all Key Performance Indicators (KPIs) and dimensioning.
However, in literature, the resource allocation models are often designed in order
to optimize one of the network metrics e.g. round-trip time (RTT), Signal-to-noise
ratio (SNR) etc. and several of them focus only on the radio resources and
spectrum sharing, not on the core network resources. For example, authors of [7]
proposed a subchannel allocation algorithm that allocates radio frequencies in
spectrum-sharing two-tier systems to the different tiers while considering the co-
tier interference and cross-tier interference. In addition, in [8] as well, a radio
resource framework is designed in order to allow tenants to dynamically and
flexibly distribute base station resources among their users taking into account
both the admission control and user dropping mechanisms. Authors in [9] consider
that by using cloud RAN (C-RAN), network slicing at the spectrum level can be
easily implemented. The C-RAN technology is based on moving the Baseband
Units (BBUs) from distributed base station locations into a centralized BBU place.
This centralization of BBUs aims to achieve a multiplexing gain and increase
network capacity by using load balancing and cooperative processing of the traffic
sent by different base stations.

On the core network side, a network slice is seen as a set of Virtual Network
Functions (VNFs) which are deployed on virtual machines (VMs) or containers.
The resource allocation for the core network resources is a matter of mapping
VNFs to VMs based on their hardware requirements such as processing power,
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memory and storage. Researchers often see the allocation problem as 1) a
forecasting technique that requires three steps to be implemented: a) a forecasting
module to predict the traffic of a network slice based on previous traffic and user
mobility, b) a network slicing admission control algorithm, c) a network slicing
scheduler algorithm to fulfil SLAs and report back to the forecasting module [10]
or as 2) an VNF-RA (VNF resource allocation) problem as presented in a wide
survey elaborated by [6]. Such an VNF-RA problem consists of 3 stages: VNFs -
chain composition, VNF-forwarding graph embedding and VNFs - scheduling.
However, few researches consider the three steps of the resource allocation
problem together and no research considers the VNF itself. e.g. the consumed time
of the VNF installation and removal processes.

The proposed resource allocation models for the core network part somehow
assume the infinite availability of network resources and consider a cloud-based
network model where the allocation of resources is a matter of optimization.
However, for network infrastructure providers and data centres who own the
network infrastructure, allocation models are not only needed to efficiently use
the resources, but also as a forecasting tool of the required investment in the future
to cope with the growth of demand and as an input to the cost allocation model.

To conclude, the state of the art of the resource allocation models shows that a
complete model that allocates both radio and core network resources is still
missing in literature.

On the economic side, SDN, NFV and network slicing technologies add more
flexibility and easy control and to the network management in addition to the
efficient use of the network resources. Certainly, all these advantages have an
impact in term of cost. For example, the use of NFV may reduce the Capital
Expenditures (CAPEX) due to the possibility to deploy VNFs on a vendor-
independent hardware. SDN can lead to a possible reduction of the Operational
Expenditures (OPEX) because of the easy troubleshooting and maintenance of the
network. However, this latter may also add more complexity due to the
centralization of the network control, hence increasing the signalling traffic on the
control plane. Therefore, the influence of these new technologies on the cost of the
network must be investigated carefully. Many researches in literature investigated
the impact of SDN, NFV and network slicing from a techno-economic perspective
and are summarized in the following table.
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Table 4-1 SOTA of cost-benefit model for network slicing

Paper Title Studied Proposed | Methodology and studied use | Main results
technology model case

Techno- SDN& Adaptive | Cost model for SDN networks but SDN and virtualization of the first and second
economic virtualization | cost this model considers only the aggregation stage of the network infrastructure
analysis of model for | CAPEX. leads to considerable CAPEX cost reductions
software SDN German  reference  network for the mobile network operator.
defined concept scenario:
networking as - Classical scenario: a A 13.81% CAPEX reduction can be achieved
architecture for distributed network for the SDN scenario in comparison with the
the architecture with distributed classical scenario.
V1rtua1.1zat10n of network control. A 58.04% CAPEX reduction can be achieved
a mobile . L
network [11]. - SDN scenario: a centralized for thc? SDN based ;harmg scenario  in

network architecture with comparison with the classical scenario.

decoupled network control

from data plane using Open-

Flow as communication

interface.

- Sharing scenario: network

virtualization and network

sharing  between several

network operators with a

FlowVisor controller.
Cost Modeling | SDN & NFV | Cost Comparison between Traditional A 63% OPEX reduction can be achieved in
for SDN/NFV model network (with Virtual EPC) and comparison with the traditional scenario.

Based Mobile

cloud RAN network also with




Paper Title Studied Proposed | Methodology and studied use | Main results
technology model case

5G Networks vEPC for Sweden network. The considered CAPEX could be reduced by
[12]. However, authors consider only 68% in comparison with the traditional

for the OPEX the cost of the scenario.

power consumption (no

maintenance cost nor a failure The considered TCO could be reduced by 69%

cost etc..) in Comparison with the traditional scenario.
Cost Efficiency | SDN Cost Cost model taking into account SDN decreases the network related annual
of SDN in model both CAPEX and OPEX applied CAPEX by 7.72% and OPEX by 0.31%
LTE-based to a Finnish reference network. compared to non-SDN LTE.
Mobile The cost reduction is a small fraction of the
Networks: Case total expenses of a Finnish MNO, but may has
Finland [13] a important influence on the profit levels.
Life-cycle cost | NFV/SDN Life- Cost model including both The non-virtualized network has the highest
modelling for cycle cost | CAPEX and OPEX wused to TCO.
NFV/SDN (LCC) compare non-virtualized network Among the virtualized flavours, the setup with
based mobile models costs with virtualized one with 6WINDGate speed-up technology is cheapest
networks [14]. many options.

The modelling considers the

hardware requirement for each

virtualized network function.
Modeling Profit | Network Revenue Multi-Objective Optimization Novel methodology of modeling profit
of Sliced 5G slicing model Problem (MOOP) to increase generated by 5G network slices.
Networks for operator Profit: mathematical The expenditures and revenues of a network
Advanced optimization. can be estimated according to its slice
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Paper Title Studied Proposed | Methodology and studied use | Main results

technology model case
Network properties, such as KPI requirements and
Resource service prices.
Management - Based on this, the slice implementations can be
and Slice optimized to maximize the profit.
Implementation
[15].
Network Network Business | Used a detailed process of NSaaS | Detailed business and service model for the NSaaS
Slicing as a slicing Model concept by typical examples, | concept that help operators to offer tailored end-to-
Service: and together with the configuration | end cellular network as a service
Enabling Service process, product management of
Enterprises’ Model for | NSaaS and management APIs for
Own Software- NSaaS customers
Defined
Cellular
Networks [16].
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These researchers focused on the quantification of the cost saving resulting from
the use of SDN and NFV [11]-[14], but none of them tackled the cost model for
network slicing. For example, [15] presented a revenue model for network slicing
based on MOOP and [16] proposed a new business and services model for
network slicing as a service. However, how much exactly does an eMBB slice that
requires a high network capacity costs, consume compared to an uRLLC slice that
requires low latency? How can a network infrastructure provider dimension slices
effectively considering the hardware requirement of each slice, in order to reduce
costs and maximize revenues? Though they are very interesting research
questions, to the best knowledge of the authors, there is no paper available so far
that models the allocation of the network costs to the different slices.

Cost allocation models are built using two main components, being (1) the cost
model of the sliced network and (2) the hardware requirements of each of the
network slices. Both parts are indispensable for any operator to ensure a fast
Return on Investment (ROI). To this end, we propose, in the next section, our
proposal for a network slicing cost allocation model.

4.3 Network slicing cost allocation model

A slice is a logical subnetwork defined on top of the physical network to deliver a
specific service such as video streaming, Internet of Things (IoT) services, etc.
This logical network is customized in a way to fulfil a set of KPIs: availability,
reliability, capacity, efficiency, and latency etc. To satisfy those KPIs, different
types of network resources have to be reserved for this specific slice.

The network consists of three parts: core network, transport network and radio
access network. An E2E slice has to be built taking into account these three
different network components. On the core network side, a slice is a chain of
VNFs and physical network functions. Yet, on the transport network part, the slice
can be seen as a pipe or tunnel with a specific bandwidth reserved for this slice.
However, on the RAN side, the slicing is made by means of a frequency
subchannel reservation. Therefore, the question that raises here, as discussed
previously in the introduction, is how to derive the cost of the slice given its
exigence in term of these different resource types?

In addition, from a network infrastructure provider point of view, a model that
allocates cost to the different slices is a useful input to their pricing models. From
an MNO'’s point of view, such a model is also needed in order to identify what are
the most consuming slices in term of hardware and radio resources.

Therefore, we propose a cost allocation model that aims, first, to fairly allocate
network costs to deployed slices (services) and, second, to show that network
slicing makes more efficient use of the network. The proposed model is built on
the following assumptions'':

' The authors are aware that these assumptions simplify the modelling but aim to extend
the model to more complex cases in a later stage (as will also be described in section 4.6).
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e A network slice will support one specific service.

e A predefined throughput is reserved per service on the RAN and the transport
network in a static way.

e On the core network side, a service/slice consists of a chain of (virtual)
network functions, such as 5G functions besides physical network functions.

e Virtual network functions (VNFs) are running on virtual machines (VMs),
which are in turn executed on servers, and one VM can only host one VNF.

The different building blocks of the suggested model are presented in Figure 4-1.
The inputs of the model consist of two different type of inputs: i) available inputs
which are related to the use case (e.g. slice type and the number of users) or can be
derived easily from literature e.g. the chain of network functions per slice, those
inputs are represented in the diagram with white boxes; ii) derived inputs from
other models that we developed in order to feed this model with the required data,
those are represented with the light grey boxes.

Slice Throughput S:\ilce sibzes: Chain of Nfs
|l’]pUtS Types per us.,er umber per slice
per slice of users

| |
Cost of th
Cost of the Resour.ce Hal_'dware ost of the
allocation |« requirements Core

model per NF network

RAN& backhaul

| | |
-

Cost allocation Cost allocation
model of the model of core
throughput network
\
v

Calculation of slice cost

<

Outputs: Cost of each slice

Figure 4-1: cost allocation model diagram

Both the cost model of the RAN and the backhaul network and the cost model of
the core network used as cost inputs to this model are described in [17]. Since a
complete model that allocates radio, transport and core network resources in the
context of a sliced network is still missing in literature, and since existing models
do not dive deep into the VNF characteristics-level of granularity (such as how
much memory, processing power and storage each VNF needs to mitigate the
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overall QoS imposed by the slice), building our cost allocation model in the light
of an existing resource allocation model is not possible. Consequently, we propose
an allocation model for network slicing based on the hardware requirements and
the throughput required for each slice. This model aims at allocating the right
amount of resources to each slice. In order to accomplish this, we have to
distinguish between the three type of network resources discussed previously:
RAN, transport network and core network resources. The RAN and transport
network resources can be allocated by reserving a predefined throughput per slice
on the base station and the backhaul network. Yet, for the core network resources
this allocation is done in two steps: i) identify the hardware requirements for each
5G VNF and ii) map the 5G NFs onto VMs and then onto servers. It is noteworthy
that the step of the hardware requirements identification per VNF needs a separate
model that we developed and will be described in section 4.4.

Afterwards, a cost allocation model to assign the cost of each resource type to
each slice is needed. The cost of the RAN and transport network can be modelled
as the cost of the throughput reserved on these two network parts and is presented
in section 4.3.1. For the core network part, section 4.3.2 summarizes the cost
model of the core network resources. Hence the cost of a slice can be derived
using Equation 4-1.

Equation 4-1:
K 1
Csice = Crnp + Z Cynry + Z Connr ()
i=1 =1
With:
Ciiice: cost of the slice K: number of VNFs in the slice
Crnp : cost of the throughput of the slice  Cpune: cost of physical NF
Cunr : cost of the VNF l: number of physical NFs in the slice

4.3.1 Cost allocation model of the throughput

For the throughput metric, a predefined throughput is reserved per slice in a static
way'2. The cost of this metric can be concluded based on consumed throughput
from the overall throughput provided by the base station. The throughput required
by each slice has to be reserved over the transport link as well. Hence, the cost of
the throughput should incorporate a part of the cost of the transport link capacity.
Moreover, each slice has its own exigence in terms of quality of service (QoS),
such as priority level, packet error loss rate, packet delay etc. Thus, for each slice,
we reflect the cost of the QoS requirement by the mean of a weighting coefficient.

12 In the current version of the model, we consider that the traffic is static. Yet, in a later
stage of the model we will include the dynamicity of the traffic, hence the allocation of the
network resources will be dynamic as well (as specified in section 4.6).
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This latter takes into consideration the required throughput of the slice as well as
the desired priority level, thus the latency requirement, as shown in Equation 4-3.
Therefore, the cost of the throughput for a specific slice s is calculated using
Equation 4-2.

Equation 4-2:
Qcoy
Crhps = (Cps + Crrcap ) X Sy
” TP X Qeog
Equation 4-3:
Qcog; = Costypuc X They (1 — Costypare ) X (1 Ls )
Sj — sharC N .. - sharC - %N 1
i=1 ThpS(i) izt Ls )
With:
N: number of slices running Crhps: cost of throughput of slice s
Cas: cost of the base station Crrcap: cost of the transport capacity
link
Ls : Latency of the slice S Costgharc : Cost sharing coefficient

Qco: weighting coefficient according to
throughput and the QoS level of the
slice

To be able to quantify the QoS weighting coefficient for each slice, we need to
know the latency for the video and voice services as well as the throughput. For
the former, we adopt the agreed 3GPP traffic types described in detail in [18], the
latter will be provided in the scenario description used to validate the model.

4.3.2 Cost allocation model of core network resources

In order to fairly allocate the core network resource costs to the different slices
based on the hardware requirements of each slice, we should first find a way to
map those requirements to the resources used. This can be elaborated following
two different approaches: an infrastructure provider or a telecom operator
approach. An infrastructure provider, responsible for the operations of a data
centre, tries to find a way to allocate the total cost of the data centre to the running
services/slices to maximize the ROI. A telecom operator, on the other hand, leases
the slices from the data centre and considers the business model of pay-per-use. A
telecom operator hence only needs to know the cost of the service that he wants to
offer (hence the cost of the slice that he wants to lease) beforehand to study the
viability of providing such a service. Giving this, the cost allocation model differs
according to whom it is designed for. In this section, we will detail the cost
allocation model from a telecom infrastructure provider perspective.

In order to achieve this goal, the infrastructure provider needs to allocate resources
to the different slices according to the latter’s requirements in term of processing
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power, memory and storage capacity. This allocation consists of two steps
mapping process: 1) mapping the VNFs to VMs, 2) mapping VMs to the data
centre resources namely servers, as shown in Figure 4-2, and 3) the allocation of
the network costs to the different slices can be achieved based on the resource
consumption of each slice, which is the final step of the cost allocation model.

Data center

Server 1 Server2 | ... Server N

2) Mapping VMs to servers ‘ ‘

S, M, L ‘
1) Mapping NFs to VMs |
” A
) E : Extra
Slice S ! NFn E storage
1 1

Ry ———

Figure 4-2: Mapping data center resources to slices

Step 1: Mapping VNF to VM

In order to accomplish the mapping of the VNFs onto VMs, we should identify
first, based on the slice characteristics, the technical requirements for each VNF in
term of computing, storage and networking. Giving those requirements, we can
pick up the suitable VM for each specific VNF. To the best of authors knowledge,
there are no references describing these requirements for the 5G networks
available in the literature. Therefore, we propose, in section 4.4, our model to
identify the hardware requirements of each 5G NF based on the number of users
and the offered traffic of the slice.

After identifying the requirement of each NF, we should, then, be able to select
the suitable VM for this NF, which is explained in the next section.

Step 2: Resource Mapping: VM to data centre resources

There are three options to map the VMs to servers and storage resources within a
data centre: i) VM with fixed configuration, ii) VM with predefined categories and
iii) Personalized VM according to the need of the NF. The first option was
adopted in the model used in [14]; a simple mapping between the blade server
resources and the resource offered to each VM is elaborated by dividing the server
capacities in an equal way among VMs. However, this method is not efficient in
term of resource usage; because VMs can be over- or under-dimensioned. For this,
the second option with different VM classes or types was suggested. In this second
option, the VMs can be classified into classes (for example: small, medium and
large) such that the mapping between the VNF and VM can be more accurate.



176 Chapter 4

Finally, the third option allows to create a personalized VM according the NF
requirements. Though, this option assigns the required resources to each NF the
most accurately, it considers only a static traffic without a margin of safety if the
NF would receive more traffic than expected. This option also increases the
unused resources, hence raises the question about how to allocate the unused
resources cost to the different slices? Hence, for our allocation model we chose the
second option of mapping VMs onto the data centre resources, being the
predefined categories of VMs. Those categories are presented in Table 4-2.
Table 4-2 VM classification

Small Medium Large
Core 1 4 8
RAM 8 GB 16 GB 40 GB
Temporary 50 GB 100 GB 1500 GB
storage

After selecting the suitable mapping option, a server consolidation algorithm that
considers the co-location of the highly communicating VMs such as [19] and [20],
can be applied. It aims at placing the different VMs at the suitable server to reduce
data centre network traffic and thus decrease the latency for the deployed slices.
The algorithm of mapping VNFs to VMs is described in the following table:

Algorithm: NF to VM mapping algorithm

Input: Set of slices S= {Si, Sz, .. Sn}; set of network functions per slice NF=
{NFi; NF2; NFwm};each NF:{CPUNF), RAM(NF), HDD(NF)} set of VMs with
different hardware characteristics VM={S, M, L};

Output: allocated VMs for each slice

1: FOREACH slice in S do

2: FOR i=1 to M do

3: FOREACH j in VM do

4: vmij(CPU)=Ceil (CPU(NF;)/ CPUj);\* nb of VM type j to satisfy the
CPU required by NF; *\

S: vmij(RAM)=Ceil (RAM(NFi)/ RAM;);\* nb of VM type j to satisfy
the RAM required by NF; *\

6: vmij(HDD)=Ceil (HDD(NF;)/ HDDj); \* nb of VM type j to satisfy the
HDD required by NF; *\

7: vm;(NFi))=MAX (vm;j(CPU), vmij(RAM), vm;;(HDD));

8: ENDFOREACH

9: vm(NFi)=MIN (vin(NFi)(S), vm(NFi)(M), vm(NFi)(L));

10: ENDFOR

11: ENDFOREACH

As inputs of the algorithm, we consider a set of slices S. Each slice S; consists of
chain of network functions NFs. In addition, each VNF has its requirements in
term of CPU, RAM and HDD. Similarly, each VM from categories S, M and L
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has its own characteristics in terms of the same metrics i.e. CPU, RAM and HDD
as well.

For each slice in the set S, we calculate the number of VMs of type “j” that satisfy
the requirement of each metric (line 4 in the algorithm for CPU metric, line 5 for
RAM and line 6 for the HDD). Then, the mapping of VNFs to VMS of type “j” is
determined by the maximum number of VMs required based on all the metrics
being CPU, RAM and HDD, and this is done for all the three VM categories (line
7).

Afterwards, we pick the category (i.e. small, medium or large VM) that gives the
minimum required number of VMs (line 9).

After mapping the right amount of resources to each VNF and hence to each slice,
the questions that raises is how to allocate the core network cost to the different
slices based on this mapping process?

Step 3: allocate the network costs to slices

There are two options to distribute the core network costs among the slices. The
first option uses the hardware requirements of each slice as a cost driver for
splitting the total cost of the core network between the running slices. Here,
unused resource costs will be covered by assigning them proportionally to the
different services/slices based on the cost driver. The second option relies on
allocating only the cost of the used resources to its slice and does not consider the
cost of unused resources. Within this option, mapping VMs onto servers (step 2 of
the resource allocation algorithm) is used as input to the cost allocation model,
wherein only the used servers cost will be allocated to the considered slice.

For our model, we will adopt the first option. Our slices are deployed on the 5G
mobile network. Hence, on the core network side, the slice is a chain of 5G NFs.
For each 5G NF, we will identify a cost driver based on its key characteristic, as
defined by the 3GPP spec 123.502 [21]. For example: for the User Plane Function
(UPF), the cost driver is the number of packets per second, yet for the Access and
Mobility Management Function (AMF), it is the number of handover requests.
Secondly, we prioritize the following technical requirements (CPU, Memory,
Storage, Bandwidth) according to the cost driver identified for this NF. For
example, for the UPF, the cost driver of number of packets per second leads to the
main technical requirements of CPU and memory.

Resulting allocated cost

Bringing the three steps together, allows to allocate the cost of the core network
resources. As mentioned above, every NF is translated into hardware requirements
in terms of CPU, RAM and HDD. Different virtual machines are in parallel
defined in terms of the same hardware requirements, which allows mapping both.
By using the hardware requirements of each NF as a cost driver, an allocated cost
for the NF can be determined from the overall core network cost (as described in
more detail in section 4.5.3).
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4.4 Modelling the hardware requirements of the 5G
NFs

In order to be able to calculate the cost of the network slices, we need to derive the
cost of each 5G network function (NF) of which the network slice is composed.
The cost of this latter depends on the hardware requirements of this NF (in terms
of CPU, RAM and HDD). In this section, we present our model used to quantify
the needed hardware requirement for both control and data plane NFs.

4.4.1 5G control plane modelling: focus on AMF and SMF

For the control plane we start by modelling the traffic handled by the AMF and
Session Management Function (SMF), then derive the required processing power.
The AMF and SMF form together the Mobility Management Entity (MME) in the
former evolved Packet Core (EPC) of the 4G network. Therefore, in the approach
presented in this section, we base ourselves on the literature that models the
control traffic for virtualized MME (VMME).

Model description

Our proposed model to quantify the needed hardware requirements for the AMF
and SMF is presented in Figure 4-3. It consists of two main steps. The first step is
to understand the vMME modelling and use it as input to model the AMF and
SMF. This step consists in identifying: i) the most frequent procedures; ii) the
frequency of procedure per user and iii) the number of instructions per procedure.
The second step identifies the number of exchanged messages per procedure for
both AMF and SMF and uses it as a driver to split the overall traffic of the vVMME
between those two functions.

It should be noted though, that when we compare the 4G and 5G service-based
architecture, we conclude that there is a difference in terms of the number of
messages exchanged between the MME and the rest of the 4G NFs compared to
those exchanged between AMF/SMF and the rest of 5G NF. Since AMF and SMF
need to communicate with much more NFs than the vVMME does (as indicated
with the red circles in Figure 4-4), we assume the total number of the messages for
the AMF and SMF to be the same as the one of the vVMME, but we include a
correction factor. In [22], authors compared five different Distributed mobility
management (Dmm) models of the 45/5G architecture based on the number of
exchanged signalling messages for two procedures being the initial attachment and
handover procedures. Results of this comparison showed that the number of
signalling messages increases with an increase of the number of functional nodes
in the core network. More specifically, for an SDN/NFV-based core network
architecture, like the 5G core network, the number of signalling messages for the
handover procedure is twice the number as for the 4G core network (12 versus 6).
Based on these results, we assume a correction factor of two in our model 3.

13 Sensitivity analysis on this factor will be performed in future work.



Network slicing cost allocation model 179

[ From 3GPP spec 123 502 ] [ From Literature: vMME modelling ]

AMF: Number of SMF: Number of Most frequent Frequency of . Number of
exchanged messages exchanged messages procedures procedure per user instructions per
per procedure per procedure procedure message

| [
!

[ CPU calculation J

¥ 4
AMF: Number of CPU SMF: Number of CPU
cores cores

Figure 4-3 Traffic quantification model for AMF and SMF

S6a
e S
OMN0. i e,
S1MME | 1 [ i A "3 -
= IN‘“ &;W ———— PGN  ——  [Pservices (for example .
IJE (T - 5058 i M3, PS5) o "
e . il . o

Figure 4-4 4G VS 5G service-based architecture

The AMF performs most of the functions that the MME performs in a 4G network
such as terminating the RAN CP interface (N2), NAS signalling, NAS ciphering
and integrity protection, Mobility Management (MM) layer NAS termination,
Session Management (SM) layer NAS forwarding, authentication of UE, etc [23].
Giving the nature of the tasks performed within these functionalities we can
assume that the AMF is CPU-intensive. Many researchers in literature such as
[24]-[28] made this same assumption. Moreover, authors in [29] proved by
calculating the CPU utilization in function of the number of users that AMF’s
CPU utilization is the highest among all the network functions (such as AUSF,
SMF).

On the other hand, the SMF performs the session management functions that are
handled by the 4G MME, SGW-C, and PGW-C: allocating IP addresses to UEs,
NAS signalling for session management (SM), sending QoS and policy
information to RAN via the AMF, downlink data notification, and selecting and
controlling UPF for traffic routing. The UPF selection function enables Mobile
Edge Computing (MEC) by selecting a UPF close to the edge of the network [23].
Based on characteristics of these functionalities and following the same reasons
argued in [24]-[28], we assume that the SMF is also a CPU-intensive function and
it needs a good networking interface as well.
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Therefore, we will investigate for both AMF and SMF how much CPU cores are
needed in order to serve a given number of users. Following the same reasons
argued in [24]-[28], we assume that the most frequent procedures are the service
request (SR), the service release request (SRR) and the X2-based handover (HO).
Following the reasoning presented above, both AMF and SMF are CPU-intensive,
which allows us to consider the CPU power as the main cost driver. Therefore, in
the proposed model, only the CPU power will be calculated, from which we will
derive the RAM and storage by proportionality.

As explained previously, the signalling traffic modelling for AMF and SMF
requires the following inputs: the procedures’ frequency, number of instructions
per procedure message and the number of exchanged messages per procedure for
both AMF and SMF. In the next subsections we detail each input and explain from
where it was derived.

1. Procedures’ frequency

There are two different assumptions regarding the frequency of the considered
procedures. On the one hand, assuming a user inactivity of 10 s, authors in [26]
calculated by the mean of a mathematical framework the signalling rates per user
equipment for each signalling procedures for the VvMME as presented in Table 4-3
labelled with frequency 2. On the other hand, authors in [28] derived the SR, SRR
and HO frequencies from an operational network measurement as presented in
Table 4-3 with frequency 1.

Table 4-3 : frequency of the considered control procedures

Procedures Service Service X2-based HO Source
Request Release

Frequency 1: nb | 0.00126 0.00126 0.00112 [28]

of events per

user/s

Frequency 2: nb | 0.0045 0.0045 0.0012 [26]

of events per

user/s

2. Number of instructions per procedure message

We assume that the number of run instructions for the different control messages
are the same as in [24]-[28], as presented in Table 4-4.

Table 4-4: number of instructions per user per procedure

Service
Procedures Service Request Release X2-based HO

[Number of instructions
er procedure 3,580,000 3,200,000 2,140,000
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3. Number of instructions per procedure for AMF and SMF

In order to model the contribution of both AMF and SMF in the signalling traffic,

we use the 3GPP specification document [21] describing the sequence diagrams

for each control procedure, and from there we count the number of messages

handled by AMF versus those handled by SMF for each procedure. We derive a

ratio of AMF/SMF contribution in the exchanged messages for each procedure in

order to be used to split the number of instructions per procedures of vMME
between them. For each procedure, several assumptions were made in order to
count these numbers:

Service request:

o UE Triggered Service Request is considered.

e  For this procedure, the impacted SMF and UPF are all under control of the
PLMN serving the UE, e.g. in the home-routed roaming case, the SMF and
UPF in HPLMN are not involved.

e  We assume that the Service Request was sent integrity protected.

e The UE identifies list of PDU sessions to be activated in the Service Request
message

e  We assume that PDU Session ID corresponds to a Local Area Data Network
(LADN) and the SMF determines that the UE is within the area of availability
of the LADN

e We assume that the SMF accepts the activation of uplink connection and
continue using the current UPF(s);

e No N4 Session Modification is established

e No dynamic Policy and Charging control (PCC) is deployed

Service release request:

e Service release procedure corresponds to AN Release in 5G CP procedures.

e We assume that 3 PDU sessions were active at the time of initiating this
procedure. This assumption is based on the fact that each network slice will
be served with a separate PDU session. Thus, assuming two different slices
with a PDU session for each of them and a third session for the normal calls
and chat. Since we do not have a good reference that strengthens this
assumption, a sensitivity analysis on this is elaborated. Results demonstrates
the number of active PDU sessions does not significantly affect the required
CPU cores for AMF and SMF (see Appendix for more information).

e The procedure is triggered by the User Inactivity.

X2-based handover:
e It corresponds to Xn based inter NG-RAN handover in 5G CP procedures.

The ratio of contribution of both AMF and SMF per procedure are presented in
Table 4-5.
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Table 4-5: number of messages for each procedure for both AMF and SMF

Procedures Service Request | Service Release | X2-based HO

The ratio of AMF 0.533333333 0.6 0.5
contribution in
exchanged
messages

The ratio of SMF 0.4 0.8 0.666666667
contribution in
exchanged
messages

Mathematical formulation
The number of instructions per user per second for AMF and SMF for each
procedure is calculated using Equation 4-4

Equation 4-4

Nb—InSt(NF)prcd /user
= Nb_Instp,q X Freq(pred)yser /s X (ratio_Nbygg (NF)prcq
X Corthactor )

The number of CPU core required to run the total instructions per procedure per
network function (AMF or SMF) is calculated via applying Equation 4-5

Equation 4-5

Nb_Inst(NF
Nb_CPUNF/per = ( )prcd /user/

power
The total CPU cores required for all the procedures per NF is derived using
Equation 4-6.

Equation 4-6

3

Nb_CpUNF = Nb_CPUNF/per )
i=1
With:
Nb_Inst(NF) | number of instructions | Freq(prcd) | the frequency of the
pred/user per prOCedureS PEr user | userss procedure per user per
per second for NF second
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Nb_Instpred number of instructions | ratio Nbys | ratio of NF
per procedures o(NF)/pred contribution in the
exchanged messages
within procedure.
Corctactor the correction factor of | CPUpower the power of one CPU
the exchanged core  (number of
messages between the supported instructions
AMF/SMF and the rest per second)
of 5G NFs.
Nb_CPUngpe | number of CPU cores | Nb_CPUnr | number of CPU cores

od required for the required for NF
procedure (pred)
within the NF.

Results of the simulation

We simulated the proposed model to calculate the required CPU cores for both
AMF and SMF and for the two frequencies while varying the number of users. We
consider the same CPU power as in [26], one CPU core has the power of 2.845
x10"9 float operations per second. Results of the simulation are presented in Table
4-6.

Table 4-6: Variation of the number of CPU cores required for AMF and SMF in
function of the number of users for both frequency 1 and 2

Frequency\number | Network 100x10”3 | 1000x10~3 | 10000x10*3
of users function
Frequency 1 AMF 0.4 4 40

SMF 0.5 5 50
Frequency 2 AMF 1.23 12.3 123

SMF 1.51 15.1 151
Average of | AMF 0.82 8.2 82
frequencies

SMF 1 10 100

Results show that, for AMF, for frequency 1, half of a CPU core is needed in
order to serve 100k users, yet for frequency 2, almost 1.3 CPU cores are required
to satisfy the signalling traffic of the same number of users and this is. For SMF,
similar results are found regarding the difference between results for the two
frequencies. The difference between the two frequencies for a small number of
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users is not that significant, however if we increase the number of users
drastically, the gap between the results of these frequencies becomes significant.
Therefore, and since only those two frequencies are found in literature, and since
we could not find a reason to prefer one of them, we decided to take the average of
the two frequencies (see third row in the table above). Hence, only one core is
needed to serve 100k users for both AMF and SMF and 5 cores are needed to
serve 1 million users.
We can conclude from Table 4-6 that both the number of CPU cores needed for
AMF and SMF scales linearly with the number of users:

Nb_CPUAMF = 82 X 10_4 X Nusers

Nb_CPUSMF = 10 X 10_4 X Nusers

With:

Nb_CPU: number CPU cores required | Nusers: number of users
for the NF

The rest of the control plane functions

The remaining control plane functions are the Policy Control Function (PCF), NF
Repository function (NRF), Network Exposure function (NEF), Unified Data
Management (UDM), Authentication Server Function (AUSF), Network Slice
Selection Function (NSSF) and Application Function (AF) [23]. Since there is no
starting point in literature to dimension those network functions, we analyse their
functionalities and dimension them accordingly.

o The PCF consists of unified policy framework delivering policy rules to
control plane functions and has access to subscriber information for
policy decisions. Thus, it does not require significant CPU power.

e The AUSF acts as an authentication server, thus it requires a good
processing power to elaborate the hashing tasks and the integrity
checking.

e The UDM needs first a good memory and storage since it handles
subscription management, user identification and it requires enough
processing power to support the generation of Authentication and Key
Agreement (AKA) credentials and access authorization.

NEF offers the exposure of capabilities and events and assures the security
provisioning of information from non-3GPP application to 3GPP network, we
have to think about how much external application needs to communicate with the
3GPP network but as a first order of estimate we can assume that it does not
happen that often thus a modest CPU and storage resources are sufficient.

e The same holds for the NSSF, which supports the selection of the
network slice instances to serve the UE and the correspondent AMF,
which only happens within the service request procedure.

e For the NRF, which maintains NF profile and instances, we can assume
that it requires a good processing power and memory as well.
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4.4.2 5G data plane modelling

Many researchers model the data plane function (i.e. UPF) for network slicing
within the LTE-A and 5G networks using virtualized middlebox network
functions [30]-[36]. Middlebox network functions here refer to Network Address
Translator (NAT), Firewall (FW), WAN Optimization Controller (WOC),
Intrusion Detection Prevention System (IDPS), Video Optimization Controller
(VOC) and Traffic Monitor (TM). Authors of these papers have identified a chain
of VNFs (which are virtualized middleboxes) per service with specific
requirements in terms of bandwidth, latency and hardware per VNF. The chain of
network functions per service is presented in Figure 4-5. The main goals of these
papers are, first, to find the best placement of the VNFs in order to optimize the
network performance (e.g. minimize the latency) and, second, to investigate the
number of active VNF nodes in specific scenarios in order to optimize the
resource dimensioning.

Service chains considered for each service and
bandwidth requirements.

Service Chained VNFs * Bandwidth req.
VoIP NAT-FW-TM-FW-NAT 250 Kbps
Video Conference NAT-FW-TM-VOC-IDPS 2 Mbps
Web Service NAT-FW-TM-WOC-IDPS | 4 Mbps

* IDPS: Intrusion Detection Prevention, FW: Firewall, NAT: Network
Address Translation, TM: Traffic Monitor, VOC: Video Optimization
Controller, WOC: WAN Optimization Controller

Figure 4-5: Service chains and bandwidth requirements [32]

Three main approaches are adopted in literature to dimension the UPF using
virtualized middlebox functions. The first method translates the total traffic
handled by VNFs to the number of concurrent operations for each VNF and
deduce from that the needed hardware requirements such as in [32]. Yet, the
second approach derives from the middlebox datasheets the required processing
per user and given the number of users they deduce the needed CPU and others
hardware requirements for each VNF [33]. However, the third approach defines a
CPU-core-to-throughput relationship for each VNF and uses it to calculate the
required number of CPU cores per VNF, like the method established in [35].

Since those dimensioning methods use different approaches and different
assumptions, we will apply them to a specific use case (see section 4.5.2),
compare their outcomes and adopt the option that gives the most realistic results
that align with other findings in literature.



186 Chapter 4

4.5 Application of the cost allocation model to SaT5G
use case

As discussed previously, the main two goals of the developed cost allocation
model are, first, to fairly allocate the network costs to the deployed slices and,
second, to investigate the cost savings introduced by network slicing if any. In
order to achieve these goals, two auxiliary models are developed to feed the main
model with the necessary inputs. These auxiliary models are the identification of
the hardware requirements of 5G NFs and the slice resources allocation.
Therefore, in this section, results of these models as well as of the main model are
discussed sequentially starting with the description of the specific scenario to
which these models are applied. This description is elaborated in section 4.5.1.
Section 4.5.2 summarizes the main outcomes of the 5G network function
modelling algorithm. Section 4.5.3 presents the resource allocation algorithm’s
results for the considered slices. Those results feed the cost allocation model,
which results are discussed in section 4.5.4. Afterwards, the cost savings on the
core network side resulting from the use of NFV concept and network slicing are
presented in section 4.5.5.

4.5.1 Description of the scenario

The scenario used in this paper was defined within the SaT5G project [37]. It
considers providing broadband connectivity and 5G services to rural areas where
currently no terrestrial network infrastructure is deployed. In order to reach those
remote areas, satellite communication is used as a backhaul network that links the
5G core network to the radio access network. This latter consists of many base
stations that will be installed in the considered area, which covers two villages
about 5km apart connected via a rural main road. The villages are home to 350
families, with an average of 3 users per home, resulting in 1050 users. The full
description of the scenario as well as the network architecture installed are
detailed in [17]. The 5G services considered here are eMBB voice and eMBB
video. The quality of service of these two 5G services is described in [18].

4.5.2 5G NF modelling for the specific scenario

The chain of network functions for the data plane and the required throughput per
user for each service are derived based on input from literature [33] and [34], and
they are presented in Table 4-7. According to the Cisco VNI Forecast Highlights
Tool, Internet video traffic will be 80% of all consumer Internet traffic by 2022
compared to 73% in 2017 [38], hence we assume that the video traffic represents
80% of the overall traffic and 20% of the traffic is voice. The total generated
traffic per service is calculated based on the number of served users and is
presented in Table 4-7.
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Table 4-7: Chain of NF's the total generated traffic per service for the considered
scenario

Slice Chain of VNFS throughput | % traffic Total traffic
Per user (for 1050
users)
VolIP NAT-FW-TM- 64kbps 20% 13.44 Mbps
FW-NAT
Video NAT-FW-TM- 2!4Mbps 80% 1.68 Gbps
VOC-IDPS

For the data plane network functions, we applied the three approaches described in
section 4.4.2 and we compare their results to the findings in literature. Results of
the model are presented in Table 4-8. The first column presents the required CPU
cores for the different virtualized middleboxes based on the number of concurrent
operations. The number of concurrent operations that each function needs to
handle is derived by linking the original findings in [34] with the carried traffic in
terms of Mbps. Results generated based on the second approach use the
processing requirement per user considering the carried traffic as well. Finally,
results of the third approach are driven using the CPU-core-to-throughput
relationship. The comparison of our findings to those in literature [30]-[36] allows
to conclude that the number of required CPU based on the throughput-to-CPU
relationship (approach 3) seems to be the more realistic one.

Table 4-8: hardware requirements per VNF's per service for the three approaches

Number of | Number of CPU cores | Number of CPU cores
CPU cores | approach 2 from approach 3
approach 1

NAT 0.35 0.966~=1 1

FW 0.7 0.945~=1 1

™ 0.35 13.965=14 2

VOC 0.7 5.67=6 1

WOC 0.35 5.67=6 1

IDPS 0.7 11.235=12 2

14 In the original published version, there is a typo regarding the throughput per user for the
video slice. It erroneously states 4 Mbps, whereas the accurate value is 2 Mbps.
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Adopting the CPU-core-to-throughput approach, the hardware requirements
for both eMBB voice and video slices are summarized in Table 4-9.

Table 4-9 hardware requirements of the data plane network functions for eMBB
voice and video slices

VNF'Service | Voice, throughput=13.44 Mbps Video, throughput =1.68 Gbps
CPU | RAM: GB | HDD: GB CPU | RAM: GB | HDD: GB

NAT 2 2 4 1 1 2

FW 2 4 6 2 3 5

™ 1 3 2 2 6 4

vocC - - - 1 1 10

woC ; ; ; ; ; ;

IDPS ; ; ) 2 2 -

For the control plane network functions, we applied the proposed model
described in section 4.4.1 assuming a user inactivity of 10s, the mobility model
adopted in [26] and 1050 users. Based on the 3GPP view on network slicing,
several NFs of the control plane are shared between slices. These common
network functions are the AMF, NRF, NEF, UDM, AUSF and NSSF [39] and
[40]. Those functions are represented with grey columns in Table 4-10. Moreover,
since the video slice is carried over the satellite link, we need to deploy a satellite
multicast function and a Nano-CDN node next to the edge for popular video’s
caching purpose.

Results of the of the model for the two slices being eMBB voice and video are
recapitulated in Table 4-10.

Table 4-10: hardware requirements for the eMBB voice and video slices

Technical UPF | AF | AMF | SMF | PCF | NRF | NEF | UDM | AUSF | NSSF | Satellite | AF
requirement multicast
function | (CDN)
eMBE | CPU 5 1 1 1 05 1 1 2 2 1
voice
Memory 9 2 1 1 1 1 1 4 4 1
HDD 12 2 2 2 2 2 2 10 10 2
eMBB | CPU 8 2 1 05 1 1
video
Memory 13 4 1 1 2 2
HDD 28 4 2 2 100 100

It is clear from results presented in Table 4-10 that, similar to the RAN, the video
slice requires more core network resources than the voice slice, for example, the
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UPF of the video slice requires 8 CPU cores against only 5 CPU cores for the
voice slice.

4.5.3 Resource allocation for video and voice slices

Given the hardware requirements of both voice and video slices presented in the
previous section, we applied the proposed allocation model. The model is based
on the preconfigured VMs (presented in Table 4-2 and described in section 4.3.2).
The results of the required VM types for each slice as well as for the shared
network functions are presented in Table 4-11.

Table 4-11: results of mapping VNF's onto VMs

VM type S-VM |[M-VM | L-VM
Shared Nfs 4 2 0
Video slice 4 1 1
Voice slice 3 0 1

Similar to [14] and [41], we consider a Blade server due to its capability of
providing more processing power in less space which allow to simplify cabling
and storage. The Blade server consists of 8CPU, 64 GB RAM, 1000 GB HDD and
4 Ethernet cards of 10 Gbps each. Moreover, for the reliability of the network, we
consider a redundant VM for each NF. Hence, within the preconfigured VM
option, we need 10 servers to satisfy the required hardware requirements of the
two slices. Orthogonally, within the configurable VM option discussed in section
4.3.2, we need only 8 servers from the same server type.

These findings are used as an input to the cost model of the virtualized core
network presented in section 4.5.5 in order to deduce the cost saving resulting
from the use of network slicing.

On the other hand, we argued previously in section 4.4.1, that the SMF needs a
good networking interface. Thus, to investigate if we have a limitation in term of
networking interface for the Blade servers reserved based on the CPU metric, we
calculate the generated traffic per user for SMF and AMF as well. We assume that
the average packet size is 250 Bytes for the control messages generated by SMF
and AMF (similar to the assumption for the vVMME in [26]). The calculation
results in 18.418 and 14.626 bits per second per user for the SMF and AMF
respectively. Hence, for our scenario with 1050 users, the AMF requires 15.4 kbps
to be reserved on the network interface, while the SMF requires 38.8 kbps (for
both video and voice slices). Therefore, 1Gbps is allocated on the network
interface card (NIC) for each VNF, it is more than enough. Hence, we do not
dispose of a limitation on the networking interface resources.
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4.5.4 Cost allocation for video and voice slices

The cost of the network infrastructure installed to serve the remote two villages
described previously with eMBB voice and video services are taken from [17].
These cost figures and the required inputs for the cost allocation model are
detailed in Table 4-12.

Table 4-12: Cost inputs for the cost allocation model

Item Value Reference

RAN cost (in euro) 50,067 [17]

Cost of Satellite backhaul | 160,149 [17]

(in euro)

Cost of 5G core network | 76,230 [17]

(in euro)

latency eMBB video in ms | 300 latency: Packet Delay Budget
from "3GPP standard QoS class
identifiers" for Non-

Conversational Video (Buffered
Streaming) [18]

latency eMBB voice inms | 100 latency: Packet Delay Budget
from "3GPP standard QoS class
identifiers" for Conversational

Voice [18]
Throughput eMBB video | 4 Assumption
(in Mbps)
Throughput eMBB voice | 0.64 Assumption
(in Mbps)
Cost sharing coefficient 0.7 Assumption
Qco Video 0.718 Calculated based on Equation 4-3
Qco Voice 0.282 Calculated based on Equation 4-3
CPU cost driver: video 0.59 Calculated using the model
CPU cost driver: voice 0.41 Calculated using the model

As described in section 4.3, the CPU metric will be used as a cost driver to split
the total network costs between the running services. This cost driver for to the
two slices being eMBB video and eMBB voice is calculated using the outcomes of
the hardware requirements identification model (discussed in section 4.5.2).

The calculation of the CPU cost driver for both eMBB video and voice is
presented in Table 4-12. It shows that 59% of the core network cost will be
allocated to the eMBB video slice versus 41% for the voice slice. For the RAN
side, the throughput and the quality of service (QoS) coefficient used to allocate
the RAN cost to the two slices are also presented in Table 4-12. The QoS
coefficient of the eMBB video is higher than the one of the eMBB voice (0.7
versus 0.3) since the capacity required by the video service is much more
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important than the voice’ capacity and since also the cost sharing coefficient (0.7)
is in favour of the throughput at the expense of the latency.

Considering input values presented in Table 4-12, we run our model to allocate the
cost of the network. Results of the model are represented in Figure 4-6.

Cost of eMBB video Vs eMBB voice

€ 250,000
€ 200,000
€ 150,000
€ 100,000

€ 50,000

€0
Video Voice

m Cost of the throughput m Cost of the core network

Figure 4-6 allocation of the network cost to eMBB video and voice slices

Several interpretations can be extracted from Figure 4-6. First, the eMBB video
slice bears the significant amount of the network costs (68% compared to only
32% for the voice slice). This is reasonable, because it requires more throughput
on the RAN and backhaul and more computing resources on the core network part
as well. However, the cost of the throughput of the voice slice is still important,
which can be justified with the fact that not only the required throughput is
counted in the cost allocation algorithm but also the latency (Equation 4-3), for
which the voice service presents a more stringent requirement.

4.5.5 Cost savings resulting from the use of NFV in the core
network

NFV and network slicing paradigms promise to reduce overall network costs and
allow for more cost-efficient network deployment. In this section, we investigate
these promises. Given the dimensioning model for network slicing presented in
section 4.5.3, we know the exact amount of resources that each slice (from the two
slices eMBB voice and video) requires. Furthermore, we count redundant
resources for reliability purposes. Following these inputs, the SG core network can
be dimensioned accordingly. Afterwards, calculating the cost of the core network
resources and comparing it to the cost of the traditional core network (without
NFV deployment) allows to calculate the cost saving of the use of virtualization
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technology. Figure 4-7 presents the flow between the different sub-models that
feeds the cost saving calculation.

In the appendix, we detail the cost inputs used to derive the cost of the virtualized
5G core network. We have two figures for the traditional core network cost, the
first one is quoted in terms of the number of users, the second in terms of traffic,
i.e. Mbps. Therefore, we calculate the cost of the core network and we quote it
also per user and per Mbps.

Hardware
requirements
per NF

Cost of traditional

core network

Resource
allocation model

Cost model of
virtualized core network

|

Calculation of cost saving

Figure 4-7 Calculation of the virtualization cost saving for the core network

The cost saving due to the use of virtualization on the core network is about 45%
if the cost is quoted in Mbps compared to the cost used in [42], yet, it is only 12%
if the cost is calculated per user compared to the cost found in [17]. The result of
the comparison between the core network cost with NFV deployment versus
without, is summarized in Table 4-13. Despite this difference, the savings can be
identified as significant, and prove that the use of NFV and network slicing
reduces the cost of the core network deployment.

Table 4-13 Cost reduction resulting from the use of NFV in the core network

Cost virtualized | Cost of the traditional core | Cost

5G core network reduction
Cost 5G core | 21€ 38 euro per Mbps (5 to 6 | 44.73%
per Mbps euro per Mbps for the

hardware and 30 to 35 euro
per Mbps for software)
[42]

Cost 5G core | 53€ 60 euro per user [17] 11.67%
per user
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4.6 Conclusions and future work

This paper proposed a novel cost allocation model for sliced networks. The model
aims, first, to allocate the network cost to the deployed slices and, second, to
investigate the cost reduction promises of using the NFV and network slicing
technologies. Furthermore, to feed the proposed model with the required inputs
and since we did not find these inputs in literature, we developed two other
models. The first one is a resource allocation model that assigns the right amount
of network resources to each slice aiming at fulfilling its KPI requirements, for
which we needed to derive the hardware requirements of each VNF that is
included in the chain of VNFs forming the slice. Therefore, we designed the
second model that identified the hardware requirements of the 5G network
functions, with a focus on those of the control plane. This latter is also the first of
its kind in literature because, first, the control plane traffic was before often
considered as a percentage of the data plane traffic and, second, because it is the
first model for 5G networks. We applied the proposed model to a specific scenario
considering the offer of two slices (eMBB video and voice) to a remote area.
Results of the model shows that the eMBB video bears the significant part of the
network cost. On the other hand, results demonstrate a cost saving of 12 to 45%
(depending on the approach adopted) of the core network costs resulting from the
use of NFV and network slicing. As next steps, we plan to validate our models and
especially the hardware requirements of 5G NFs with, first, more scenarios, such
as dense-urban scenarios, wherein higher traffic is required per slice and, second,
with the testbed results within the SaT5G project. It would be a good exercise also
to apply the model on two completely different types of slices (e.g. IoT versus
eMBB) in order to investigate the impact of more diverse KPI requirements on the
cost. Up till now, this was unfortunately not possible because of a lack of traffic
model and scenario details for an IoT scenario. Finally, the traffic considered here
is static, future work should extend the model to the case where the dynamicity of
the traffic is considered. The same applies for the resource allocation model, as
currently the assignment of the network resources is done statically based on the
maximum throughput and traffic carried by the different network functions.
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Appendix
1. Inputs of the cost model of the NFV-based core network:

Table 4-14: Cost inputs and calculation for the cost saving model of network

virtualization
Item Value Reference
Blade server price 1,300 Average price in the internet
Number of servers 8 We only need 4 but 8 in total for

redundancy purposes

Capex Data Centre | 12,753

Air conditioning 500 [17]

Installation 1,912.95

Maintenance*5 6,376.5

year

Power consumption | 240 Power consumption per server per year in
kWh: from the datasheet

Electricity price | 0.014 [17]

kwh

cost power | 134.4

consumption

VNF license cost | 25,200 [43]
(Dollar/vCPU): 100

Nokia router 7750 1,853 [42]: 20383 euro for 11 small sites (like
our scenario site)

Total Capex 14,666

Total Opex 31,711

Overhead costs 9,275.37

TCO 55,652.22

Total traffic (Mbps) | 2,700

2. Variation of the number of PDU sessions:

We assumed before in modelling the SRR procedure that 3 PDU sessions were
active when this procedure is launched, but we do not have a strong assumption on
this value. Hence in Figure 4-8, we vary the number of PDU sessions to visualize
its effect on the required CPU cores for both AMF and SMF using the average
frequency without the correction factor. From these results we can deduce, up to
until 1 million users, that the number of active PDU sessions does not significantly
affect the required CPU cores for AMF and SMF.
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CPU for AMF and SMF varying the number CPU for AMF and SMF varying the
of PDU sessions for Nusers=100k users number of PDU sessions for Nusers=1
0,6000 million users
0,5000

6,0000
0,4000 > — 5,0000
20000 >.£_*

0,3000
3,0000
0,2000
2,0000
0,1000 1,0000
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Figure 4-8 Number of CPU cores for AMF and SMF in function of number of users
for different number of PDU sessions
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Chapter 5 shifis the focus from eMBB services, studied in the previous chapters, to
URLLC services, specifically cooperative, connected, and automated mobility
(CCAM) services. To provide reliable and low-latency network requirements for
CCAM services, 5G technology is identified as the optimal provider. However, the
provision of CCAM services involves multiple stakeholders from different fields,
such as MNOS, OEMs, and regulators. This chapter studies potential business and
collaboration models that benefit from emerging 5G technologies such as network
slicing and MEC. To assess the viability of the identified business models, a cost-
benefit analysis is conducted. Furthermore, a cost allocation model is developed
to share 5G deployment costs among the various business actors involved.
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Abstract—Cooperative, connected and automated mobility (CCAM) has a great
potential to change drastically the mobility landscape and improve safety on the
roads by assisting drivers to take the best decisions in given circumstances or by
supporting autonomous driving features aboard the car, among other expected
benefits. Yet, providing CCAM services poses not only technical but also business
challenges, especially in cross-border environments. In this paper, we present a
general techno-economic methodology intended first, to identify the cross-border
ecosystem and the potential business models to enable CCAM services provision
and second, to derive the Total Cost of Ownership (TCO) of deploying the
required Vehicle to Infrastructure (V2I) and Vehicle to Network (V2N)
infrastructure. As an illustration, we then apply this methodology to a canonical
Cooperative Lane Merging (CLM) scenario in a representative border
environment (i.e., the Brenner pass between Italy and Austria). Finally, a cost
allocation model is developed to link these deployment costs to the key
stakeholders within the identified business models. Results aim to give insights
into the different deployment strategies in typical cross-border environments and
settings.

Keywords: CCAM services, 5G, SDA, Network slicing, MEC, Business
model, Cost model, Techno-economics, Cross-border environments.

5.1 Introduction

In general, borders can have a variety of effects on the economy, with negative
effects such as barriers to trade and investment being the most recognized.
Borders can create barriers to trade, such as tariffs, which can increase the cost of
goods and reduce trade. They can also create barriers to investment, such as
regulations and political instability, which can discourage investment and reduce
economic activity which can lead to fragmentation of production and supply
chains, reducing efficiency and productivity [1] and [2].

Therefore, the European Union (EU) has adopted in 1993 the concept of the
European Single Market, also known as the Internal Market. The Internal Market
is a single market created by the EU to allow the free movement of goods,
services, people, and capital within the EU. It is one of the EU's main
achievements and is considered as a key driver of economic growth and job
creation [3]. To reach the objectives of the single European market, the European
mobility corridors have received a lot of attention from the European Commission
(EC) due to their crucial role in connecting regions and cities, and in supporting
economic growth and integration. Additionally, mobility corridors can foster the
development of new technologies, such as autonomous vehicles and smart
logistics, which can further improve the efficiency and sustainability of the
transportation network [4].
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On the other hand, the 5G paradigm consists of a set of promising technologies
such as network virtualization, network slicing, edge computing etc. These
technologies help not only Information Technology (IT) companies but also other
sectors to expand their markets, create new business opportunities and reduce the
cost of launching new services, among other advantages [5]. These technologies
can typically fulfil the requirements of various demanding classes of services,
such as high-capacity communications (i.e. enhanced Mobile BroadBand
(eMBB)), low latency and high reliability communications (ultra Reliable Low
Latency Communications (uRLLC)) or the ability to support huge numbers of
connected devices, typically up to 1 million connected device/km? (i.e. massive
Machine Type Communication (mMTC)) [6]. Enabling the related use cases is
expected to generate new revenues in different economic sectors. According to
several recent surveys and research [7] and [8], most of the generated 5G revenues
are expected in smart cities, connected factories and automotive domains. For the
last past years, even more particularly, the latter domain has received enormous
attention from industry players such as car manufacturers and Original Equipment
Manufacturers (OEMs), but also from research communities, regulators, and other
policy makers.

The European Commission (EC), for example, has adopted several initiatives (C-
ITS, CCAM [9] and GEAR 2030 [10]), agendas (5G strategic Deployment agenda
for CCAM [11]) and programs (CEF [12] and CEF2 digital [13]) in order to
accelerate the adoption of Cooperative Connected and Automated Mobility
(CCAM) in Europe by 2025 to 2030. This specific interest in CCAM deployment
from the EC is raised by major expected benefits of 5G-enabled CCAM along the
mobility corridors, such as a significant improvement of road safety, traffic
efficiency and comfort of driving, which can also boost further the single digital
market agenda of Europe besides the anticipated considerable decrease in CO2
emission on the roads (e.g. by adopting CCAM green use cases) [9].

However, these promising initiatives and agendas to cover all Europe’ corridors
with 5G networks for the support of CCAM services are facing a major challenge,
being the handling of cross-border environments. The latter indeed pose not only
technical issues related to 5G connectivity, but also unprecedented business-
related questions.

In fact, among the numerous possibilities offered by 5G, CCAM services rely
mainly on ultra reliable and low latency communication capabilities. Yet, crossing
countries’ borders induces a disruption of the connectivity and hence, of their
supported services as well, which is mostly due to roaming. Besides, possible gaps
in mobile networks coverage in cross-border areas also represent an issue to be
resolved in this context. At the business level, CCAM and V2X services in general
have a quite complex ecosystem involving multiple stakeholders from different
backgrounds, such as service providers, Mobile Network Operators (MNOs), road
operators, car manufacturers, regulators etc., whereas innovative and sustainable
business models that could take into account technical and legislative aspects are
obviously still missing [14]. Moreover, this CCAM ecosystem becomes even more
complex in cross-border contexts. Indeed, (i) some of the involved stakeholders
are needed on the two sides of the border, (ii) different legislations with respect to
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5G networks deployment may apply (e.g., different auction timelines and network
sharing policies) and (ii) road regulations would also need to be harmonized
across the involved countries (i.e., Europe in our case).
Therefore, to ensure seamless connectivity and services across the borders, all
these stakeholders need to work together, what poses several questions such as
“who will pay for the required network infrastructure?”, “how will the revenues
be shared among these stakeholders?”, etc. It is then crucial to define new
sustainable business models that can also integrate the technical dimension in such
cross-border environments. To solve out some of the cross-border challenges
mentioned above (in terms of both technical solutions and business models), the
EC has funded several research projects (i.e., SG-CARMEN, 5G-Mobix and 5G-
Croco) under the umbrella of H2020 program [15].
In this paper, we thus present a techno-economic framework specifically
developed in the scope of 5G-CARMEN to answer the following research
questions:

. Who are the involved actors in the CCAM ecosystem?

. What are the potential business models?

. What is the Total Cost of Ownership (TCO) of the different/possible

deployment scenarios depending on the used technology (5G, C-V2X)?
. What is the impact of new technologies (i.e., MEC and Network
Slicing) on the business case?

. How to allocate the deployment cost to the involved stakeholders?

Accordingly, we first identify potential business models for the provision of cross-
border CCAM services in the light of their related technical challenges. Then we
derive the Total Cost of Ownership (TCO) of deploying the V2I (Vehicle to
Infrastructure) and/or V2N (Vehicle to Network) communication infrastructure
required to fill network coverage gaps close to the border, given a canonical use
case example. Finally, we allocate the network deployment cost to the involved
key stakeholders, by using a cost allocation model. Note that in this paper, we
only focus on research questions related to connectivity and multi-stakeholder
issues, thus legislative and regulatory aspects will not be studied.

The remaining of the paper is structured as follows. In Section 5.2, CCAM
business models proposed in the literature will be analysed in the light of the
cross-border challenges. Then, Section 5.3 introduces the suggested techno-
economic framework to identify new business models and assess them
qualitatively and quantitatively and presents the selected use case. Section 5.4
discusses the results of our analysis in term of identified business models and cost
model results for both V2I and V2N deployment scenarios, as well as the cost
allocation to key stakeholders.
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5.2 Related work

To support the deployment of effective and secure CCAM services, it is important
to focus not only on the technical requirements and challenges, but also on how
these services will disrupt the current way of working, on their impact on the
market, as well as on the different market stakeholders. Hence, there is an obvious
need for establishing new business models that could better capture and predict the
great potential of these foreseen CCAM services.

It has been noticed in the literature that only few works have really investigated
CCAM services (and beyond, V2X-based services in general) from a pure
business model perspective [14]. In [14] , the authors classified relevant papers
and contributions according to various aspects, such as communication, security,
legislation and business. Among eight references, only one work partially focuses
on the business aspects of V2X services [16]. Therefore, the authors in [14] tried
to tackle these aspects by proposing a new business model that accounts for some
advantages of 5G technologies, namely network virtualization and technology
neutral solutions, by inventing the new role of “Joint Venture” that assumes a tight
coordination between all the involved stakeholders.

Due to the limited number of publications focusing on identifying V2X business
models, we shortly review best practices from other 5G V2X-related projects
hereafter. The SG-NORMA project [17] for instance identifies the business model
for vehicular connectivity with key service providers, MNOs, Car manufacturers
and consumers. They suggest that a network slice could be provided to each
vehicle manufacturer on behalf of its customers; however, vehicles from different
manufacturers may also want to communicate with each other. Service providers
will hence need to determine the most efficient way of addressing this issue.
Communication infrastructure and V2X systems may necessitate to be shared
between government agencies and operators as well. Therefore, we conclude that
a lot of issues are still open under this model. Concerning the revenue models,
they proposed that network operators may agree on a charging model with
automotive companies. Typically, a charge per active embedded device would
cover the connectivity needed for a core set of services, particularly autonomous
driving and safety measures. This could thus be used as a rental charge to recoup
the extra cost of the coverage network (including road-side sensors and units)
necessary for these services to work. But roadside units are not deployed or
operated by MNOs, hence the proposed revenue model lacks the description of the
revenue sharing between MNOs and road operators/authorities.

In the SGCAR project [18], the objective of the analysis of the V2X business
models is to identify how 5G could enable new business models in the V2X
ecosystem. The study considers three different categories of V2X services, namely
1) existing services, i.e. services already available on the market for the connected
car (emergency call, remote diagnostic, etc.), 2) autonomous driving features and
3) convenience services intended to enhance the user experience. Each service is
described with several business model parties involved in the value chain and
necessary for service provision. However, due to the highly dynamic nature of
both telecom and automotive industries, the study does not describe the whole
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business model, rather it highlights what are the important elements for creating
innovative business models for each service.

In the METIS II project [19], the business model of reference is the wholesale-
based model on a Business to Business to Consumer (B2B2C) basis. Accordingly,
the user pays the manufacturer for the service rendered and the car manufacturer
shares revenues with the service provider. In an alternative model, the end user
pays the MNO for the connection and buys the car from the automaker.

In addition to the previous EC-funded projects, the SGPPP Automotive working
group has released several white papers studying the 5G V2X deployment from
both technical and business feasibility standpoints, like [20] and [21]. For
instance, the latter white paper [21] studies the business feasibility of such a
deployment, and discusses five different network infrastructure sharing models,
being:

1. Passive infrastructure sharing: only passive infrastructure elements such as
base station location, masts, power generators, and air conditioning
equipment can be shared between operators. These elements could be
deployed by a joint MNOs group, road Infrastructure Operators or third-party
infrastructure providers. Savings are estimated by [22] to be 16% to 35%
CAPEX and 16% to 35% OPEX.

2. Active infrastructure sharing excluding spectrum: in this model, active
elements of the mobile network can be shared like antennas, BBU, RRU etc.
However, each operator uses her/his own spectrum. Savings are assumed to
be 33% to 35% CAPEX and 25% to 33% OPEX according to [22].

3. Active infrastructure sharing including spectrum sharing, in addition to active
equipment sharing as discussed in the previous model; radio frequencies can
be shared between the different operators as well. One operator can deploy the
Radio Access Network (RAN) and open it up for the use of the other
operators, including the spectrum. This RAN is connected to the different
operators’ core networks. This scenario is described in more detail in [23]
“Scenariol: Multiple core networks sharing common radio access network in
R99”. Savings are estimated by BEREC to be 33% to 45% CAPEX and 30%
to 33% OPEX [22].

4. Core network sharing: 5G core network elements such as computing, and
storage resources can be shared on top of active and passive infrastructure.
This model is also described in [23] as a “Multiple radio access networks
sharing common core network”. Sharing only core network elements shows a
marginal cost saving [22], yet if also RAN elements are shared the cost saving
will be similar to that of the previous sharing model.

5. National Roaming: It can be also seen as an active network sharing wherein
one single operator deploys her/his network in the service area and serves the
other operators’ customers based on an agreement made between them. This
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model is referred to in [23] as a “Geographically split network using national
roaming between operators”.

Although relevant business models have been discussed in the literature, in 5G
V2X projects and in 5GAA white papers, they mainly focus on the deployment of
CCAM services within a unique country and discuss ways to enhance the 5G
network deployment in order to support such CCAM services.
In a cross-border scenario, the service area is composed of several sub-areas
belonging to different countries and operators. This makes some of the business
and sharing models mentioned previously infeasible due to spectrum license
issues, country-specific regulations and laws, or they simply cannot be adopted
because the underlying assumptions would not ensure the continuity of CCAM
services. For example, the active sharing model excluding the spectrum cannot be
adopted in a cross-border situation as an operator cannot use the active cellular
antennas of another operator in a different country without owning the spectrum
license. Even the active sharing model including the spectrum is hardly applicable
in this scenario for CCAM services without assuming additional tighter
collaboration between the involved mobile network operators. This is because if
different RANs belonging to different operators are used, there would be an
obvious service discontinuity, hence requiring a roaming procedure when crossing
the border.

5.3 Techno-economic analysis methodology and use
case

Techno-economic analysis is a method that combines technical and economic
factors to evaluate the feasibility of a project. By considering both technical and
economic factors, the techno-economic analysis provides a comprehensive
evaluation of the feasibility and potential profitability of providing CCAM
services using 5G networks.

5.3.1 Techno-economic methodology

With a clear focus on business models and their viability for providing CCAM in a
cross-border environment, we developed a generic methodology that consists of
four main consecutive and iterative steps (illustrated in Figure 5-1):

1. Value network and business models identification: this can be achieved
by firstly defining the different business roles and stakeholders involved,
and secondly the interactions between them. Different ways of
interactions result in different value network configurations, and
accordingly in different individual business models for the stakeholders.

2. Business case viability study: A Total Cost of Ownership (TCO) model
as well as revenue assumptions are used to calculate an Average Revenue
Per User (ARPU), which can later be benchmarked to similar CCAM
services prices.
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3. Impact of new technologies on business case: this step consists in
investigating the impact of the innovative technology on the business
case. Here, specifically the impact of network slicing as well as MEC
placement will be studied.

4. Sensitivity analysis is elaborated to assess the degree of uncertainty that
links the model outputs to the inputs.

1. Value network and business model

*|dentification of key stakeholders
sEstablishment of value network
*Potential business models

2. Viability study

*TCO model

*Revenue assumption
«Cost-benefit trade-offs
*Socio-benefit

3. Sensitivity Analysis
*Basic sensitivity analysis
*Global sensitivity analysis

3. Impact of new technology on business
case

* MEC placement
*Network slicing

Figure 5-1 Techno-economic analysis methodology for CCAM in cross-border
scenario

In this paper we mainly focus on 1) the business model identification (first step)
and 2) the TCO of the different network deployment scenarios (part of the
Viability study step) and 3) the impact of MEC placement on the cost of the
different deployment scenarios which will be integrated in the cost modelling of
the different V2N deployment scenarios. In addition, a cost allocation model is
developed to allocate the cost of the different network deployment scenarios to the
key stakeholders identified within the different business models.

5.3.2 Use case and cross-border corridor under study

Four families of use cases were initially considered in SG-CARMEN namely
cooperative manoeuvring (CM), situation awareness, video streaming, and green
driving [24]. For our study, we focus on the cooperative manoeuvring, which has
been selected more recently as a flagship use case in alignment with the choice
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made in the simulation and field-trials [25]. The CM use case addresses the
coordination of trajectories of a group of vehicles in close proximity by first,
sharing in-vehicle produced data, e.g., from on-board cameras, lidar, radar and the
different on-board sensors and second, gathering other vehicles’ information with
combination of a precise positioning and traffic information. The goal is to help
the driver (or the autonomous driving system) to have a clear and better view of
the surrounding environment [same previous reference].

More specifically, the Cooperative Lane Merging (CLM) sub-case is considered
as a reference scenario because it relies on 5G-aided cooperative position
awareness and raises a variety of technical challenges in view of ensuring service
continuity in a cross-border context. The CLM scenario considers a set of vehicles
in which one of them wants to change its lane, due to any condition preventing the
continuation of the driving on that lane (e.g., a line end) to an adjacent lane in
which other vehicles are already driving. In a highway section, this situation may
occur in different locations simultaneously. One could then set the start of the lane
merge at different points with regard to the start of the cross-border area (i.e. and
accordingly, assuming that the CLM procedure is initiated and completed before,
while or after crossing the border), as represented in Figure 5-2 [26]. Two
deployment options have been identified for the CLM system architecture. The
first option is the centralized mode where either V2N connectivity (via LTE or 5G
NR) using eNBs (eNodeB) /gNBs (gNodeB), or V2I connectivity via PC5-Mode4
using Roadside Units (RSUs) is used to connected to a centralized resource
hosting the manoeuvre management application (ideally a MEC). The second
option consists of a decentralized CLM mode where only V2V connectivity via
PC5-Mode4 is used whereas the manoeuvre management application is hosted on-
board in each vehicle [27]. In this paper we consider only the first option being the
Centralized CLM, as illustrated in Figure 5-3.
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Figure 5-2: Illustration of Cooperative Lane Merging scenario. It is represented an
imaginary border line followed by a special area where the communication service
may be interrupted or altered. In the upper part of the figure, the lane merge occurs
before the crossing of the border area but one of the vehicles involved is after the
border line. In the lower part, the merging occurs within the border area, although
one vehicle involved has not crossed the border line yet [26].
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Figure 5-3: The two centralized CLM deployment options, 1) the green arrows present the
V2N-based connectivity where a base station is involved in the communication between the
vehicles to execute the centralized CLM; 2) the blue arrows present the V2I-based
connectivity using roadside units for the communication between the vehicles to execute the
centralized CLM [26].

The considered highway in this study is the motorway linking Bologna to Munich
over 600 km and crossing three countries namely Italy, Austria, and Germany.
More specifically, we started our analysis with the Brenner pass (border between
Italy and Austria), which is a 4.5 km junction of the considered highway.
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5.4 Techno-economic analysis results

By using the techno-economic methodology outlined, we initiate our analysis by
identifying the potential business models that can support the delivery of CCAM
services. This is followed by a comprehensive evaluation of the costs associated
with deploying the network that will provide these services, taking into account
various deployment scenarios and the technologies adopted. The final step of this
analysis requires a cost allocation exercise that links the costs of different
deployment scenarios with the stakeholders involved in the identified business
models.

5.4.1 Business model identification

In order to identify potential business models for providing CCAM
services in cross-border settings, we use the Value Network analysis of
Verna Allee [28]. Based on this framework, the first step in of the analysis
is to identify the ecosystem. This can be achieved by following several
steps:

e First, the business roles, indicating “what is being done”, should be
identified.

e The second step consists of the establishment of the value network,
which depicts the interactions between these roles.

e The next step is the identification of business actors, showing “by
whom” the roles are executed. In this step, actors are identified based on
real world examples. These business actors are mapped onto the value
network, resulting in a value network configuration.

After generating several network configurations, from a specific value network
configuration, a business model per actor can be deduced, representing the
incoming and outgoing value streams of this actor.

Key business roles and Value network

As a result of several rounds of discussion and feedback with the 5SG-CARMEN
consortium partners who represent the CCAM-related industries such as mobile
network operators, car manufacturers, road operators etc. the business roles of
CCAM ecosystem in cross-border settings have been identified. These business
roles are classified into two categories being:

1) key business roles which represent those who are directly impacted by CCAM
provision in the cross-border (summarized in the left part of Table 5-1) and

2) important business roles which are required to support (e.g. by providing
adaptable regulations or required equipment etc..) the key business roles in their
operations. These business roles are: Regulations/ Policies (role-8) both a national
and international level and are developed to codify CCAM ecosystem;
Telecommunication standardization (role-9): follows the increasing technological
needs, aiming at having common rules and definitions of each technology among
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countries. Implementing these standards across the telecommunication industry
facilitates the inter-operability between different networks and systems; Third-
party infrastructure provision (role-11): provides network infrastructure i.e., the
tower company, which in many scenarios acts as a Neutral Host operator of
infrastructure and as such (i) enables the passive/active infrastructure sharing by
MNOs and other operators, (ii) hosts the edge computing nodes at the towers
located close to the highway; Network Orchestration provision (role-12): designs
and develops new solutions to solve orchestrations and management issues in the
specific cross-border setting.

Table 5-1 Summary of the key business roles presented in the left-hand side of the
table and the business actors presented in the right-hand side of the table
(discussed in the next section) involved in the CCAM ecosystem.

Business Description Business Description

roles actors

End user Consumes CCAM End user car driver

the CCAM | services in the

service cross-border area

consumpti

on (role-1)

Service Provisions CCAM CCAM this role can be taken
provision services e.g., CLM service by different entities
(role-2) provider depending on the

provided service (e.g.
cooperative merging;
video streaming etc.)
and will be detailed in
the value network

configuration
subsection.
Long- Provides long- road operator | Deploy and maintain
range range connectivity road infrastructure
Connectivi | (4G/5G) in the and provide short-
ty home country of range connectivity
provision the end user. like the Autostrada
Home del Brenner who is
country operating the A22
(role-3)
Long- Provides long- Mobile Deploys and
range range connectivity network maintains mobile
Connectivi | (4G/5G) in the operator networks and
ty visited country. (MNO) provides the long-

provision range connectivity
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Business Description Business Description
roles actors
Visited and can be MNO-
country home country or
(role-4) MNO-visited country
like Deutsche
Telekom (Germany),
Telecom Italia (Italy)
and Magenta
(Austria). MNOs can
also provide short-
range communication
in its LTE/5G version
C-V2X.
Short- In this work, focus Car Manufactures
range is on 5G-networks, manufacturer | connected cars like
Connectivi | thus for short-range BMW, Fiat etc.
ty communication, C-
provision V2X (more
(role-5) specifically in the
long term, 5G NR-
based C-V2X)
variant is adopted.
Since the short-
range
communication (5.9
GHz) is an
unlicensed band,
we do not make the
distinction between
home country and
visited country
because no
spectrum license
(which is national)
is required to
operate on this
frequency band.
Mobile deployment, Regulators/ such as the European
network operation and Policy commission, BEREC,
operation maintenance of makers governments
Home mobile networks
country (4G/5QG) in the
(role-6-1) home country of
the end user.
Mobile deployment, | Standards like 3GPP, S5GPPP,
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Business Description Business Description

roles actors

network operation and organizations | IETF etc.

operation maintenance of

Visited mobile networks

country (4G/5G) in the
(role-6-2) | visited country.

Road deploys safety 5G- the platform is
infrastruct | instructions and CARMEN developed by the 5G-
ure roadside units and platform CARMEN project and
deploymen | maintains road provider owned by the
tand infrastructure European
maintenan commission. This
ce (role-7) later can provide the
designed 5G-
CARMEN platform to

European MNOs in
order to encourage
them to open their
networks and
collaborate in align
with  the  Digital
Single Market agenda
or can be adopted by a
standardization body
such as 3GPP and
then MNOs  will
follow the standards
in this regard (CCAM
services in 5G
networks).

Car designs and
manufactur | produces cars that
ing (role- | support CCAM
10) services.

Since the CCAM environment is very complex, some assumptions have been
made to simplify the value network and to depict the most important actors, as
follows:

e We assume that cars are equipped with on-board units that contain all the
needed sensors and modems to be able to serve the selected use cases and
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that the car manufacturer is the responsible of that, hence, we do not include
equipment vendors (e.g., OEMs).

e Car insurance companies are not included: as the focus of the work is on
providing CCAM services in the cross-border setting, the role of this
stakeholder is addressed in many other H2020 projects such as [29].

e The relation between the third-party infrastructure provision (role-11) and
Mobile network operation (role-6) is not depicted in this value network same
as the relation between the equipment vendors and Car manufacturing to
simplify the value network.

The generic value network that depicts the relation between the different business
roles involved in the CCAM ecosystem is presented in Figure 5-4.
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Figure 5-4: CCAM generic value network which depicts the relation between the
involved business roles in the CCAM ecosystem,; Rx indicates that there is a
relation that links two business roles, yet the exact description of this relation will
become clear in the value network configuration step discussed in the next section.

Business actors, value network configuration and business models

The key business actors identified by the SG-CARMEN consortium have been
mapped onto specific business roles, resulting in a value network configuration.
This configuration illustrates the interactions and value streams between
stakeholders. However, the focus of this study is on four key stakeholders: mobile
network operators, road operators, car manufacturers, and service providers. These
actors must collaborate in order to provide seamless connectivity across the
corridor. Additionally, as this study considers a centralized system architecture
that relies on either V2N or V2I connectivity, the value network configuration and
business model of the mobile network operator and road operator will be
specifically addressed.
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Value network configuration 1: Mobile Network Operator (MNO) as CCAM
service provider

In this value network configuration, the Mobile Network Operator (MNO) takes
on the roles of Service Provision (role-2), Long-range Connectivity Provision in
the Home Country (role-3), and Mobile Network Operation in the Home Country
(role-6-1) and provides CCAM services to end users. For services that require
short-range connectivity in addition to long-range connectivity, there are two
options. The first is that the MNO leases this connectivity from road operators,
while the second option is that the MNO leases only the road infrastructure to
install its own equipment to deploy the short-range communication in its C-V2X
variant. This latter option corresponds to passive network infrastructure sharing.
The MNO agrees with car manufacturers on the required equipment to install in
cars, such as the On-Board Unit (OBU) and 5G modem, before providing the
service. This agreement can be made directly, via a consortium where several
MNOs and car manufacturers are members (such as SGAA), or via a mediator
entity. Additionally, on the other side of the border, the MNO providing the
service (MNO-H, role-3) needs to use the 5G connectivity of the visited country's
MNO (MNO-V, role-4) through a roaming agreement or other forms of
collaboration models, as discussed in the next section. These interactions are
illustrated in Figure 5-5.
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Figure 5-5: Value network configuration of MNO as CCAM service provider with
role-1: End user the CCAM service consumption, role-2: Service provision, role-3:
Long-range Connectivity provision Home country, role-4: Long-range Connectivity
provision Visited country; role-5: Short-range Connectivity provision, role-6-1/2:
Mobile network operation Home/Visited country, role-7: Road infrastructure
deployment and maintenance, role-10: Car manufacturing.

Value network configuration 2: Road Operator (RO) as a CCAM service
provider

In this case, the road operator (RO) plays the role of Service Provider (role-2) and
also handles the deployment and maintenance of the road infrastructure (role-7) to
provide CCAM services to end users. There are two categories of services the RO
can provide: those that only require short-range communications (V2I-based
services) and those that require long-range communications in addition to short-
range connectivity (V2N and/or V2I-based services).

V2I-based services: In this case, the RO deploys Roadside Units (RSUs) along
the corridor to ensure full coverage of short-range connectivity (C-V2X, ITS-G5
or a combination of both in a hybrid mode). Since many ROs only operate within
one country, it is unlikely that the RO from the home country (RO-H) has the right
to operate in the visited country. In such cases, an agreement must be made
between the RO-H and the RO of the visited country (RO-V) for the deployment
of RSUs. This agreement can be based on a passive or active sharing model. In the
passive sharing model, the RO-V hosts the active equipment of the RO-H in its
road infrastructure, whereas in the active sharing model, the RO-V provides
connectivity or access to its active equipment to the RO-H. This option is
presented as “option1” in Figure 5-6.

V2N and/or V2I-based services: In this case, the RO requires long-range
connectivity (i.e. 5G connectivity) to offer CCAM services. As a result, the RO
can lease this connectivity as a slice from MNO-H and MNO-V. The business
model for leasing slices from MNOs in a cross-border environment is discussed in
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more detail in the next section. This second option of the value network
configuration is presented as “Option 2” in Figure 5-6.
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Figure 5-6: Value network configuration of Road Operator (RO) as a CCAM
service provider with: role-1: End user the CCAM service consumption; role-2:
Service provision; role-3: Long-range Connectivity provision Home country, role-
4: Long-range Connectivity provision Visited country; role-5: Short-range
Connectivity provision,; role-6-1/2: Mobile network operation Home/Visited
country; role-7: Road infrastructure deployment and maintenance; role-10: Car
manufacturing.

Collaboration and 5G connectivity provision business models

When crossing the border, a handover has to be made between the network cell
(base station) to which the car is connected to, and which belongs to the home
MNO, to a new cell in the visited country that belongs to another MNO. This
switch of connectivity is known as roaming. In 5G networks, we have two types of
roaming, roaming with Local Breakout and Home Routed roaming. These two
roaming types are discussed in detail in the section “Gap analysis with state-of-
the-art systems” of [30]. The latter discussed why these two roaming types (in
their current implementation) cannot fulfil the key KPIs of the CCAM use cases
such as ultra-low latency and service continuity, hence the solution would be to
rely on the new technologies coming with 5G networks such as MEC and network
slicing. Therefore, new business and collaboration models using these new
technologies should be investigated to resolve this issue from also a business
model perspective.

However, the availability of these technologies namely MEC and network slicing
depends on the 5G networks deployment. It becomes somehow a consensus, that
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the 5G networks will be rolled out following two phases namely short and long-
term deployment following the standardization and the market readiness [31]. The
first phase is the Non-Standalone (NSA) 5G, which is like a transition phase
between the 4G and 5G networks, yet the second phase is a Standalone version
(SA) of the 5G networks. Therefore, in our study, for each phase different
business/collaboration models have been identified.

Short-term deployment

In the short-term deployment, the non-standalone option is prevailing, where a
5G- New Radio (5G-NR) in addition to 4G RAN are connected to the EPC (4G
core network), thus an end-to-end network slicing is not possible. The technical
architecture of 5SG-CARMEN described in [32] proposes that both operators at the
two border sides activate the inter-MEC interface to coordinate the handover prior
to its execution time. This proposal assumes a strong coordination between the
two operators; yet it is not always feasible given the different operators’ priorities
and visions. Therefore, another solution would be that a Mobile Virtual Network
Operator (MVNO) leases infrastructure and spectrum from both countries and
provides connectivity in the border to CCAM service providers or provides
CCAM services themselves to end users. However, adding an MVNOs to the
picture might lead to more complexity since the actual agreement for roaming
should be executed by MNOs that serve this MVNO in addition to several
regulation restrictions regarding leasing and re-selling radio spectrum. It might be
a good alternative that in first two to three years of kicking-off CCAM services
using V2I and V2V technologies (which will lead to offer of a limited set of
CCAM services, those that do not require a high-capacity connectivity).
Therefore, road operators will take a leading role in such a business model.
Long-term deployment

Based on the previous discussion, new business models must be identified to
ensure the continuity of services for the CCAM users. We assume that we have
5G networks deployed next to the border and MNOs’ networks support the end-to-
end slicing and MEC is deployed near the border in the three countries that the
highway is crossing.

Here we propose three new business models from an MNO perspective building
on top of the Value Network configuration: Mobile Network Operator (MNO) as
CCAM service provider described in section 5.4.1, these business models are
based on the idea of using network slicing to support CCAM services, this concept
is already used in [33], [34] and [35]:

1. Collaborative business model: In this case, the involved network operators
establish an agreement between them stating that they collaborate to design an
end-to-end slice that covers the entire corridor. This slice is (or multiple slices are)
designed and customized in such a way that they meet the requirements of the
offered services (typically an uRLCC slice for safety-related services and an
eMBB slice for infotainment and video streaming services). Within the 5G
network architecture, there are two types of handovers that are slice-aware, being
the Xn-based handover and the NG/5GC-handover [36], which allow the switch
between base stations while preserving the connection to the same slice.
Challenges resulting from this business model are i) the definition of cost-revenue
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sharing models that satisfy all the collaborating parties, and ii) the identification of
responsibilities for maintaining and troubleshooting the joint network slices. The
sharing model here is an active sharing model where slices of the network are
shared. A slice consists of computing resources and storage on the core network
side, a pipe on the transport network part and a pipe on the radio resource side as
well (e.g., reserved piece of the operator’s spectrum). The corresponding
collaborative business model is depicted in Figure 5-7.
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Figure 5-7: Technical architecture of the collaborative business model, here the
figure depicts the example of three MNOs in 3 neighboring countries designing a
common network slice to support the provision of CCAM services in the cross-
border areas.

2. Slice-as-a-service (SaaS) business model: operators that intend to cover the
corridor have to lease a network slice from the operators that cover different parts
of the corridor where they do not have network infrastructure deployed. One of the
technical challenges that the operators (who wants to provide services to the end
user) face is how to establish the continuity between different slices coming from
different operators. Imagine that we have the corridor that traverses Germany,
Austria and Italy and an Austrian network operator wants to cover this entire
corridor. In this case, this MNO needs to lease a slice from a German MNO and
another one from an Italian MNO, these two slices should be integrated into its
own slice to ensure the continuity of the provided services. Usually, the agreement
that should be made between the involved operators should clearly state the type
of the slice, the required KPIs, the Quality of Service (QoS) class, and the type of
the resource allocation model for this slice (static or dynamic allocation). All these
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requirements can be described in a Service Level Agreement (SLA). The Slice as
a service business model is illustrated in Figure 5-8.
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Figure 5-8: Technical architecture of the SaaS business model, here the figure
depicts the example of three MNOs in 3 neighboring countries and leasing a
network slice on their networks to MNO 3.

To understand the technical challenges of integrating the 3 slices (or even more), it

is needed to know that individual slice types are recognized by the so-called
‘Single Network Slice Selection Assistance Information’ (S-NSSAI), which
consists of two parts, namely the Slice Service Type (SST) and the Slice
differentiator (SD). The SST defines the specific slice type with its supported
features and services, and the SD, on the other hand, is used to distinguish
between multiple slice instances with the same SST-identifiers. Network operators
can create and use their own SSTs, but they might also choose to support the
standardized SSTs shown in Table 5-2.

Table 5-2: Standardized Slice Service Types (SSTs) [37]

Slice/Service type Characteristics.
value
eMBB Slice suitable for the handling of 5G enhanced Mobile
Broadband.

URLLC 2 Slice suitable for the handling of ultra- reliable low
latency communications.
3 Slice suitable forthe handiing of massive loT.

Using one of the standardized SSTs can help to simplify roaming scenarios, where
users are connected to a visited PLMN (Public Land Mobile Network) that could
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not support or know the S-NSSAIs from the user’s home PLMN. In this case, the
visited PLMN needs to translate the S-NSSAI of the user’s home PLMN to a
recognized one and connects the user to it.

In our case, the three slices coming from the three operators, in 99% of usual
cases, have different S-NSSAIs, which will lead us again to the case of roaming
and the discontinuity of the service. That is why the third operator (in our
example) has to figure out a solution to integrate the three slices to be seen as one
single slice with a single identifier (S-NSSAI). One solution could be, that
telecommunication regulators (e.g., BEREC) fixe a range of SDs that are reserved
only for cross-border usage, to simplify the integration of the different sub-slices.
This business model (Slice-as-a-Service) is gaining more and more interest from
several verticals such as transportation and logistics companies, healthcare
providers, factories and energy, automotive and utilities providers [38]. According
to the same source, the global market size of network slicing is forecasted to grow
from USD 161 million in 2020 to USD 1,284 million by 2025.

3. Non-collaborative model: in this case, every network operator deploys its
own network to cover the corridor independently from the others. However, the
network deployment could be non-cost effective due to the huge investment that
should be made to cover the entire corridor and the cost of the spectrum licenses
that the network operator must buy or lease in all the countries that the corridor
traverses. Additionally, the operator must comply with immense legal obligations
and costs of operating a mobile network in an additional country, unless a
harmonized European solution will be established. Besides, the roaming problem
is just transferred to another place in the visiting country because sooner or later a
switch between networks has to be executed.

In general, some challenges faced by the three discussed business models to be
realized in the real world are i) the lack of network coverage near country borders
and/or network interferences with foreign MNOs; ii) the adoption of different
deployment strategies of 5G networks (in both non-standalone and standalone
deployments) in the involved countries and the different timelines of these
deployments; iii) the necessary support of end-to-end slicing by the involved
MNOs networks, as well as MEC and finally iv) regulations that put restrictions
on buying and re-selling portions of the spectrum.

Based on confidential interviews made with telecom operators, the preferable
business model among the three discussed above is the collaborative business
model but with a detailed and defined cost-revenue sharing model. The second
business model seems a bit difficult to realize since the integration of the three
slices is technically very challenging, while somehow shifting the continuity issue
from the border to the edges of each slice. Finally, the third business model is not
realistic, even if it is still relevant to mention it for the sake of completeness in our
analysis.
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5.4.2 Cost modelling of the studied use cases

To evaluate the identified business models discussed in the previous section. We
developed a generic cost model and we then apply it to two sets of deployment
scenarios to support the centralized canonical use case, namely CLM, using V2I
and/or V2N connectivity respectively. These two sets of deployment scenarios are
studied in the Brenner pass for a highway portion of 4.5 km.

Generic cost model and scenario analysis

To evaluate the economic feasibility of the selected scenarios and identified
business models, a generic Total Cost of Ownership (TCO) model is constructed.
The model considers both Capital Expenditure (CAPEX) and Operating
Expenditure (OPEX), as well as overhead costs such as marketing and helpdesk.
The TCO model is composed of two main sub-models: the dimensioning process
module and the cost model. The dimensioning process module uses inputs such as
the network design principles, existing infrastructure on the corridor, traffic
densities, base station coverage, RSU coverage, and the project horizon to
determine the necessary network infrastructure to cover the entire corridor and
meet the defined Key Performance Indicators (KPIs). It is noteworthy that the
dimensioning process will be elaborated using system-level simulation tools (as
described in [27]). The cost model, which takes the bill of materials as well as
CAPEX and OPEX elements as inputs, calculates the TCO of the network
deployment needed to achieve full connectivity coverage of the corridor and
support CCAM services. The model is generic and is presented in Figure 5-9. This
cost model aims to calculate the cost of the network deployment needed to have a
full connectivity coverage of the considered corridor to support the provision of
CCAM services. A cost allocation model will be used when evaluating the
business case of each key stakeholder. In addition, considering the existing
infrastructure of the short-range communication (V2I infrastructure) and long-
range communication (V2N mobile networks) as a baseline and varying the
number of new RSUs and base stations to be installed beyond, as well as the
timeline of this deployment, will help defining different deployment scenarios.
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Figure 5-9: Generic cost model structure

For the viability study, the TCO model will be applied to a different set of
scenarios which is known as a scenario analysis exercise. The scenario analysis
technique has been chosen because of its best fit in strategic planning to evaluate
the potential outcomes of different input parameters on a quantitative model,
providing valuable insights for decision making, particularly when accurate
predictions are difficult to make. In our case being deploying 5G network to
support CCAM provision, scenario analysis can be helpful in assessing the
demand for networks and making deployment decisions [39]. The specific use of
scenario analysis in this study involves defining various deployment scenarios
(V2I and V2N) to consider different fleet penetration assumptions.

Cost modelling results of V2I deployment scenarios

For the V2I links with respect to PC5 Mode4 — enabled RSUs, three deployment
scenarios have been defined in alignment with the system-level simulations [27],
where service availability has been assessed as a function of different traffic
density figures. These three deployment scenarios are as follows:

e The baseline V2I scenario corresponds to the physical deployment currently
available in the studied corridor: 2 RSUs in total in the test portion of
highway of length ~ 4.5 km (i.e., ~ 0.5 RSU/km).

e The dense V2I deployment scenario: this scenario corresponds to a doubled
baseline density: 4 RSUs in total in the same environment (i.e., ~ 1
RSU/km).
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e The ultra-dense V2I deployment scenario: this scenario corresponds to a
quadrupled baseline density: 8 RSUs in total in the same environment (i.e., ~
2 RSUs/km).

Note that the names attributed to these different scenarios are defined based on the
densification of RSUs comparing to the baseline V2I scenario.

Model inputs and assumptions

Inputs used to run the cost model are classified as public values that can be shared
(derived from literature) and confidential (internal project data). For the latter
however, we provide practical intervals: 2 to 6 k€ for the cost per RSU, 20 to 50
W for the average power consumption per RSU and 10 to 15 k€ for the linear cost
of 1 km of fiber. In addition, the cost model is based on several assumptions that
should be made to get results as realistic as possible, as follows:

e A lifetime of 10 years is considered for RSUs [40];

e Project horizon is 10 years (hence no hardware renewal is anticipated)'®;

e Hardware installation cost is 15% of the hardware costs [41];

e  Maintenance cost for V2I infrastructure is assumed to be 2% to 5% of the
original hardware and labor costs (CAPEX) according to [40];

e The overhead cost is around 22% on top of the sum of the CAPEX and OPEX
costs [70].

e  Yearly costs are also corrected for inflation (time value of money) with 5% as
growth rate.

e Assuming a kWh price of 10.85 €-cents based on the average prices of
electricity for the industry in Belgium from 2008 to 2019 [43].

e The cost of electrification and cabling for the road infrastructure is quoted per
kilometer. This cost is there to support not only the V2I infrastructure but also
several other services such as public lightening etc. Hence, a cost allocation
metric is needed to allocate a part of that cost to the V2I infrastructure. In this
first version of the cost model, we start with 15% as a reasonable allocation
metric. This will be validated and updated afterwards, if necessary.

e The cost of fiber installation is quoted also per Km, assuming that fiber cable
will be installed along the entire corridor portion under study with the first
deployment scenario (to serve the first RSUs to be deployed). Hence, we
assume that there is no need for additional fiber installation when deploying
new RSUs.

e The TCO is the total cost of ownership for the project lifetime (hence, costs
are not discounted).

Model simulation
We simulated the cost model described in Section 5.4.2 for the three deployment
scenarios described previously namely the baseline, the second and the third

16 The lifetime of most equipment is almost 10 years thus the lifetime of the
project is also assumed as 10 years without renewal of hardware.
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scenario. CAPEX, OPEX, Overhead and the TCO have been studied accordingly.
The TCO at year N is the cumulative cost of N years including capital and yearly
operational expenditures as well as overhead costs.

1. Results of the baseline V2I scenario

This scenario corresponds to the existing deployment at Brenner Pass (i.e., at the
border between Italy and Austria). Although, this V2I infrastructure is already
deployed, results of the cost modelling of this scenario can give insights into the
deployment costs of similar infrastructure in other locations (i.e., the rest of the
corridor where no V2I infrastructure is already present). In addition, the
operational costs of the existing infrastructure have to be included in the total cost
of ownership of the final deployment (existing deployment plus additional
deployment required to support CCAM services at the cross border). Results of
the baseline scenario are depicted in Figure 5-10. From these results we can
conclude that the CAPEX is a significant cost to deploy the V2I infrastructure. To
understand the dominating component of the CAPEX, a cost breakdown is made
and illustrated in Figure 5-10. The figure shows that the two main cost
components are the fiber and electrification costs, yet the cost for RSUs is a minor
cost. Recurring costs are the OPEX and overhead costs. The TCO of deploying
and keeping up and running two RSUs in the considered part of the corridor for 10
years is 286K euro, thus the cost per km for the same period is 63.5K euro.

TCO of baseline V2I scenario CAPEX breakdown of the baseline V2I
€250.000 250,000 scenario
€200.000 €200.000
€150.000 €150.000
€100.000 €100.000
€50.000 £50.000
€0 geoomeomeomeE €0

1 2 3 4 5 6 7 8 9 10

1
B CAPEX  m OPEX Overhead cost CAPEX cabling and electrification = CAPEX fiber m CAPEX RSUs

Figure 5-10: Different TCO cost components of the baseline scenario (in left-hand side)
and CAPEX breakdown of the baseline scenario (in the right-hand side).

It is noteworthy that the cost of cabling and electrification of the considered
corridor portion is a significant cost and has a major impact on the TCO of the
baseline scenario. Moreover, in the absence of a strong assumption about the
allocation metric to be used to allocate this cost to the V2I infrastructure, results of
this analysis are considered as preliminary and would require further validation.
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2. Results of the dense V2I deployment scenario

The dense V2I deployment scenario corresponds to 1 RSUs/km (i.e., 4 RSUs in
the test sub-area of 4.5 km), thus adding two new RSUs comparing to the baseline
scenario. We simulated accordingly the cost model to derive two types of results.
First, we consider 1) the cost to deploy 4 RSUs at the Brenner Pass (4.5 Km of the
corridor) and keep them up and running for 10 years. This cost includes the
CAPEX of the two new RSUs (i.e., assuming we have already 2 RSUs installed),
the OPEX of the total deployed RSUs (i.e. 4RSUs). Second, we consider 2) the
incremental deployment cost (i.e., incremental comparing to the baseline
scenario), which means the CAPEX, OPEX and overhead costs of the two new
RSUs only.

The TCO and its cost components of deploying 2 additional RSUs and keep the
total 4 RSUs up and running for 10 years, two of them are already installed are
summarized in Figure 5-11. Results show that the CAPEX is not a dominant cost
component as is the case in the baseline scenario and this is because the
considered portion of the corridor (4.5 km on the Brenner Pass) is already
equipped with fiber and electricity. On the other hand, the OPEX of the second
scenario is slightly higher than the OPEX of the baseline scenario since on top of
the latter the power consumption and maintenance of the two new RSUs are
added. The total cost of ownership (TCO) and the TCO per Km for deploying 4
RSUs (two of them are already installed) and keep them up and running for 10
years are 87.6K euro and 19.5K euro respectively. Yet, the incremental TCO for
10 years of adding two new RSUs to the existing deployment is thus around 8K
euro, hence, the TCO per Km is almost 2K euro.

TCO components of the dense V2I deployment scenario

€ 14.000 (4 RSUs)

€ 12.000
€ 10.000

€ 8.000

€ 6.000
€ 4.000
€ 2.000
€0 1 2 3 4 5 6 7 8 9 10

Overhead cost 2066|1245 1308 1373 1442 1514 1589 1669 1752 1840

BOPEX 5301 5661 5044 6241 6553 6881 7225 7586 7965 8364
ECAPEX w0 0 o0 0o o o0 o o0 o o Yea
B CAPEX

Figure 5-11: TCO cost components of the dense V2I deployment scenario: CAPEX
of the two new and the OPEX of the total deployed RSUs i.e., 4 RSUs.
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3. Results of the ultra-dense V2I deployment scenario

The ultra-dense V2I deployment scenario corresponds to a quadrupled baseline
density which means 2 RSUs/km (i.e., 8 RSUs in the tested sub-area), hence
adding 6 new RSUs comparing to the baseline scenario. Similar to the dense V2I
scenario, we have simulated the cost model to derive two types of results:

1) The cost of deploying 8 RSUs in the Brenner Pass (4.5 Km of the corridor) and
keep them up and running for 10 years. This cost includes the CAPEX of the 6
new RSUs (we have already 2 RSUs installed), the OPEX of the total deployed
RSUs i.e., 8 RSUs.

2) The incremental deployment cost (incremental comparing to the baseline
scenario), which means the CAPEX, OPEX and overhead costs of the 6 new
RSUs.

The TCO and its cost components of deploying 6 additional RSUs and keep the
total 8 RSUs up and running for 10 years, two of them are already installed are
summarized in Figure 5-12. The Cumulative TCO of this scenario is 103,970K
euro which results in 23,104K euro per km. Like the dense V2I deployment
scenario, results show that the CAPEX is not a dominant cost component as in the
baseline scenario. On the other hand, the OPEX of this scenario is higher than the
OPEX of the baseline scenario since on top of the latter, the power consumption
and maintenance of the 6 new RSUs are counted. Yet, the incremental TCO for 10
years of adding 6 new RSUs to the existing deployment in the Brenner Pass is
around 24,540K euro, thus the TCO per Km is almost 5,5K euro.

TCO cost components of the ultra-dense V2I

deployment scenario (8 RSUs)
€ 25.000

€ 20.000
€ 15.000
€ 10.000

€0 N
1 2 3 - 5 6 7 8 9 10

Overhead cost 3921 1345 1412 1483 1557 1635 1716 1802 1892 1987
BOPEX 5821 6113 6418 6739 7076 | 7430 7801 8191 8601 9031
BCAPEX 12000 0 0 0 0 0 0 0 0 0

ECAPEX ®OPEX Overhead cost

Figure 5-12: TCO cost components of the ultra-dense V2I deployment scenario:
CAPEX of the 6 new and the OPEX of the total deployed RSUs i.e., 8 RSUs.

As a conclusion of the cost modelling of the three studied scenarios, installing the
first RSUs (i.e., baseline scenario) has a significant cost since we need to install
fiber and electricity cables which are considered as the dominant investment cost
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component based on Figure 5-10. Beyond, adding new RSUs will not have an
important capital expenditure since the required cabling to connect the additional
RSUs is already there. This conclusion can clearly be observed in Figure 5-13.

Cumulative TCO of the three studied scenarios

€ 350.000
€ 300.000

€ 250.000
€ 200.000
€ 150.000
€ 100.000
€ 50.000
€0

1 2 3 4 5 6 7 8 9

Incremental TCO of the ultra-dense V2I deployment scenario

10

® Incremental TCO of the dense V2I deployment scenario

B Cumulative TCO of baseline scenario

Figure 5-13: TCO and Incremental TCO of the three considered scenarios: figures
shows that the baseline scenario bears the higher TCO among the two other
scenarios since installing fiber and electricity cables to serve RSUs is the dominant
cost component.

The three studied deployment scenarios were simulated to occur in the same year.
However, it is an interesting exercise to vary the timeline of the deployment
according to the adoption rate of CCAM services and to study its impact on the
TCO. This will be elaborated based on the inputs from the market analysis and
will be subject of future works.

The impact of the variation of the infrastructure deployment in terms of
performance has been studied also from a system-level simulation angle. Results
show that the service availability, defined as the rate of completed CLM
negotiations when all the required intermediary messages have been correctly
received, can be satisfied (around 99.9%) with high road traffic densities (i.e., 83
vehicle/km) if we consider the ultra-dense V2I deployment scenario (8 RSUs),
whereas low road traffic densities (i.e., 28 vehicle/km) can be supported with the
dense V2I deployment scenario (4 RSUs) around 98.4% as service availability.
Yet, the baseline scenario (2 RSUs) results in a modest service availability 95.8%
and 71.9% for the road traffic densities 28 vehicle’km and 83 wvehicle/km
respectively [44].

Cost modelling results of V2N deployment scenarios

V2N deployment scenarios will also support the provision of the CLM centralized
option (i.e., using mobile networks based on 4G/5G connectivity) in the studied
corridor, the Brenner pass (border between Austria and Italy). Two initial
scenarios have been identified. As MEC technology is crucial in fulfilling the
latency KPIs discussed previously, two variants per scenario have been
considered, where MEC is installed either in a distant Data Center (DC), next to
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the core network, or alternatively, locally next to the tower (e/gNB). The
difference between these two variants is depicted in Figure 5-14.

e Baseline scenario V2N: corresponds to the physical deployment currently
available in the studied corridor portion, which means 2 installed eNBs,
working on 800 and 1800 MHz
o Baseline V2N scenario-a: MEC are installed next to the towers; thus,

in total we have 2 MEC nodes
o Baseline V2N scenario-b: MEC nodes are hosted in Data Center;
hence, one in Austria and one in Italy; in total we have 2 MECs.

e Dense V2N scenario: in addition to the current deployment, an
additional eNB will be installed (working on 800/1800 MHz).

o Dense V2N scenario-a: MEC are in the Tower; thus, in total we have
3 MEC nodes

o Dense V2N scenario-b: MEC nodes are in the DC; one in Austria
and one in Italy; in total we have 2 MECs.

Am ‘ Data Center
\/\ ~

, Data Center /-( Y

‘\
A Backhaul A « Backhaul AI. MEC
Network \/ Network ~ /
vic S LY
\ A/ \,3\_/'“
(a): MEC at the tower (b): MEC at the Data Center

Figure 5-14 Placement of the MEC (a) at the tower and (b) at the Data Center

Model inputs and assumptions

Besides the cost inputs and assumptions mentioned in the previous section,
additional data is used to run the cost model for these V2N scenarios. Some of
these data are confidential cost figures (i.e. project internal data) but fall in the
following intervals: Cost of building a new macro site (only the tower
infrastructure) is 30 to 50 k€; Cost of a 2G/3G/4G BS is 25 to 45 k€ (antennas
excluded); Cost for upgrading to 5G a 2G/3G/4G BS is 40 to 55 k€ including
active antennas; maintenance of mobile network equipment is assumed to be 10%
of the original hardware and labor costs (CAPEX) [41]. The cost of a MEC edge
server of type "gigabyte-h242-z10% is 10 k€ [45]; cooling system and cabinet costs
for MEC deployment are around 2.2 k€ and 2.5 k€ respectively [17].
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Model simulation

We have simulated the cost model described in Section 5.3.2 for the two
scenarios, described previously, Baseline V2N scenario-a&b and Dense V2N
scenario-a&b. CAPEX, OPEX, Overhead and the TCO have thus been studied for
each of the considered scenarios. The TCO at year N is the cumulative cost of N
years including capital and yearly operational expenditures as well as overhead
costs.

Results of the first scenarios being the Baseline V2N scenarios show that the
CAPEX of Baseline V2N scenario-a is higher than in Baseline V2N scenario-b,
since installing MEC next to the towers requires installing cabinets to host both
the MEC equipment and its cooling system, which are not required if we deploy it
in the data center. The different TCO cost components are illustrated in Figure
5-15. Results of the cost model for the Dense V2N scenario-(a & b) when an
additional eNB is installed are presented in Figure 5-16. Compared to the Baseline
V2N scenario, adding a new eNB adds around 500 k€ as an incremental
cumulative TCO for 10 years with 77 k€ as incremental CAPEX, 400 k€ as
incremental cumulative OPEX and 100 k€ as incremental cumulative Overhead
cost. The OPEX is a dominant cost in this scenario due to the site rental cost
required to host the new macro cell (eNB). On the other hand, deploying MEC
next to the towers means installing 3 MEC nodes in Dense V2N scenario-a
compared to only 2 MEC nodes in Dense V2N scenario-b, thus the CAPEX is
slightly higher as shown in Figure 5-16.
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Figure 5-15 TCO cost components of Baseline V2N scenario-a: MEC at the tower
(at the left-hand side) and Baseline V2N scenario-b: MEC at the DC (at right-hand
side)’”, Comparing the two TCOs we can conclude that installing MEC at towers is
more expensive than installing it at the DC and the dominant cost component here
is the CAPEX of the MEC nodes (Blue color).
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Figure 5-16 TCO cost components of Dense V2N scenario-a: MEC at the tower (at
the left-hand side) and Dense V2N scenario-b: MEC at the DC (at right-hand side),
Comparing the CAPEX of the two scenarios we can conclude that installing MEC
at towers is more expensive than installing it at the DC but this small difference is
cancelled out over 10 years since the dominant cost component here is the OPEX of
the eNBs (Orange color)which is equal in the two scenarios.

One could think about installing MEC nodes at different positions of the network
topology, that is, not only next to towers or in data centers. Therefore, MEC
clustering models is planned to be studied as a future work.

5.4.3 Cost allocation model

To evaluate the proposed business models for the key stakeholders namely the
MNO and the RO, a cost allocation model is required to link the cost of the
different V2I and V2N deployment scenarios to these stakeholders.

171t is worth mentioning that these results are under validation by the concerned MNOs
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Figure 5-17 Building blocks of the cost allocation model

The allocation model suggested here consists of two steps as presented in Figure
5-17 with the light blue (sub-models). First, the identification of the cost allocation
drivers which requires as inputs the scenario specifications (e.g., type of
connectivity used) and the business models (e.g., in collaborative business models,
the degree of collaboration helps in defining the cost allocation driver) as well. In
the second step, the actual allocation process is executed where the TCO of the
different scenarios is divided among the key stakeholders based on the cost
allocation drivers identified in the previous step. The outcome of this step is the
cost per stakeholder per business model. The building blocks of the cost allocation
model are depicted in Figure 5-17.

We applied this model to our case starting first by the identification of the cost
allocation drivers where the scenario specifications and the identified business
models are used as key inputs, results are summarized in Table 5-3.

Table 5-3 Identification of the cost allocation drivers

Input Description Cost allocation | Explanation
drivers
Scenario V2I and V2N | Type of | Allocate the cost of the
specifications | deployment connectivity deployment to the operator
scenarios that usually provides the

type of  connectivity
studied in that specific
deployment scenario (e.g.,

5G connectivity to MNO)
Geographical | Country of the Under national regulations
location of the | deployment and in cross-border

deployment environment, operators
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should be operating within
their home country.

Business
models

network sharing
(passive versus
active sharing)

Non- 100% allocation | In the non-collaborative
collaborative | to one | business model, each
model stakeholder. stakeholder bears the entire
cost of the deployment
scenario considered.
Collaborative | Degree of Using network sharing
model collaboration and | models results in different

cost savings [22]. Passive
infrastructure sharing
could save from 16% to
35% CAPEX and 16% to
35%  OPEX.  Active
infrastructure sharing
excluding spectrum could
result in savings from 33%
to 35% CAPEX and 25%
to 33% OPEX. Yet savings
in the active sharing
including spectrum sharing
model would range from
33% to 45% CAPEX and
30% to 33% OPEX.

For the second step of the cost allocation model, the list of the key stakeholders
and the TCO of the different deployment scenarios are needed. The key
stakeholders (previously identified in section 0) are the Mobile Network Operator
(MNO) and the Road Operator (RO). As the corridor segment under study is the
Brenner pass between Austria and Italy, we assume that MNO-A-1, MNO-A-2,
RO-A-1 and RO-A-2 are operating in the Austrian side of the Brenner pass
whereas, MNO-I-1, MNO-I-2, RO-I-1 and RO-I-2 are operating in the Italian side.
The TCO and the different cost components of studied deployment scenarios are
summarized in Table 5-4.

Table 5-4 TCO and cost components of the different considered deployment

scenarios
Scenari | Cumulati | CAPE | Cumulati | Increment | Increment | Increment
o ve TCO | X (€) ve OPEX | al al al
© (5] Cumulati | CAPEX Cumulati
ve TCO | (€) ve OPEX
(C) (C)
Baselin | 286,068 169,37 | 65,107 / / /
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Scenari | Cumulati | CAPE | Cumulati | Increment | Increment | Increment

o ve TCO | X (€) ve OPEX | al al al
(5] (5] Cumulati | CAPEX Cumulati

ve TCO | (€) ve OPEX
© ©

e V2I 5

scenari

o

Dense 87,610 4,000 | 67,812 8,180 4,000 2,750

V21

scenari

0

Ultra- 103,970 12,000 | 73,221 24,540 12,000 8,114
dense
V2I
scenari
0

Baselin | 284,717 53,400 | 179,975 / / /
e V2N
scenari
0-a

Baselin | 282,003 22,000 | 209,150 / / /
e V2N
scenari
0-b

Dense 920,961 119,10 | 635,786 636,244 65,700 455,811
V2N 0
scenari
0-a

Dense 865,699 99,400 | 610,189 583,695 77,400 401,038
V2N
scenari
o-b

As clearly shown in Table 5-4, we studied seven scenarios, three of them are V2I
connectivity-based scenarios and the four remaining scenarios are V2N
connectivity-based. Hence, given the cost allocation driver “type of connectivity”
(discussed in Table 5-3), the three V2I scenarios are allocated to ROs and the four
V2N ones are assigned to MNOs.

As for the V2I connectivity-based scenarios, three scenarios have been studied in
Section 5.4.2, namely the baseline V2I scenario (2RSUs), which corresponds to
the existing infrastructure on the Italian side of the border (deployed by RO-I-1);
the dense V2I scenario (4 RSUs) and the ultra-dense V21 scenario (8 RSUs). If the
Austrian RO (for example RO-A-1) would like to cover the Austrian side with the
same deployment as RO-I-1, within the non-collaborative business model, the cost
of the V2I deployment would be the TCO of the baseline V2I scenario. Whereas,




CCAM services provisioning in cross-border settings: techno-economic analysis
in the light of technical challenges 235

if RO-A-1 and RO-A-2 agree to share the investment cost different investment
cost savings could result from the different sharing models (passive versus active
sharing). For the dense V2I scenario, two additional RSUs must be installed. This
can be done by any ROs on the two sides, if the non-collaborative model is
adopted, the RO deploying these additional RSUs will bear the incremental TCO,
yet if one of the sharing models is adopted, savings on the incremental cost can be
gained. For the ultra-dense V2I scenario, where 6 additional RSUs will be
installed comparing to the baseline scenario, similar analysis is found. Allocated
costs as well as achieved cost savings are summarized in

Table 5-5. MONs on both sides could also realize cost savings as ROs if they
decide to also provide the short-range (V2I) connectivity and adopt network
sharing with ROs operating in the considered corridor.

For the V2N deployment, MNOs are responsible for the network deployment, yet
if ROs want to provide the CLM service using 5G connectivity, a slice can be
leased from MNOs based on either the collaborative (common slice designed by
MNOs on the two border sides) or the SaaS business models described previously
in section 5.4.1, but the network coverage needs to be complete (only in Dense
V2N scenario) and the price of leasing a slice is still unknown for the moment.
This is considered as a revenue for MNOs, which can help them to reach the ROI
(Return On Investment) faster. As for V2N connectivity, according to the Baseline
V2N scenario, we consider two existing eNBs, one of them is in the Austrian side
and the other one in the Italian side, with MEC at the tower (a) and MEC at DC
(b). Hence, the TCO can be divided, 50% being allocated to MNO-A-1 and 50%
to MNO-I-1. In the dense V2N scenario, we consider an additional eNB is
installed on the Italian side since there is a network coverage gap there, thus
Dense V2N scenario-a with 3 eNBs and MEC at the tower and Dense V2N
scenario-b with 3 eNBs and MEC at the DC. In the non-collaborative business
model one of the MNO-I will bear the incremental cost comparing to the first
scenario. Sharing models can be adopted by the Italian MNOs to save on the
investment cost. Cost allocation figures for the different scenarios are summarized
in Table 5-5.

Table 5-5 Allocation cost to MNOs and ROs based on the adopted business model

Allocation | Austria Italy
model
MNO | RO MNO RO

Baseline / RO-A-1: 286 k€ / /
V21 as cumulative TCO
Scenario for 10 years (non-

collaborative

model)

RO-A-1&2  can

save from 27.1 to

59.3 k€ CAPEX
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and 10.4 to 22.8k€
OPEX (passive
network sharing),
Thus, RO-A-1 and
RO-A-2 need to
invest from 102k€
to 124.3 k€ each as
TCO for 10 years.
RO-A-1&2  can
save from 55.9 to
60 k€ CAPEX and
163 to 228 k€
OPEX (active
sharing).  Hence,
RO-A-1 and 2
need to invest
from 102ke€ to 107
k€ each as TCO for
10 years.

Dense V2I
scenario

Deploying  two
new RSUs on top
of the baseline
scenario results in
8 k€ as TCO for
RO (non-
collaborative
model).
RO-A-1&2  can
save from 0.64 to
1.4 k€ CAPEX and
432€ to 950 €
OPEX (passive
network sharing).
Thus, RO-A-1 and
RO-A-2 need to
invest from 3Kke€ to
3.6 k€ each as
incremental TCO.
RO-A-1&2  can
save from 1.32 to
1.4 k€ CAPEX and
680€ to 950€ OPEX
(active  sharing).
Hence, RO-A-1
and RO-A-2 need
to invest from 3k€
to 3.1 k€ each as
incremental TCO.

Deploying two  new
RSUs on top of the
baseline scenario results
in 8 k€ as TCO for RO
(non-collaborative model).
RO-I-1&2 can save from
0.64 to 1.4 k€ CAPEX and
432€ to 950€ OPEX
(passive network sharing).
Thus, RO-I-1 and RO-I-2
need to invest from 3Ke€ to
3.6 k€ each as incremental
TCO.

RO-I-1&2 can save from
1.32 to 1.4 k€ CAPEX and
680€ to 950€ OPEX (active
sharing). Hence, RO-I-1
and RO-I-2 need to invest
from 3Kk€ to 3.1 k€ each as
incremental TCO.
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Ultra- / Deploying  two Deploying two  new
dense V2I new RSUs on top RSUs on top of the
scenario of the baseline baseline scenario results
scenario results in in 24.5 k€ as TCO for RO
24.5 k€ as TCO for (non-collaborative model).
RO (non- RO-I-1&2 can save from
collaborative 2 to 4.2 k€ CAPEX and 1.3
model). to 2.8k€ OPEX (passive
RO-A-1&2  can network sharing). Thus,
save from 2 to 4.2 RO-I-1 and RO-I-2 need
k€ CAPEX and 1.3 to invest from 8.7k€ to
to 2.8k€ OPEX 10.7 k€ each as incremental
(passive  network TCO.
sharing). Thus, RO-I-1&2 can save from
RO-A-1 and RO- 4 to 4.2 k€ CAPEX and 2
A-2 need to invest to 2.8k€ OPEX (active
from 8.7ke€ to 10.7 sharing). Hence, RO-I-1
ke each as and RO-I-2 need to invest
incremental TCO. from 8.8k€ to 9.3 k€ each
RO-A-1&2  can as incremental TCO.
save from 4 to 4.2
k€ CAPEX and 2 to
2.8k€ OPEX
(active  sharing).
Hence, RO-A-1
and RO-A-2 need
to invest from
8.8k€ to 9.3 k€
each as incremental
TCO.
MNO RO MNO RO
Baseline MNO-A-1: / MNO-I-1: 142.4 k€ /
V2N 142.4 k€ (non- (non-collaborative
scenario-a | collaborative model).
model).
Baseline MNO-A-1: 141 |/ MNO-I-1: 141 k€ |/
V2N ke (non- (non-collaborative
scenario-b | collaborative model).
model).
Dense MNO-A-1: / MNO-I-1: 778.6k€ | /
V2N 142.4 k€ (non- (non-collaborative
scenario-a | collaborative model).
model). MNO-I-1&2 can save up
to 195 k€ cumulative
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TCO (passive network
sharing)

And save up to 272.5
k€ cumulative TCO

(active network
sharing)
Dense MNO-A-1: 141 |/ MNO-I-1: 7247 k€ |/
V2N ke (non- (non-collaborative
scenario-b | collaborative model).
model). MNO-I-1&2 can save up

to 181.2 k€ cumulative
TCO (passive network
sharing)

And save up to 253.6
k€ cumulative TCO
(active network
sharing)

After conducting a thorough analysis of the deployment cost for each of the seven
studied scenarios, it has become evident that the collaborative business model is
the most economically promising option. This model is particularly attractive
when considering the implementation of passive and active network sharing
strategies. In this model, operators pool their resources and work together,
leveraging each other's strengths to provide 5G-based CCAM services. The cost of
deployment can be significantly reduced, as the expenses are shared among
multiple parties. Moreover, by adopting passive/active network sharing,
companies can reduce the cost of equipment, maintenance, and operations, further
increasing the profitability of this business model.

5.5 Conclusion and future steps

In this paper, a full techno-economic analysis of providing CCAM services in
cross-border environments was elaborated, based on CLM service as a canonical
case study. This analysis shows how challenging the cross-border environment is,
due to first, the technical considerations such as network coverage issues and the
need for new network technologies and implementations to fulfill the CCAM KPIs
and second, to business issues such as feasible and innovative business models
that enable cross-border collaborations to support the provision of the studied
services. The proposed business models rely on the upcoming technologies within
5G networks namely network slicing and MEC. These business models were
identified considering the two-phase roll out of 5G networks being the non-
standalone and standalone deployment. The collaborative business model seems to
be the most promising model based on MNO’s feedbacks but requires a review of
the current regulations such as the limitation of the transmit power of base stations
close to the border. The NSaaS (Network Slicing as a Service) business model
needs a strong intervention from the telecommunication regulators to be realized
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in cross-border settings. Cost modelling results provide insights into the TCO of
the different deployment scenarios for both V2I and V2N types of connectivity,
which can be used later as an order of magnitude to derive the required funding by
the EC to incentivize MNOs to densify their 5G deployment in the border regions.
In addition, a cost allocation model was developed to link the different scenarios
costs to the key stakeholders i.e., MNOs and ROs on the two sides of the
considered border (the Brenner pass in our case) within the identified business
models. Results of the allocation model show that adopting collaborative business
model (i.e., with infrastructure sharing) allows the involved operators to save on
the investment cost of the considered deployment scenario. The simulation of the
deployment scenarios to be rollout at the same year can be considered as a
limitation of this study. However, it could be worthwhile to investigate the effect
of varying the deployment timeline based on CCAM adoption and examine its
impact on TCO. In the future, a focus on revenue models will be necessary to
complete the business case evaluation. Additionally, the study could be broadened
to encompass CCAM in smart cities.
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Abstract— In this paper, we present a techno-economic analysis of providing a
Cooperative, Connected and Automated Mobility (CCAM) use case, namely
Cooperative Lane Merging (CLM), in a cross-border environment. Multiple
network deployment scenarios are proposed to provide Vehicle to Infrastructure
(V2I) connectivity with respect to PC5 Mode 4 — enabled RSUs. Total cost of
Ownership (TCO) model together with four revenue models are developed to
assess the viability of providing CCAM services in the studied settings. Results
show that the higher the number of simultaneous connected cars, the higher the
TCO of the required deployment needs to be to meet the defined KPIs and
especially for the green field deployment with no existing fibre cable or electricity
facilities. Another important insight from this analysis is that only with a high fleet
penetration rate of connected vehicles, a viable business case can be achieved.

Keywords—TCO model, techno-economic analysis, 5G networks, C-V2X, CCAM
services, revenue models, cross-border.

6.1 Introduction

Cooperative connected and automated mobility (CCAM) is one of the next big
trends and necessities in the transportation industry. This became clear with the
different European incentives and agendas with regards to connected mobility
corridors in Europe [1], [2]. However, providing CCAM services at continental
scale raises many challenges, amongst which the seamless cross-border continuity
of CCAM services is the important one. The latter is not only challenging from a
technical perspective but also from a business model one, due to the multi-
stakeholders’ nature of the CCAM ecosystem in the cross-border settings
(including car and equipment manufacturers, road operators, mobile network
operators, service providers, institutional entities...). To this end, the European
Commission has funded several projects to research these challenges and the 5G-
CARMEN project in which this study was carried out is one of them [3]. On the
other hand, to realize the societal benefits CCAM promise, penetration of
connectivity in passenger cars is essential. However, as for now, the automotive
industry remains divided on the technology aspect, hampering adoption of CCAM
in passenger cars [16]: “the stakeholders of the automotive industry (e.g., car
manufacturers and road operators) are still skeptical about the capability of the
telecom industry to take the lead in a market that has been dominated by dedicated
intelligent transport systems (ITS) deployments.”. Therefore, current adoption in
new vehicles is significantly lower than initially predicted, and it is highly
uncertain for upcoming years. Currently, it is increasingly considered as a societal
issue to provide assistive systems immediately for all and not only for car owners
of new cars who can afford increasing cost due to assistive services and advanced
levels of automated driving. Yet, several telecom network operators have openly
communicated, that investment into deploying the fifth generation of mobile
networks (5G) infrastructure in Europe will be targeted towards industrial uses of
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Internet of Things (IoT) and toward agglomerations with high population density.
European rural areas and highways without big agglomerations or significant
industrial IoT usage are openly rated as third level priorities in deploying 5G —
even significantly later than 2030 or 2035. This low prioritization of connectivity
deployment in highways especially next to country borders is justified by the high
investment cost required especially for low latency-sensitive services such as
CCAM services and for the unclarity around sustainable CCAM business models.
Therefore, the need for clear CCAM revenue models, that capture the revenue
streams and show how key CCAM stakeholders can pay off their initial
investment, is becoming more prominent. Hence, there is a need to shed more
light on identifying revenue models for CCAM service provision since in the
literature there are few papers, only discussing the investment costs and not the
revenue part as such [4], [5],[6].

In this paper we perform a techno-economic analysis to evaluate the provision of a
CCAM use case namely Cooperative Lane Merging (CLM) in the Brenner pass
corridor considering the use of Vehicle-to-Infrastructure (V2I) connectivity with
respect to Road Side Units (RSUs) based on the Cellular-V2X (C-V2X) sidelink
(i.e., PC5-Mode4). For this purpose, we first identified three deployment scenarios
with regards to different fleet penetration rates and developed a Total Cost of
Ownership (TCO) model to study the investment cost for these three deployment
scenarios (discussed in section 6.2). In section 6.3, we proposed four different
revenue models to evaluate the viability of the business case for the different
penetration rates.

6.2 CCAM deployment scenarios and Total cost of
ownership

We study the CLM use case detailed in [7], where one vehicle intends to move
onto a side lane containing already some vehicles. Hence, these side vehicles
should create a gap as such the initiator vehicle can insert between them. This
manoeuvre is centralized because a centralized manoeuvring application running
in the Multi-Access Edge Computing (MEC) or a local server (i.e., on local RSU).
The execution of the centralized CLM is based on the collection of the positional
information of the different vehicles. In our specific operating context, the CLM
procedure can be initiated and completed before, while or after crossing the
border. The highway segment considered in this study is the Brenner pass between
Austria and Italy of approximately 4.5 km of length [5].

6.2.1 Penetration rate assumptions

It would be unrealistic to assume a 100% of penetration rate of connected cars
from the starting year of the deployment. However, there is no common agreement
within the research and concerned communities about convergent forecasts of the
connected car penetration rate in the upcoming years. There are outdated studies
with findings ranging from pessimistic [8] to optimistic [9] penetration rates
which cannot be used as such since the automotive industry was hardly hit by the
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Covid crisis [10]. One way out is to follow two different approaches in
overcoming this issue:

1. Generic and abstract approach based on a variation of penetration rates:
In this approach, we work with a variation of penetration rates which are not
linked to specific starting year, i.e., working with abstracted years (year 1 to 10)
and hence give generic results that road operators or CCAM providers can use and
extrapolate when a clearer idea about the penetration rates and their evolution over
time can be conducted. The results of the techno-economic analysis using this
approach have been published in [5].
2. Assuming three penetration rate scenarios:

In this approach we define three different scenarios: Low, Medium and High
scenarios in line with the Strategic Deployment Agenda (SDA) study [15]. The
two first forecasts namely the low and medium scenarios are taken from the
CEDR’s MANTRA project [8], [15]. For these two scenarios they defined “Low
scenario” as the “business as usual” scenario, where the automated driving use
cases are taken into use as in usual market economy, utilizing solutions based on
the utility or economic value to the customer or user. In this low scenario, the fleet
penetration rate varies from 1.19% (2021) to 1.30% (2030). Our Medium scenario
is the “High scenario” in the MANTRA study where it is assumed an acceleration
of automated driving use cases via financial incentives such as reduced taxation or
via regulatory actions, for instance by mandating automated driving in specific
conditions. In the MANTRA study, they started the forecasts from year 2030, and
in this study, we consider 2021 as the starting year of the deployment hence we
consider a 1% yearly increase in sales for vehicles equipped with V2X
technologies to predict the missing figures. The penetration rate hence varies from
6.03% (2021) to 6.60% (2030). The High scenario is the most optimistic scenario
and is taken from IHS Mark-It study [11], where fleet penetration rate is rising
from 6.82% (2021) to 39.12% (2030).

6.2.2 Network deployment scenarios and resulting TCO

For the V2I links with respect to PC5 Mode4 — enabled RSUs, three deployment
scenarios have been defined. These three deployment scenarios are as follows:

e  The baseline V2I scenario corresponds to the physical deployment currently
available in the studied corridor: 2 RSUs in total in the test portion of
highway of length ~ 4.5 km (i.e., ~ 0.5 RSU/km).

e The dense V2I deployment scenario: this scenario corresponds to a doubled
baseline density: 4 RSUs in total in the same environment (i.e., ~ 1
RSU/km).

e The ultra-dense V2I deployment scenario: this scenario corresponds to a
quadrupled baseline density: 8 RSUs in total in the same environment (i.e., ~
2 RSUs/km).
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Note that the names attributed to these different scenarios are defined based on the
densification of RSUs comparing to the baseline V2I scenario.

The TCO model as well as input data used to run the cost model are described in
detail in [5].

Based on the number of simultaneous connected users/cars the required
deployment for each fleet penetration rate scenarios are derived to fulfil the
service availability KPI depicted in Table 6-1. For the low scenario a low
deployment scenario is defined where 2 RUSs are installed in the first two years
(for the green field deployment/ and maintain the existing 2 RSUs for the Brenner
pass corridor i.e., case of pre-equipped field) and by the third year an additional 2
RSUs are installed to ensure a low rejected CLC request rate. Yet, for the medium
scenario a medium deployment scenario is considered where from year one we
deploy 4 RSUs (4 new RSUs in the green field scenarios, but in the pre-equipped
where we have already 2 existing RSUs we add 2 additional ones). To mitigate the
high traffic generated by the high number of connected cars in the high fleet
penetration rate scenario 4 RSUs are needed in the first year but by the second
year 4 new RSUs are required to have 8 RSUs in total (considering the existing
infrastructure, 2 RSUs in the pre-equipped field scenario).

Table 6-1 The rate of rejected CLM requests based on the variation of the
connected cars for the three infrastructure density scenarios derived by means of
system-level simulations [5]

Fleet penetration RSU deployment

rate 2RSUs | 4RSUs | 8 RSUs
5% 14.9% | 0% 0%
10% 17.1% | 3.4% 0.1%
50% 21.3% | 5.2% 0.5%
100% 28% 6.4% 0.7%

The cumulative TCO per km (CUM_TCO perKM) for the three deployment
scenarios low, medium and high for two different type of fields i.e. green field and
pre-equipped field are depicted in Figure 6-1 and Figure 6-2 respectively.



Business Case Evaluation of Cooperative, Connected and Automated Mobility
Service Provision in cross-border settings 249

GREEN FIELD DEPLOYMENT FORTHE THREE
DEPLOYMENTSCENARIOS ACCORDINGTO THE
FLEET PENETRATION SCENARIOS
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Figure 6-1: Cumulative TCO per km for the low, medium, and high deployment
scenarios for a green field corridor segment

As expected, the higher the number of simultaneous connected cars, the higher the
TCO of the required deployment needs to be to meet the defined KPIs. Results
show how expensive it is to deploy in a green field of the highway where no
existing fibre cable or electricity facilities. The green field deployment is three
times more costly than the pre-equipped field deployment.

6.3 Proposed Revenue models

To evaluate the economic viability of the proposed CCAM services in the cross-
border environment, revenue assumptions have to be taken. We hereafter work
with four revenue models reflecting four different assumptions, aiming at giving
as much as possible of useful insights into the viability of the use case using
different revenue models for CCAM connectivity providers in the cross-border
area.
1.Revenue model 1: this model uses the assumption taken from the 5GPPP
automotive Working Group white paper [12], where they assume a revenue of
0.5 euro per user for each use of the highway segment (which has a length of
100 km). This connectivity fee can be collected via the toll fees on the highway
or via another approach depending on the operator providing the connectivity.
For our case we divide this 0.5 euro by 100 to derive the revenue per user per
use per km.
2.Revenue model 2: this model assumes that drivers of cars supporting V2X
connectivity would pay a yearly subscription of 250 euro (for Europe-wide
V2X services). This payment is done when buying new car such there is a
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lumpsum payment (for the car) and a yearly fee to benefit from the V2X
services. To have a unified metric to compare between the different revenue
models, we derive here as well a revenue per km using the average driven
distance in Europe per year, being 12,000 km [13]. Connected and assisted
driving functions significantly alter how driving on highways is perceived. It is
not lost travel time but for a significant part gained convenience with the safe
and legal capability to communicate. Assuming that out of average driven
12000 kilometres in the first years only a rather small fraction of 30 per cent
would be driven under full V2X connectivity supporting cars on highways; we
conservatively calculated that in distressing lower speed conditions the support
functions would be on for most of the time (some 80 per cent) and this would
rapidly amount to some 50 hours significantly improved convenience for the
driver. So, if we anticipate Euro 5 per hour for less distressing stop and go
traffic or rather boring highway travel this would lead to an estimated Euro 250
per year. Populations who drive significantly higher distances in new upper-
class cars would even have more attractive fictitious average rate per
convenient hour.

3. Revenue model 3: since we are studying the cross-border segment (the
Brenner pass) where an extra-investment is needed to ensure the CCAM
service continuity, it is reasonable to assume that in order to pay-off this extra-
investment we need to charge more for this specific segment in the toll fees.
Therefore, in this model we assume that the revenue of 0.5 euro per user for
each use of the corridor segment (of revenue model 1) is for the 4.5 km portion
of the cross-border segment.

4.Revenue model 4: in this model a cost-based pricing is considered. Starting
from the cost of the deployment needed and an Average Cost Per User (ACPU)
per km is calculated, thus adding a profit margin on top results in an Average
Revenue Per User (ARPU) per km. Usually the margin profit of Telco’s ranges
from 10% to 30% [14]. Using this revenue model, we guarantee to break-even
before the end of the project period (10 years in this study).
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PRE-EQUIPED FIELD DEPLOYMENT FOR THE
THREE DEPLOYMENT SCENARIOS ACCORDING
TO THE FLEET PENETRATION SCENARIOS
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Figure 6-2: Cumulative TCO per km for the low, medium, and high deployment
scenarios for a pre-equipped field corridor segment

We run the simulation for these 4 revenue models considering all the different
parameters and taking into account the three fleet penetration rate scenarios
presented in section 6.2, in order to derive the cumulative TCO per deployment
scenario (low fleet penetration scenario results in a low deployment scenario and
so on..) and also to calculate the number of users using the service to derive the
cumulative revenue per model and per fleet penetration scenario.

For the deployment scenarios we have, as usual, the two alternatives: deploying on
a green field segment of the corridor or on a pre-equipped one.

For all the scenarios we assume that:

* There is a way to collect the revenues from only the connected users (those
using the V2X connectivity in the studied segment) not all the users on the
road.

* For revenue model 4 we assume a profit margin of 10%.

* Since in the revenue model 4 the ACPU is used to derive the cumulative
revenue, we can only compare the cumulative revenue for the green field
deployment to the cumulative TCO of the green field deployment and the
same applies for the pre-equipped field. Yet, for the other revenue models
they can be compared to both deployment TCO.

Starting with the low fleet penetration scenario where we assume that the
cumulative TCO per km used is the one of the low deployment scenarios for the
green and pre-equipped field as presented in section 6.2.2.
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Figure 6-3 presents the cumulative revenue per km of all the revenue models as
well as the cumulative TCO per km of the two low deployment scenarios
(green/pr-equipped field). Results show that using revenue models 1, 2 and 3
would not allow to break-even neither during the project lifetime nor even in the
near future if the fleet penetration rate remains low. However, using revenue
model 4, we break-even around the fourth year for the pre-equipped field
deployment and around year 8 for the green-field deployment.

LOW FLEET PENETRATION SCENARIO: CUMULATIVE
TCO/KM VS CUMULATIVE REVENUE/KM
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Figure 6-3: Low fleet penetration scenario: Cumulative TCO/km VS Cumulative
Revenue/km for the four revenue models

For the medium fleet penetration scenario, we assume that the cumulative TCO
per km used is the one of the medium deployment scenarios for the green and pre-
equipped field as presented in section 6.2.2.

Similar to the low scenario, results presented in Figure 6-4, which presents the
cumulative revenue per km of all the revenue models as well as the cumulative
TCO per km of the two medium deployment scenarios (green/pr-equipped field),
show that using revenue model 1, 2 and 3 would not allow to break-even during
the project lifetime and even in the near future if the fleet penetration rate remains
medium, except for revenue model 3 which could break even around year 13 to 14
(2033 to 2034). However, using revenue model 4, we break-even around the fifth
year for the pre-equipped field deployment which takes longer than the low fleet
scenario and this is explained by the fact that the yearly increase of fleet
penetration (which drives the revenue) is very low to cover for the additional
required deployment which is double the required deployment for the low fleet
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penetration scenario. For the green-filed deployment scenario the break-even for
the medium scenario is reached around year 8 for.
MEDIUM FLEET PENETRATION SCENARIO:
CUMULATIVE TCO/KM VS CUMULATIVE REVENUE/KM
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Figure 6-4: Medium fleet penetration scenario: Cumulative TCO/km VS
Cumulative Revenue/km for the four revenue models

For the high fleet penetration scenario, we assume that the cumulative TCO per
Km used is the one of the high deployment scenarios for the green and pre-
equipped field as presented in section 6.2.2.
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HIGH FLEET PENETRATION SCENARIO: CUMULATIVETCO/KM VS
CUMULATIVE REVENUE/KM
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Figure 6-5: High fleet penetration scenario: Cumulative TCO/km VS Cumulative
Revenue/km for the four revenue models

Figure 6-5 shows that even with high penetration rate (which means high number
of users) revenue models 1 and 2 cannot pay-off the investment cost. But, for the
revenue model 3 and unlike the low and medium scenarios, the break-even point
can be reached around the fourth year (2024) for the pre-equipped field
deployment and around year 2031/2032 for the green-field deployment.

However, for the revenue model 4, we see that the break-even point is reached
later compared to the low and medium scenario, around year 8 for the pre-
equipped field deployment (comparing to year 4 in the previous two scenarios)
and between year 8 and 9 for the green field deployment (comparing to only at
year 8 in the previous scenarios). This can be explained by the fact that the
revenue model 4 is based on the average cost per user which is very high in the
high deployment scenario comparing to the low and medium ones with a low
profit margin of only 10%. With higher profit margin, higher revenues can be
reached as shown in Figure 6-6.
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VARIATION OF THE CUMULATIVE REVENUES PER KM IN
FUNCTION OF THE PROFIT MARGIN
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Figure 6-6: Variation of the Cumulative revenues per km in function of the profit
margin for the three fleet penetration scenarios with a green-field deployment

If we assume that the revenue per user is charged as part of the toll fees, it is
difficult to differentiate between road users who are using the V2X connectivity
from those who are not. Therefore, we used our model to derive the ARPU for the
three penetration scenarios, low, medium, and High scenarios (which implies low,
medium, and high infrastructure deployment) while counting only the connected
users and then while counting all the road users (users of the corridor segment
under study). The results of this comparison are presented in Figure 6-7 and
Figure 6-8.
ARPUFOR THE THREE FLEET PENETRATION SCENARIOS FOR

THE GREEN/PRE-EQUIPPED DEPLOYMENT COUNTING ONLY
CONNECTED USERS

4.00

mARPU Low_Green Field mARPU Low_PreEquipped Field — w ARPU Medium Green Field
mARPU_ Medium_Pre-Equipped Fidld m ARPU_High Green Field u ARPU_High Pre-Equipped Field

Figure 6-7 : ARPU for the three fleet penetration scenarios for the green/pre-equipped
deployment counting only connected users
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It is important to mention that the two figures Figure 6-7 and Figure 6-8 have
different Y axis since the ARPU in the case where all the corridor segment users
are taken into account are way too small (in the order of 4 Euro-cents for the green
filed deployment) comparing to the case where only the connected users are
counted (3.5 Euro for low penetration rate in a green field deployment scenario).

ARPUFOR THE THREE FLEET PENETRATION SCENARIOS
FOR THE GREEN/PRE-EQUIPPED DEPLOYMENT
COUNTING ALLTHEROADUSERS

m ARPU_Low_Gireen Field = ARPU_Low_Pre-Equipped Field = ARPU_Medium_Green_Field

m ARPU Medium Pre-Equipped Fieldm ARPU High Green Field ARPU High Pre-Equipped Field

Figure 6-8 : ARPU for the three fleet penetration scenarios for the green/pre-
equipped deployment counting all the road users

Results also show a comparison between the ARPU/km for a green field versus
pre-equipped field deployment, which demonstrate how low is the ARPU (which
is based on the ACPU) that needs to be collected to pay-off the deployment cost in
a pre-equipped (brown) field comparing to a green field one.

In order to have a clear idea how counting all corridor segment users can reduce
the connectivity fees to be charged to the road users, we take the example of the
low penetration scenario: for the green field with counting only connected users
the fee requested per user for the 4.5 km of the Brenner pass is 4.5%3.5=15.75
Euro versus only 4.5%0.0438= 0.197 Euro (19 Euro-cents) if we consider all the
corridor segment users. For the high fleet penetration scenario for pre-equipped
field deployment, we need to request 4.5%0.19=0.855 Euro (85 Eurocents) when
only connected user are considered versus only 4.5%0.0145=0.0652 Euro (6.5
Eurocents) when all users are counted.

Hence it seems reasonable to incorporate the connectivity fee in the toll fees while
distributing it among all users rather than charge it directly to the connected users.

The main takeaways from this exercise are:

e For the low and medium fleet penetration scenarios, only revenue model
4 (the one based on the ACPU) guarantee to break-even before the end of
the project lifetime.

e  For the high fleet penetration scenario and using the revenue model 3 the
break-even point can be reached around the fourth year (2024) for the
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pre-equipped field deployment and around year 2031/2032 for the green-
field deployment (after the project lifetime), but models 1 and 2 are
always non-viable even with high penetration rate. Yet using model 4
guarantee to break-even before the end of the project for the two types of
deployment.

e Using a high profit margin in revenue model 4 help collecting more
revenues but on the expenses of the end user since a higher ARPU will be
charged.

e It seems realistic/feasible to incorporate the connectivity fee in the toll
fees while distributing it among all users rather than charge it directly to
the connected users.

6.4 Conclusion

In this paper we performed a techno-economic analysis of providing CLM use
case in a cross-border environment. The network deployment cost of three
deployment scenarios have been discussed with respect to the service availability
KPI. Results showed that the higher the number of simultaneous connected cars
present, the higher the TCO of the required deployment is, and discussed how
expensive it is to deploy in a green field of the highway where no existing fibre
cable or electricity facilities. The green field deployment is three times more
costly than the pre-equipped field deployment. We proposed four revenue models
reflecting four different assumptions, aiming at giving as much as possible of
useful insights into the viability of the use case using different revenue models for
CCAM connectivity providers in the cross-border area. Findings suggested the use
of a cost-based revenue model to ensure reaching a fast break-even point. A future
research topic might be to study the incorporation of the connectivity fee in the
toll fees to distribute it among all users rather than charge it directly to the
connected users. Finally, our future work will focus on the study of the use of
Vehicle to Network (V2N) connectivity link instead of V2I one.
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perspectives. Our research outcomes can guide MNOs in making informed
decisions about MEC technology deployment strategies.
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Abstract—The latency requirements of delay-sensitive applications such as
Cooperative, Connected and Automated Mobility (CCAM) services challenge the
capabilities of traditional vehicular radio access technologies, i.e., IEEE 802.11p
and cellular networks. To this end, the fifth-generation (5G) cellular network is
adopting the Multi-access Edge Computing (MEC) paradigm. Yet, the use of this
technology comes with several challenges. In this paper, MEC placement
challenges and their impact on network deployment costs are studied. We propose
three MEC clustering models and compare them from a cost perspective. Results
show that all the MEC clustering models outperform the non-clustering approach.
In addition, the conditions in which specific clustering models yield the most
optimal results are analyzed. Results aim at providing insights into cost-effective
MEC deployment models.

Index Terms—5G mobile networks, CCAM services, clustering models, TCO
cost model, MEC, MEC placement, techno-economics.

7.1 Introduction

Multi-access Edge Computing (MEC), Software-Defined Networking (SDN), and
Network Functions Virtualization (NFV) are seen as the key enabler technologies
for meeting the fifth-generation (5G) promised Key Performance Indicators
(KPIs) [1]. High capacity, low latency, and high reliability are among the
requirements needed to provide the three famous 5G use cases: ultra-Reliable Low
Latency Communications (uURLLC), enhanced Mobile Broadband (eMBB), and
massive Machine Type Communication (mMTC). One sector that has strict
requirements concerning the abovementioned KPIs is the automotive sector, and
even more so specifically when it comes to Cooperative, Connected and
Automated Mobility (CCAM) use cases. In particular, CCAM safety-related
services are delay-sensitive applications [2]. MEC technology, with its capacity to
reduce latency by hosting services close to users and data generators, is considered
essential for providing CCAM services [2].

The European Telecommunications Standards Institute (ETSI) stated that “MEC
offers application developers and content providers cloud-computing capabilities
and an IT service environment at the edge of the network. This environment is
characterized by ultra-low latency and high bandwidth as well as real-time access
to radio network information that can be leveraged by applications™ [3].
Furthermore, according to the 5G Automotive Association (5GAA), “MEC
technology is substantial for the realization of the V2X use cases that require low
latency on the one hand and are expected to increasingly generate data that can be
collected and processed closer to the user on the other hand” [4].

Within the scope of the 5G-CARMEN project, several CCAM use cases require
low latency and high reliability, such as cooperative and automated lane-change
maneuvers and cooperative and automated in-lane maneuvers. The latter have
been investigated in a more specific cross-border context, where roaming will
introduce a significant additional latency [5]. Therefore, the developed
architecture relies on the use of MEC technology to meet these KPIs [6].
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Although the MEC paradigm puts computation and storage capabilities close to
the edge or a Radio Access Network (RAN), suitable MEC placement within the
network topology raises significant challenges for Mobile Network Operators
(MNOs). From a cost perspective, a transition from centralized hosting models to
distributed/decentralized models results in significant deployment costs. From a
technical perspective, a highly distributed MEC deployment (i.e., next to each cell
tower) introduces security and technical challenges, such as the need for dynamic
service placement optimization and control of the impact on the latency KPI due
to the required inter-MEC switches. Therefore, a trade-off between latency and
cost needs to be reached to benefit from the potential of this new technology while
keeping the cost of network investment as low as possible.

Numerous papers in the literature have studied the MEC paradigm adoption to
support delay-sensitive services from different perspectives, such as challenges
and opportunities in [1] and [2], and dynamic service placement and migration
between MEC servers for all types of services in [7] and CCAM services in [§].
However, there is a need to shed more light on the MEC placement issue from a
cost perspective while fulfilling required CCAM service KPIs.

In this paper, we develop a Total Cost of Ownership (TCO) model to assess the
impact of MEC placement at different yet fixed levels within the network
topology on the network investment cost to support SG-CARMEN use cases.
Furthermore, to find a trade-off between CCAM-required latency and the cost of
MEC deployment, given certain parameters like the existence of certain network
infrastructure or the possibility of active/passive network sharing, we propose
three MEC clustering models. Concretely, we propose two variants of the star
topology model and the collapsed star topology model. We use the developed
TCO model to compare these three proposed MEC clustering methods. In
addition, since the star topology model requires links between the MEC node and
the next-generation Node-B (gNB) under the same cluster, an optimization
algorithm is developed to find the optimal MEC node position that minimizes the
total required fiber length.

7.2 Total Cost of Ownership model

7.2.1 Structure of the generic Total Cost of Ownership model

The generic TCO model structure for MEC deployment is presented in Figure 7-1.
The proposed model considers both the Capital Expenditures (CAPEX) and
Operational Expenditures (OPEX) as well as overhead costs such as marketing
and helpdesk costs. The main inputs of the model are related to the costs of the
hardware equipment. More specifically, these costs concern the MEC servers, the
cabinets to host the MEC hardware, the cooling system, the fiber backhaul, and
the cost of renting sites to host MEC nodes. These inputs feed into the CAPEX
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calculation where costs of hardware as well as installation costs are considered.
The OPEX, which represent the costs to keep the network operational, consist of
site rental, power consumption, and hardware maintenance. The cost of software
licensing is excluded from the calculation due to a lack of inputs. Next, overhead
costs, which cover marketing, helpdesk services, human resources, finance, etc.,
are approximated, based on the work of Casier [9], by adding 20 percent to the
sum of the CAPEX and OPEX. Finally, summing up CAPEX, OPEX, and
overhead costs results in the TCO of the MEC deployment. It is worth mentioning
that the application of this model is case-specific. In some cases, we do not need
to deploy new fiber to connect the MEC node to the rest of the network since a
fiber backhaul is already in place. In other cases, there is enough space next to the
tower (gNB) to host the cabinet, so there is no need to rent new sites to deploy the
MEC nodes. In addition, based on the placement of the MEC nodes in the
network, the need for a cabinet and a new cooling system is to be decided.

. Cooling Fiber ]
| Server || Cabinet || system backhaul Site rental

CAPEX
calculation
—
Hardware Power

maintenance consumption

[ I

.
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Model legend
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[

Figure 7-1 MEC cost model structure

7.2.2 Application of the TCO model to different MEC
placements within the network architecture

Given a generic network architecture, as presented in Figure 7-2, we studied the
cost of placing MEC nodes at the different levels of the network: at the MNO data
centers (DCs), at the core transmission sites, at the radio aggregation sites, or at
the RANs. We applied the cost model to the entire Bologna-Munich corridor case,
a corridor under study in the SG-CARMEN project that covers 600 kilometers
(km) and spans three countries. Assuming an average inter-gNB distance of 3 km,
we have around 200 gNBs in total installed next to the corridor. Since three
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countries are involved, three DC sites operated by three different MNOs are
considered. In the reference mobile network architecture shown in Figure 7-2,
which has been put forward in collaboration with two MNOs active in the 5G-
CARMEN project, there are 100 aggregation sites, which corresponds to almost
one for every second radio site. For every ten aggregation sites, there is one core
transmission site, which yields ten for the network in total. We considered the use
of one server per MEC node when the node is installed at a radio or aggregation
site. In case the MEC node is installed at the core transmission site or the DC, we
consider the use of two servers per MEC node, assuming that spare DC processing
resources can be used to support the processing of peaks in traffic.

We used the following costs to run the proposed TCO model: the cost of a MEC
edge server of type “gigabyte-h242-z10” is €10,000 [10]; cooling system and
cabinet costs for the MEC deployment are around €2,200 and €2,500, respectively
[11]; maintenance of mobile network equipment is assumed to be 10 percent of
the original CAPEX [8], and the price of electricity is €0.1085 per kWh [12].

Core Transmission
sites ~ 500

DC Sites ~2to 10

Radio Access
Aggregation

Radio sites: Au sites ~ 5.000
interface

gNBs ~ 10,000 -

Devices
~ Millions

Figure 7-2 Reference mobile network architecture

Table 7-1 shows a breakdown of the cost per cost type related to a MEC
deployment over a period of 10 years for each MEC location option. Note that the
cost results presented in Table I do not include the cost of fiber cables that link the
RANSs to the aggregation sites. Even though this cost has been excluded, which
represents a significant cost due to the cable installation cost, deploying MEC at
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the RANS is the costliest option. We refer to the latter deployment option in the
rest of the paper as the non-clustering MEC deployment. Yet, moving the MEC
placements up in the hierarchy of the network topology, i.e., closer to the DC,
significantly decreases the cost of the MEC deployment due to the lower number
of required MEC nodes. The latter impacts the end-to-end (E2E) latency for the
CCAM services, however. By placing the MEC nodes higher up in the network
topology, multiple hops are introduced between the connected vehicle and the
CCAM application instance, which is hosted at the MEC server. Therefore, the
round-trip time is affected, hence the need to find a relevant balance between
targeted latency and network deployment costs.

Nonetheless, rather than choosing one location type, one solution could consist of
performing MEC clustering, where one MEC node serves multiple gNBs at the
same time within the so-called cluster. Different clustering models are identified
and detailed in the next section.

Table 7-1 Different MEC placement costs
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. 10n sites sites
on sites
Nurpber 4 200 100 " X
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7.3 Proposed MEC clustering models

In addition to representing a costly solution, installing MEC nodes at each tower
has other disadvantages. First, it introduces security challenges, among which are
the need for physically securing each MEC node on the corridor and securing it
against intrusions at the software level. The exact required security measures in a
distributed deployment model are still unknown since MEC is currently being
deployed at MNO DCs. Accordingly, the related additional costs are still
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unknown. Second, installing MEC nodes at each tower has an impact on the E2E
latency because, if we increase the number of MEC nodes with a short inter-
distance, latency increases since switching from one MEC to another requires the
transfer of service-related data and sessions, which induces new latency of roughly
1-2 milliseconds (ms) per MEC switch. Therefore, MEC clustering could be
viewed as a solution that considers cost, security, and latency requirements. But
the question of how to define a MEC cluster still holds.

7.3.1 Star topology model

In this model, the MEC node is situated at the same distance from all the gNBs
within the MEC cluster and connected directly point to point with the gNBs with
two possible options:

* Option 1: The number of gNBs within the same MEC cluster is different from
the number of gNBs that are served by the radio access aggregation site, so
hosting MEC at the aggregation site will not make sense. In this case, we need
to lease a new site between the aggregation site and the radio access sites to
host the MEC node, as illustrated in the top left-hand side of Figure 7-3. In
addition, installing fiber cable is needed to connect each tower to the MEC
node.

* Option 2: The number of gNBs within the same MEC cluster is the same as the
number of gNBs that are served by the radio access aggregation site, so it can
be placed at the radio access aggregation site. This option is depicted in the top
right-hand side of Figure 7-3.

In both cases, we have to consider the cost of linking the MEC nodes to each other

with fiber cable to ensure inter-MEC communication.
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Figure 7-3 a) star topology with option 1 on the left-hand side and option 2 on the
right-hand side; b) bus topology on the left-hand side and collapsed star topology
on the right-hand side.

7.3.2 Collapsed star topology model

An alternative option to deploy MEC clustering is to co-allocate the MEC node
with one of the gNBs in its cluster instead of leasing a new site. The right-hand
side of Figure 7-3 presents this model. Connecting the MEC node to the different
gNBs can be done in two different ways:

e Option 1: As the bus topology, represented in the bottom left-hand side
of Figure 7-3, introduces more hops in the link between gNBs and the
MEC, we have decided to exclude this option for the sake of preserving
latency.

e Option 2: Point-to-point connections between each gNB within the
cluster and the MEC node could be installed, as illustrated in the bottom
right-hand of Figure 7-3. Hence, fiber cables are needed for the different
links. An optimization algorithm is developed to determine the best
position to host the MEC node while aiming at minimizing the total fiber
cable needed given the certain number of gNBs per MEC cluster.

Another option could consist of leasing fiber cables from road operators if they
have already been installed along the corridor. These two different options will be
compared from a cost perspective to give more insights to MNOs for the MEC
deployment options in section 7.5.
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74 End to End latency for different MEC
deployment options

MNOs and MEC service providers have been looking for deployment models that
help reach trade-offs between the required service KPIs and deployment costs. In
order to illustrate the impact of MEC placement on E2E latency, system-level
simulations were carried out by Poli et al. [13] within a centralized Cooperative
Lane Change (CLC) use case involving three vehicles. The targeted round-trip
latency is typically in the order of tens of ms, while the exchange delay
requirement should be kept lower than 100 ms from the generation time to the
reception time [15]. In these simulation-based evaluations, different road traffic
conditions were considered as well as a varying proportion of connected road
users generating their own CCAM data traffic (i.e., with up to 25 percent of the
simulated vehicles active in transmission, besides the three CLC vehicles under
test). This comparison encompassed decentralized, clustered, and centralized
MEC deployment options (respectively with one MEC per gNB, one MEC per
radio aggregation site, or one MEC per MNO DC). RAN latency was simulated
through ns-3 up to the application layer, including jitter at the radio level
depending on link quality, resource scheduling, and network load effects.
Conversely, higher-level latency components beyond radio access were set a priori
as abstract bounds, for example, by integrating typical extra delays related to
backhaul, core network, and possibly fast inter-MEC connections in the overall
latency budget. For instance, for backhaul latency and core network latency terms,
a distance-driven penalty of 2 ms was assumed for each component. These
assumptions are typically based on a coarse estimate of 1 ms per 100 km for fiber
transport. In addition, ultra-fast inter-MEC connections of typically 1-2 ms per
MEC switch for transferring service-related data/sessions were also considered,
whenever needed.

As expected, the overall E2E latency was hence shown to increase as a function of
network load (e.g., 6-12 ms for uplink messages, depending on the tested
configurations and radio settings). Moreover, the latency magnitude specifically
imputable to radio access seemed to dominate by far all other higher-level latency
components present in the overall budget (1-6 ms, depending on the MEC
placement assumption). This simplified illustration suggests that a fully
decentralized MEC option would be only marginally advantageous while
requiring more costly orchestration efforts and associated latency (not accounted
for in the previous study though), and hence, even larger latency. Therefore, a
clustered MEC deployment is likely to offer a relevant balance between
performance and cost.
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7.5 Cost comparison between the proposed MEC
clustering models

In order to find the best MEC clustering model in specific circumstances, we run
the MEC TCO model, as described in the second section, for each of the three
models described in the previous section, namely:

e  MI1: star topology model option 1, MEC node hosted in between the
radio sites and the aggregation sites;

e  MI12: star topology option 2, MEC hosted in the aggregation site;

e  M2: collapsed star topology, MEC hosted next to one of the towers
within the MEC cluster.

Multiple initial condition scenarios per MEC clustering model can be identified
and are parametrized in the models. They range from having no infrastructure in
place at all to already having part of the required infrastructure installed. For
models M11 and M2, two parameters have been used to describe four scenarios
per model. Specifically, one parameter captures the existence of fiber cables that
link the gNBs to the MEC node, and the other captures the need to lease a site to
host the MEC node. For model M12, however, the MEC node will be hosted in the
aggregation site, so there is no need to lease an additional site to host it. The M12
clustering model instead requires fiber linking the different aggregation sites to
ensure a direct inter-MEC connection. The prior existence of this link is captured
by an additional parameter, yielding four scenarios for M12 as well. In this paper,
we only compare the worst and the best scenarios of the three models. The worst
scenarios represent the greenfield deployments, which means no prior availability
of the infrastructure. Yet, the best scenarios consider the availability of some of
the required infrastructure. The worst scenarios of the three models combining the
abovementioned parameters are as follows:

e MI11: no prior availability of fiber from the gNBs to the MEC node and
no prior availability of hosting site;

e M2: no prior availability of fiber from the gNBs to the MEC node and no
prior availability of hosting site;

e MI2: no prior availability of fiber from the gNBs to the MEC node
(hosted in the aggregation site) and no prior availability of fiber
between aggregation sites.

The best scenarios of the three MEC clustering models combining the
aforementioned parameters are:

e MI11: prior existence of fiber from the gNBs to the MEC node and prior
availability of hosting site;

e M2: prior existence of fiber from the gNBs to the MEC node and prior
availability of hosting site;

e MI12: prior existence of fiber from the gNBs to the MEC node (hosted in
the aggregation site) and prior existence of fiber between aggregation
sites.

The corridor under consideration has 200 gNBs spanning 600 km of highway from
Munich to Bologna. Since the required number of gNBs that can be clustered per
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MEC node is not known, the total required number of MEC nodes is unclear.
Thus, a range of values is analyzed between four gNBs per MEC node and 24
gNBs per MEC node. Twenty-four gNBs are chosen as a higher bound because of
the hardware performance of the assumed MEC server, which can support traffic
of up to 24 gNBs [10].

The results of the cost models are visualized in Figure 7-4 and Figure 7-5.

Figure 7-4 shows the cost results of the greenfield deployment, which means no
prior availability of the infrastructure. As shown in Figure 7-4, M12 is the costliest
clustering model. It is 32—44 percent and 19—-89 percent more expensive than M11
and M2, respectively, depending on the number of gNBs per cluster. This is due to
the total fiber length needed to connect the 200 gNBs to the aggregation sites and
the aggregation sites to each other. Contrast this to clustering model M11, in
which the fiber links to the MEC node are aggregated, and only one cable is
required to link the MEC node to the aggregation site, reducing the total length of
expensive fiber connections required. Another important observation is that the
collapsed star topology (M2) is the most cost-effective model as long as fewer
than 17 gNBs are grouped per MEC cluster. If more gNBs are clustered per MEC
node, the total length of required fiber increases significantly, which makes the
model more costly than M11. This can be explained by the fact that if we increase
the number of gNBs per MEC cluster, the average distance between gNBs and the
MEC node in a collapsed star topology becomes bigger than in the one using the
star topology model.

When a significant number of gNBs per MEC cluster is considered, an
inconsistent relationship between the number of MEC clusters and the total cost is
noticed in M2. In fact, increasing the number of MEC clusters by one can be
cheaper than having more gNBs per MEC cluster and their related fiber
connections. This phenomenon can be observed starting from point (17, 11) on the
M2 curve in Figure 7-4.

Especially for the star topology model (M11), it seems rather unrealistic that fiber
cables would already be in place. In contrast, in the collapsed star model (M2),
where the MEC node is hosted next to one of the gNBs within the MEC cluster, it
is more likely that fiber cables are already present. These connections would
generally run along the roadside and might already be deployed by road operators
or MNOs. Therefore, we simulated a variant of the M2 model with different prior
infrastructure availability assumptions. Concretely, it is assumed that the MNO
will save on fiber cables by sharing the infrastructure in a passive or active way
with a different operator, which could be a road operator or an MNO. Using
network-sharing models results in different cost savings. According to a report by
BEREC [14], passive infrastructure sharing could save 1635 percent of CAPEX
and 16-35 percent of OPEX, while active infrastructure sharing could result in
savings of 33-35 percent of CAPEX and 25-33 percent of OPEX. Taking these
assumptions into account, we compared the collapsed star clustering model (M2)
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without prior infrastructure with active and passive fiber-sharing options to the
worst scenarios in Figure 7-4.

The results show that by sharing the fiber installation, the TCO can be reduced by
up to 31 percent (Figure 7-4). Active sharing yields more savings than passive
sharing: 32 vs. 25 percent. Importantly, even with a high number of gNBs per
MEC cluster, the collapsed star topology model (M2) with active sharing is the
least costly of all clustering models.

Cumulative TCO of the worst scenarios of the three MEC
models with M2 with active and passive fiber sharing
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Figure 7-4 The Cumulative TCO plotted against the number of MEC nodes for the
three MEC models, given no prior infrastructure availability, as well as for two
variations on M2 with active and passive sharing of fiber cable.

What if some of the required infrastructures for the MEC deployment are already
in place? Figure 7-5 depicts the best scenarios with the prior infrastructure
available for all models. It is found that the clustering model M12, in which MEC
nodes are hosted at the aggregation sites, is the most cost-effective clustering
option given prior infrastructure availability by 17 percent as a cost reduction
compared to the two other models. The source of the cost advantage of M12 over
M11 and M2 is the cost of the cabinet required to host the MEC hardware, since it
is assumed that there is enough space to host the required hardware at the
aggregation site. Additionally, models M11 and M2 are identical from a cost
perspective when prior infrastructure is maximally available. This makes sense
because exactly the same hardware needs to be deployed, since fiber connections
are already present and MEC hosting sites are available. Importantly, even the
most expensive clustering models M11 and M2 are less costly compared to the
non-clustering option described earlier. They have a TCO of €2 million, given the
highest number of MEC nodes required, compared to €7 million for the non-
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clustering model presented in Table 7-1, which resulted in 71 percent cost saving
on the TCO.

Cumulative TCO of the best scenarios for the three
MEC models
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Figure 7-5 The cumulative TCO as a function of the number of MEC nodes for best
scenarios of the three MEC models.

The main takeaways from this analysis are as follows. First, it is found that all the

MEC clustering models are less costly than the non-clustering approach, where
MEC nodes are hosted next to each gNB. Second, when no prior infrastructure is
available, the star topology model with MEC nodes hosted at the aggregation site
(M12) is the costliest model, while the collapsed star topology model (M2) is the
most cost-effective model as long as 17 or fewer gNBs are grouped per MEC
cluster. When more than 17 gNBs are grouped per MEC cluster, the star topology
model with MEC nodes hosted in between aggregation sites (M11) is the least
costly. Finally, when prior infrastructure is maximally available, the star topology
model with MEC hosted at the aggregation site (M12) is consistently the most
cost-effective clustering model.

In practice, no MEC clustering model fits all networks. The derived cost results
can help network operators decide which option to adopt given the status of their
network in the considered deployment region. In areas where a good fiber
infrastructure is already present, the star topology clustering model is likely to be
the optimal one. Yet, for remote areas where no fiber is installed, the collapsed
star topology model is likely the optimal clustering method, especially if passive
or active network-sharing strategies can be adopted.
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7.6 Conclusion

In this paper, three different MEC clustering models addressing the MEC
placement challenge are analyzed from a cost perspective, given latency
requirements. The analysis showed that all MEC clustering models outperform the
non-clustering deployment in both cost-effectiveness and efficiency: MEC
clustering models allow a saving of up to 71 percent on the TCO and a reduction
of E2E traffic latency of 1-6 ms. Given the prior availability of network
infrastructure along the considered highway, certain models are cheaper than
others. For instance, the collapsed star topology (M2) is 19-89 percent less
expensive than the other models when no prior infrastructure is available. Yet, the
star topology with hosting MEC at the aggregation site (M12) is 17 percent
cheaper when some of the infrastructure is available. Network sharing in both its
active and passive flavors significantly decreases the cost of the MEC
deployments by 31 and 25 percent, respectively. Since a comparison of latency
was only performed between centralized, clustered, and decentralized models,
future work could consist of performing system-level simulations to compare the
E2E latency between the three clustering models. In addition, future work could
address the impact of the variation of bandwidth requirements and the network
traffic loads over time on the dimensioning of the number of servers needed per
MEC node.
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Conclusions and future work

“The only way to be truly satisfied is to do what you believe is great
work, and the only way to do great work is to love what you do. If
you haven't found it yet, keep looking, and don't settle. As with all
matters of the heart, you'll know when you find it.” - Steve Jobs

Fast and reliable mobile broadband connectivity is crucial for end-users who
demand high-speed connections, anytime and anywhere, to access anything they
need. 5G networks offer the potential to meet these expectations, with new
promising technologies like Massive MIMO, NFV, SDN, network slicing, and
MEC. However, to ensure the success of 5G networks, not only must these
technologies be developed and optimized, but also the cost-effective rollout of 5G
on a large scale while adopting these technologies is crucial. To make this
possible, significant attention must be given to the economic implications of 5G
network deployment, including identifying the factors driving high costs and
selecting cost-saving strategies. By prioritizing cost-effectiveness alongside
technical advancements, 5G networks can be deployed at scale, meeting the high
expectations of end-users and unlocking new opportunities for businesses and
society as a whole.

Moreover, the rapid advancement of 5G rollout in prominent cities and
transportation routes is showing promising economic prospects, as elaborated in
section 1.3. However, hard-to-reach, rural and cross-border areas, present hurdles
in achieving swift returns on investment. This is due to the substantial costs
involved and the sparse population in these regions. In light of these challenges,
we have chosen these areas as our study's focal points to examine the economic
feasibility of 5G deployment. This approach aims to provide valuable insights for
MNOs and policymakers in making informed decisions.

Therefore, in this dissertation, we conducted a comprehensive techno-economic
analysis of the 5G rollout in the selected use cases, with a focus on addressing five
key research challenges. The challenges we tackled in this study include:
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1. Assessing the feasibility of 5G deployment for different types of regions
and services.

2. Quantifying the cost savings associated with various 5G technologies.

3. Developing new cost allocation models that are better suited to the
unique characteristics of 5G technologies to share costs among services
and stakeholders.

4. Identifying potential business and collaboration models that can enable
successful 5G deployment.
5. Identifying technology choices and timing decisions for optimized 5G

deployment Strategies.

Throughout the different chapters of this dissertation, we addressed one or more of
these research challenges. In the following section, we provide a summary of the
main conclusions drawn from each chapter with respect to these key research
challenges.

8.1 Summary of the main conclusions

1.  Assessing the feasibility of 5G deployment for different types
of regions and services

The deployment of 5G networks is dependent on the region's characteristics, such
as rural or urban, and the specific service KPIs, such as low latency and high
capacity. However, many techno-economic analyses in the literature do not
adequately consider these two factors together. Therefore, our research addressed
this gap by focusing on both factors to evaluate the feasibility of 5G deployment.
In Chapter 2, we assessed the viability of providing eMBB for rural areas in
Europe to bridge the digital divide. We proposed a new broadband solution using
satellite communication for the backhaul network part and 4G networks for the
access and core network parts. A TCO model was developed to study the
feasibility of integrating satellite communication within the 4G network. The
results of the model showed that the proposed solution is economically viable
for the universal broadband service (2Mbps) based on the comparison of the
ACPU to the WTP of the end user, but is still expensive for high-speed
broadband (30Mbps) even with caching. Sensitivity analysis showed that
population density has a significant impact on the resulting ACPU. In fact, similar
to other broadband solutions, the cost per user of deploying the satellite-4G
solution in urban areas is much cheaper than in rural areas.

While Chapter 2 focused on rural and remote areas, Chapter 3 addressed inflight
connectivity (eMBB) or the so-called “internet in the sky”. We studied the
feasibility of a similar broadband solution but this time based on 5G networks.
The 5G core network on the ground is connected to the 5G access network
installed onboard via a satellite link. The TCO model's key findings indicate
that integrating satellite communications into the 5G network enables the
provision of inflight broadband service with a good throughput per user
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(ranging from 2 to 5 Mbps) at reasonable prices, thus demonstrating its
feasibility.

Previous chapters focused on the same service (i.e., eMBB) but for different
types of regions. In contrast, Chapter 5 investigated the provision of URLLC
services. We conducted a techno-economic analysis of providing CCAM services
in cross-border environments based on CLM service as a canonical case study.
The results of cost modelling offer valuable insights into the TCO associated with
various deployment scenarios for both vehicle-to-infrastructure (V2I) and vehicle-
to-network (V2N) connectivity. These insights can be utilized as a rough estimate
to determine the funding required by the EC to incentivize MNOs to increase their
5G deployment in border regions. To evaluate the feasibility of wvarious
deployment scenarios, we conducted an additional study that examined several
revenue models. The results, which are presented in Chapter 6, compare the costs
of deployment with the revenue generated. To provide a comprehensive
understanding of the viability of the use case, we proposed four revenue models
based on different assumptions. Our findings indicate that a cost-based revenue
model stands out as the most effective approach for achieving a rapid break-
even point. In contrast, subscription-based revenue models did not
demonstrate the potential to ensure profitability over the investment's
considered lifetime, spanning 10 years. Consequently, this situation leads to an
unprofitable deployment of 5G within the scope of the case study.

The findings reveal that the deployment of a 5G network aimed at delivering high
QoS, encompassing robust throughput for eMBB services or minimal latency for
CCAM services, comes at a significant cost in terms of both the ACPU and the
TCO per kilometre.

2. Quantifying the cost savings associated with various 5G
technologies

The literature lacks comprehensive quantitative assessments of the potential cost
savings of 5G technologies such as network virtualization, content caching, and
network slicing. Many papers fail to provide sufficient analysis to support their
claims about cost savings. We contributed to addressing this research gap by
quantifying the cost savings and identifying the optimal technology for specific
conditions.

In Chapter 2 where an integrated satellite-4G networks solution has been
evaluated, we compared two scenarios to assess the potential cost savings from
adopting a strategy of caching popular content on the MEC, one without and
the other one with the use of MEC. Results show that caching popular content on
the edge can significantly save on OPEX costs (60%) and thus decrease the
required Average Cost Per User (ACPU). Sensitivity analysis showed that the
caching rate has a significant impact on the resulting ACPU. Indeed, the CAPEX
increases with the use of caching due to the cost of the MEC deployment.
However, there is a significant decrease in OPEX as the caching rate
increases, due to a reduction in traffic sent via satellite link and a subsequent
decrease in satellite capacity cost. It may be beneficial to use a high rate of
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caching to decrease operational costs, but a detailed analysis of consumer traffic
and optimization algorithms for popular content is required to determine the
optimal caching rate.

Furthermore, we have examined the impact of using caching popular content on
the business case of proving inflight connectivity in Chapter 3. Findings have
demonstrated that MEC-based caching techniques can significantly decrease
OPEX and consequently, the ACPU by 25 to 32%, depending on the caching
rate employed. Nonetheless, there is a trade-off to be made between the level of
content personalization available on the aircraft and the caching rate, as higher
caching rates can result in reduced content personalization.

In addition to the potential cost savings of MEC technology, the impact of
network function virtualization (NFV) on deployment cost has been assessed in
Chapter 4. Results demonstrated a cost saving of 12 to 45% (depending on the
approach adopted) of the core network costs resulting from the use of NFV
and network slicing.

In general, the incorporation of cost-saving technologies like network
virtualization and Multi-Access Edge Computing (MEC) yields substantial
reductions in the overall expenses associated with deploying 5G infrastructure.
However, the timing and methodology of integrating these technologies markedly
influence the extent of cost savings achievable. For instance, in scenarios where
backhaul capacity costs are high—such as in the case of satellite capacity—
maximizing popular content caching proves advantageous. Nonetheless, the
precise selection of content and caching quantities necessitates the implementation
of a robust forecasting algorithm for accurate determination.

3.  Developing new cost allocation models that are better suited to
the unique characteristics of 5G technologies to share costs
among services and stakeholders

To ensure the feasibility of deploying 5G networks, new cost allocation models
are needed that take into account the unique and complex nature of 5G
technologies. However, the existing literature does not adequately address this
issue. To fill this gap, we have developed new cost allocation models that allocate
deployment costs to services and stakeholders involved.

In Chapter 4, we proposed a novel cost allocation model for 5G-sliced
networks. It allocates the network costs to the deployed slices. To feed the
proposed model with the necessary inputs, we developed two other models. The
first one is a resource allocation model that assigns the appropriate amount of
network resources to each slice to fulfil its KPI requirements. For this, we needed
to derive the hardware requirements of each VNF included in the chain of VNFs
forming the slice. Therefore, we designed the second model that identified the
hardware requirements of the 5G network functions, with a particular focus on
those of the control plane. This latter model is the first of its kind in literature
and is essential for allocating network resources efficiently.
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We applied the proposed model to a specific scenario where two slices, eMBB
video, and voice, were offered to a remote area. The results of the model
demonstrate that eMBB video bears a significant part of the network cost.

As previously discussed, in Chapter 5, we elaborated a techno-economic analysis
to evaluate the provision of CCAM services in cross-border environments. The
analysis included the development of a cost allocation model that shares the costs
of different scenarios among the key stakeholders, namely (MNOs) and Road
Operators (ROs) on both sides of the border. The study focused on identifying
various key cost allocation drivers taking into account both the identified
business models and the type of connectivity used. The results of the allocation
model indicated that adopting a collaborative business model, which involves
infrastructure sharing, can significantly reduce the investment cost of the
considered deployment scenario for the operators involved.

In general, emerging technologies that facilitate cost savings and innovative
business models, such as network slicing and MEC, necessitate the development
of novel cost allocation models. These models are essential for evaluating the
feasibility of offering specific services or adopting particular business strategies.
Consequently, the development of these new cost allocation models holds
paramount significance in ensuring a comprehensive evaluation of the integration
of these technologies.

4.  Identifying potential business and collaboration models that
can enable successful SG deployment

The emergence of 5G networks offers promising opportunities for businesses to
innovate, but the complexity of the ecosystem presents a challenge in establishing
sustainable and viable business models. Therefore, we investigated potential
business and collaboration models that assist stakeholders in leveraging the
introduction of 5G technologies.

In Chapter 3, we explored various business models for providing broadband
service to onboard users through integrated satellite-5G networks. We identified
different business models depending on who will provide the service to the end
user, namely wholesale versus retail models, with the choice based on the level
of control and risk the airline company is willing to take. The retail model is more
beneficial to customers as it offers a shorter value chain and higher quality
assurance. For low-cost structures, the sponsorship model is suggested. The
freemium wholesale and retail models offer branding opportunities and free
services to both MNOs/airline companies and passengers but require a high
enough conversion rate from free to premium to work effectively. Premium airline
companies are better suited to the complementary service model, where
customers pay for the full premium service that includes connectivity.
Furthermore, we proposed various pricing schemes for each business model to
ensure maximum profitability.

On the other hand, Chapter 5 highlighted the complexities of the cross-border
environment for providing mobility services, which stem from technical and
business considerations. Technical challenges include network coverage issues
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and the need for new technologies to meet the CCAM KPIs. Business challenges
include developing feasible and innovative models that promote cross-border
collaboration to deliver services. To address these challenges, we proposed three
business models that rely on emerging SG technologies, specifically network
slicing and MEC, and account for the phased rollout of SG networks (non-
standalone and standalone deployments). Among the various models
identified, the collaborative business model shows the most promise based on
MNO feedback, but it requires regulatory review, including a review of limitations
on base station transmission power near the border. Additionally, the NSaaS
(Network Slicing as a Service) business model requires strong regulatory
intervention to be realized in cross-border settings.

In essence, identifying potential business models represents only the first step in
the process of finding a viable business case for the rollout of 5G. Equally crucial
are endeavours to delve into the value generated for all stakeholders involved,
coupled with an exploration of the evolving obstacles within the ecosystem that
necessitate resolution, as explained in sections 8.2.1 and 8.2.2.

5. Identifying technology choices and timing decisions for
optimized 5G deployment strategies

This research question investigated the most efficient deployment strategies for
5G networks, taking into account not only the impact of various regions and
service KPIs (as addressed in the first research question) but also deployment
timing as well as the choice of 5G technologies.

In Chapter 5, where a techno-economic analysis of providing CCAM services in
a cross-border environment was elaborated, two different types of connectivity
were evaluated namely V2I and V2N with different densification of the RAN
part. For the V2I scenario, we assessed three different densifications of RSUs
per kilometre. We concluded that installing the first RSUs incurs a significant cost
because we need to install fibre and electricity cables, which are the dominant
investment cost component. However, adding new RSUs will not have a
significant capital expenditure since the required cabling to connect the additional
RSUs is already in place (as discussed in Section 5.4.2).

For the V2N scenario, we evaluated two different densifications of macrocells
in the studied area for two scenarios where MEC is to be installed next to the
towers or in the data centre. Our results showed that adding additional macrocells
resulted in a high cumulative cost, where OPEX is the dominant cost due mainly
to the site rental cost required to host the new macrocell. When deploying MEC
next to the towers, the CAPEX is slightly higher compared to the case where MEC
is hosted in the data centre (as discussed in Section 5.4.2).

Although the three deployment scenarios were simulated to take place in the same
year, exploring the impact of varying the deployment timeline based on the
adoption rate of CCAM services on the TCO can be an interesting exercise,
which was not addressed in Chapter 5 due to the lack of data regarding penetration
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rates of connected cars. To solve the issue of predicting the penetration rate of
connected cars, which is uncertain due to outdated studies and the impact of Covid
on the automotive industry. We suggested two approaches: a generic and
abstract approach based on a variation of penetration rates, and a scenario-
based approach with three different scenarios: low, medium, and high
penetration rates. The techno-economic analysis using the generic approach has
been published in [5], and the scenario-based approach which provides more
specific predictions is presented in Chapter 6. Results of the latter approach
showed that as expected, the higher the number of simultaneously connected
cars (high penetration rates), the higher the TCO of the required deployment
needs to be to meet the defined KPIs. Results demonstrated also how expensive
it is to deploy in a green field of the highway where no existing fibre cables or
electricity facilities. The green field deployment is three times more costly than
the pre-equipped field deployment.

The impact of installing MEC next to the tower (next to the RAN) or in the data
centre on the TCO has been addressed in Chapter 5. Yet, it was outlined there
that more deployment options should be studied to achieve a trade-off between the
desired latency for CCAM services and the deployment cost. We tackled this
research limitation in Chapter 6 by proposing three MEC clustering models and
evaluating them from both cost and E2E latency perspectives. The analysis
revealed that deploying MEC clustering models outperforms non-clustering
deployment in terms of both cost-effectiveness and efficiency. With MEC
clustering models, you can save up to 71% on the TCO and reduce E2E
traffic latency by 1-6 ms. However, certain models are more cost-effective than
others depending on the availability of prior network infrastructure. For example,
the collapsed star topology is 19-89% less expensive than other models when no
prior infrastructure is available, while the star topology with hosting MEC at the
aggregation site is 17% cheaper when some infrastructure is already available.
Network sharing in both its active and passive forms can also significantly
reduce the cost of MEC deployments by 31% and 25%, respectively.

Overall, the rollout strategy of the 5G network and its enabling technologies can
have a substantial influence on the eventual deployment costs. Various parameters
can be fine-tuned to achieve a cost-effective implementation, including
considerations such as MEC clustering models and the strategic timing for
deployment.

8.2 Inmsights and recommendations for the Kkey
stakeholders in the 5G ecosystem

In the preceding subsections, we highlighted the main conclusions regarding the
five studied research questions. However, in this section, we will delve into the
major findings from the conducted research work. Our focus here is deliberately
set on pinpointing the primary beneficiaries of these insights and expounding upon
the recommendations we advocate in light of these momentous findings.
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8.2.1 Insights and recommendations for policy and decision-
makers

Our Findings proved that providing rural areas with broadband connectivity
(eMBB) at a minimum bitrate of 30Mbps, as per the European digital agenda's
target, remains a significant challenge, even with the use of 5G technologies. To
address this, relevant authorities could explore several paths including:

e Adopt funding mechanisms aimed at subsidizing broadband
connectivity services in rural regions like done in the United States.
Presently, funding frameworks are implemented at the Member State
level, exemplified by the case of Spain [1]. Nonetheless, the adoption of
a more unified and harmonized framework could foster the 5G
rollout in these underserved areas.

e Promote the establishment of 5G private network initiatives to
accelerate the adoption of 5G for business applications and extend
coverage to regions with a lower commercial appeal [2], like the one
adopted in the 5G+ Strategy to Realize Innovative Growth of South
Korea [3]. One approach could involve allocating spectrum bands for
5G private network deployment at reduced fees exclusively for rural
areas and cross-border corridors.

On the other hand, to establish sustainable business models for connected
mobility services, not only the economic feasibility of 5G network deployment
must be carefully assessed, but also several challenges resulting from the novelty
of these services and the supporting technologies.

Our findings have shown that 5G deployment costs to support CCAM
services in cross-border areas are significant, especially when an important
number of simultaneously connected cars is considered, which translates into a
higher network infrastructure needed to meet the required service KPIs. Yet, this
also means a faster reach of the breakeven point, indicating that the investment in
5G network deployment for connected mobility services can be profitable in the
long run if an appropriate pricing model is adopted. However, the number of
connected cars is following a low penetration curve in the European market, this
will demotivate MNOs to invest in the deployment of 5G networks along the
roads and highways to support connected mobility services. Moreover, the
complexity of the 5G ecosystem for CCAM services acts as a deterrent to
involved stakeholders, hindering the swift initiation of these services. This
hesitation arises from various uncertainties, including the allocation of liability in
the event of an accident and the parties' accountability, as well as the lack of
clarity surrounding data sharing and storage protocols.

Relevant authorities could explore several paths including:

e Devoting financial resources towards bolstering CCAM services,
particularly within safety-critical ones, in border regions. Leveraging
our research outcomes, these findings can be instrumental in
approximating the requisite funding necessary to incentivize MNOs
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for the enhanced deployment of 5G infrastructure in these specific zones.
The present regulatory landscape mandates certain responsibilities onto
MNOs, such as achieving comprehensive national coverage or a
substantial portion thereof. Consequently, MNOs often extend their
services to encompass less commercially alluring zones, albeit at the
expense of compromised Quality of Service (QoS), failing for example to
meet the QoS required by CCAM services. However, the direct allocation
of funds designated for these regions, coupled with an unwavering focus
on achieving prescribed QoS levels, holds the potential to propel MNOs
toward expeditious and impactful endeavours.

The promotion and facilitation of infrastructure sharing, especially
within the passive layer of access networks (like towers and small cells),
are essential to reduce deployment expenses for operators. Moreover,
granting access to public spaces for the installation of 5G infrastructure,
like street furniture will eliminate a significant obstacle to cell
deployment [2] and [4]. This is also valid for other use cases e.g. urban
deployment, not only cross-border environment. The example of network
sharing in China had shown promising cost savings for operators, as
discussed in section 1.3.1.a.

Establish frameworks designed to foster dialogue among pertinent
stakeholders, facilitating an in-depth exploration of the obstacles
surrounding the initiation of CCAM services. Within these
discussions, stakeholders can collaboratively identify and present
strategic roadmaps aimed at effectively addressing challenges like
liability attribution and the intricacies of data sharing.

Additionally, the journey of this research has revealed a notable insight: when
delving into the discourse on Service Level Agreements (SLAs) and their
impact on potential business models and deployment costs, MNOs often
perceive it as a complex research subject beyond the scope of the current study. In
light of this, we contend that a two-fold approach should be adopted, starting with
policy considerations followed by regulatory actions:

Initiate an R&D project focusing on the identification of innovative SLA
formats tailored for 5G applications targeting both B2C and B2B
markets. These SLA formats should also seamlessly incorporate the
innovative technologies introduced by 5G, such as network slicing and
edge computing, ensuring they are effectively accommodated within the
framework of the new agreements.

The harmonization of regulatory endeavours at the European Union (EU)
level holds paramount significance in ensuring harmonious cross-border
alignment and establishing the foundation for the Digital Single Market.
An exemplary instance is the cohesive implementation of Service Level
Agreements (SLAs) designed for slice-aware and capable roaming. This
component is pivotal for safeguarding seamless service continuity across
borders, particularly for applications with safety-critical implications.
Present roaming agreements solely support the "Best-effort" service
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class. Ensuring service continuity across borders mandates that the SLA

established in the home country is equally upheld in the visited one.
An additional valuable insight emanating from this research underscores its
potential relevance to policymakers. Notably, the absence of full 5G coverage in
border regions emerges sometimes from legislative constraints governing
permissible signal strength within these areas. In response, we recommend a
comprehensive reassessment of such regulations, accompanied by the
formulation of alternative frameworks. These revised frameworks should
ideally accomplish dual objectives: ensuring seamless coverage across border
regions while simultaneously safeguarding against any potential interference
among emitting cells.

8.2.2 Insights and recommendations for MNOs

As discussed in the section summary of the main conclusions, section 8.1, several
findings can help MNOs take informed decisions in their journey with the 5G
rollout, but in what follows, we list several highlights and recommendations:

e Adopt cost-saving strategies such as network sharing, collaborative
models, MEC clustering models, and network virtualization, as
previously discussed in section 8.1.

e Our results furnish a cost estimation for 5G deployment across various
use cases. Moreover, the formulation of viable business models depends
on the meticulous evaluation of suited pricing structures, as expounded
upon in Chapter 6. These business models must further encompass
factors like liability and the implications of Service Level Agreements
(SLAs) in instances where network shortcomings or unattainable Quality
of Service (QoS) levels arise. This particular consideration has also been
examined in-depth within the preceding subsection.

e Adopt 5G technologies that enables new business models such as the use
of MEC and network slicing as highlighted in section 8.1. For instance,
the adoption of network slicing can help to overcome some of the
complexity of the 5G network ecosystem, particularly for connected
mobility services. This technology enables the creation of independent
virtual networks tailored to meet specific requirements, including low
latency, high reliability, and security, among others. As a result, new
business models, such as the collaborative business model that
involves creating a joint slice for connected mobility among different
operators, or the network slice as a service (NSaaS) business model,
can be realized through network slicing.

e However, the adoption of network slicing comes with various challenges
that need to be addressed to ensure the sustainability of business models.
One of the challenges that we addressed in this dissertation is related
to the cost allocation of 5G deployment costs to the offered slices. We
proposed a novel cost allocation model that allocates the cost to
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slices based on their network requirements. This model helps MNOs

and service providers in pricing the different end-to-end slices and

hence services.
Throughout the research, we conducted a comparison between different 5G
deployment scenarios based on various adopted technologies, which provide
MNOs with valuable insights into the optimal deployment strategies. For instance,
we proposed three MEC clustering models and demonstrated that clustering
models consistently outperform non-clustering MEC deployments, resulting in
significant cost savings. Furthermore, we conducted a thorough investigation into
the circumstances under which certain models are more cost-effective than others.

8.2.3 Insights and recommendations for Small and Medium-
sized Enterprises (SMEs)

Throughout this study, valuable insights have been gathered, poised to assist
SMEs in harnessing the benefits of 5G deployment. Below are a few key
highlights:

e Recognize gaps in value creation within the 5G ecosystem, leading to the
formulation of novel business models that capitalize on the integration of
emerging technologies. The 5G new technologies such as MEC, network
slicing, the network virtualization amongst others open up opportunities
for a wide range of business models. For example, our findings proved
that integrating satellites into 5G networks could be a viable solution for
in-flight connectivity, where the onboard capacity-demanding services
are typically video streaming services. Caching some of the popular
content on the edge, using MEC, can save on the required bitrate per user
and hence make the solution more affordable, which enables new
business models for airliners, sponsors, and other stakeholders in the
ecosystem, as explored in Chapter 3.

e Adopt initiatives like OpenRAN?  which are rapidly gaining
momentum and are poised to have a profound, long-term impact on the
industry. This initiative is guided by the foundational principles of open
radio access networks (RANs) which centre on open interfaces, pivotal
for vendors and operators to provide their services and tailor networks,
thereby fostering multivendor deployment and a dynamic supplier
ecosystem. Within this framework, smaller entities, including SMEs, are
presented with opportunities to innovate on certain network
functions and processes, enabling them to compete effectively with
established players in the technology vendors' market [2].

23 OpenRAN is a project aiming at creating an open ecosystem of vendor-neutral RAN
solutions. See: https://telecominfraproject.com/openran/
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8.2.4 Insights and recommendations for researchers

Initially appearing as distinct entities, the developed models, in reality,
interconnect to establish a cohesive foundation, collectively constituting a
comprehensive framework for conducting a holistic techno-economic analysis of
5G deployment. Subsequently, we will elucidate the practical utilization of the
diverse models, outline the necessary data prerequisites, and underscore key
insights gleaned from data acquisition and model application. This exposition
serves as guidance for fellow researchers, urging them to consider these insights
when engaging with the developed models or embarking on the creation of
analogous ones.

The developed cost model in Chapters 2 and 3: within the context of network
dimensioning in the two cost models, the focal point revolves around the average
bitrate per user. However, if your network dimensioning pertains to services
demanding a guaranteed Quality of Service (QoS), a shift to utilizing the peak
bitrate is imperative. This transition applies to Equation 2-1 in Chapter 2 and
Equation 3-3 in Chapter 3.

The developed cost model in Chapter 5: the formulation of the cost model
incorporates the car traffic density, based on varying levels of low, medium, and
maximum traffic density observed on the examined road (based on data collected
from the road operator). Additionally, the model integrates the inherent physical
constraints of the road, encompassing the lane count in each direction and the
stipulated safety distance between vehicles. Consequently, should you attempt to
replicate the model without adhering to these essential conditions, the resultant
outcomes are unlikely to yield meaningful insights.

Data collection: to generate insightful results using these models and eventually
any other model, accurate data should be used. In this dissertation, we developed a
two-step strategy to derive accurate data, see section 1.5 for more information.
Remarkably, an intriguing revelation emerged during the course of data
acquisition that the time invested in data collection should not be underestimated.
While constructing the model itself or generating results may appear time-
intensive, it is actually the process of collecting data from engaged collaborators
within the research project that proves to be the most time-consuming aspect. This
phenomenon becomes even more pronounced when delving into the exploration of
nascent technologies like 5G. The realm of uncertainty enveloping diverse factors,
such as the deployment strategies adopted by various actors like MNOs and the
intricate cost considerations encompassing several equipment and installation
methods, accentuates this reality. Hence, our recommendation is to secure data
from a minimum of two partners, as they often receive distinct quotations from
equipment vendors. Given the confidential nature of this data, partners may
provide a range of costs rather than precise figures. Consequently, it is advisable
to further enhance your approach by juxtaposing the gathered data against existing
information in the relevant literature. This comparative analysis will enable the
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derivation of an averaged dataset, solidifying the foundation of your study, as
explained in our data strategy in section 1.5.
Adoption of the TCO approach: within this research endeavour, our
methodology was based on the utilization of the TCO model. Given the multitude
of advantages associated with the TCO model, as expounded in section 1.5, we
propose a pivotal principle: techno-economic analysis should not be solely based
on CAPEX or OPEX. Relying solely on either of these elements can result in
overlooking substantial costs. Therefore, we strongly advocate the adoption of the
TCO framework. However, our recommendations extend further. To enhance the
analytical rigour, we propose two key augmentations to the TCO model:
1. Scenario Analysis: By integrating scenario analysis, the analysis broadens
beyond confined parameters, fostering the generation of multifaceted insights.
2. Sensitivity Analysis: Furthermore, supplementing the TCO model with
sensitivity analysis is advised. This meticulous step serves to evaluate the
uncertainties inherent in the assumptions underpinning the TCO model.
These two practices we diligently incorporated into our adopted methodology, as
described in section 1.5.
Nonetheless, it is imperative not to overlook a significant aspect: the TCO
approach's inherent limitation in accounting for indirect benefits. Researchers
need to augment the TCO model with an additional framework that quantifies
these indirect benefits and seamlessly integrates them into the analysis of the
overall benefits.

8.3 Future work

In this section, we will shortly discuss several future trajectories for the completed
research.

Throughout this dissertation, a comprehensive exploration of the MNO
perspective has been diligently undertaken in the majority of cases. However, it is
imperative to recognize that a multi-actor perspective is equally indispensable.
This inclusive approach is necessary to comprehensively examine the
impediments obstructing the realization of the broader societal and economic
advantages associated with 5G deployment. Several of these challenges, as
previously delineated, encompass concerns like liability, intricate data sharing
protocols, and the formulation of concrete SLA formats.

Extension to other 5G use cases: in this dissertation, we focused on two of the
three 5G use cases, namely eMBB and URLLC, due to the availability of input
data. However, we recognize the importance of evaluating the third use case,
mMTC, as it can provide valuable insights into the impact of use case
requirements on the cost of 5G network deployment. The mMTC use case has
distinct network requirements that may necessitate different network dimensioning
and lead to different cost drivers of the deployment, making it an essential aspect
to consider for a comprehensive cost-effective deployment of 5G networks.
Therefore, extending this research to include the mMTC use case can offer
valuable insights and further enhance the practical implications of our findings.
The study of mMTC can also help validate the network slicing cost allocation
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model due to its different KPIs. In addition, the latter model (i.e., network slicing
cost allocation model) was simulated only with static traffic per slice, future work
should extend the model to the case where the dynamicity of the traffic is
considered. The type of traffic is crucial in determining the necessary network
resources needed for different services. However, relying solely on static traffic
analysis may result in network under-dimensioning if average distributed traffic is
used or over-dimensioning if peak traffic hours are the reference points.
Therefore, it is essential to consider the dynamic nature of traffic over time to
accurately dimension the network and allocate resources effectively. The same
applies to the resource allocation model, as currently the assignment of the
network resources is done statically based on the maximum throughput and traffic
carried by the different network functions (see Chapter 4).

Furthermore, the extension of our analysis to other case studies would be
interesting. For example, evaluating the provision of 5G connectivity to other
moving platforms such as trains and ships would be an interesting piece of follow-
up work (related to Chapter 3). Additionally, extending the analysis to other
types of regions by assessing for example the deployment of 5G networks in
urban areas to encompass CCAM in the context of smart cities for example
(related to Chapter 5), as now it was analysed in the cross-border settings.

In this dissertation, we conducted a techno-economic analysis of 5G networks and
their enabler technologies. However, we recognize the importance of also
evaluating the socio-economic benefits of the 5G rollout and its potential impact
on achieving the Sustainable Development Goals (SDGs).

The SDGs stand for the Sustainable Development Goals. They are a set of 17
global goals adopted by the United Nations in 2015 as part of the 2030 Agenda for
Sustainable Development. The SDGs aim to guide the world toward sustainable
development by balancing social, economic, and environmental factors. The goals
address a range of issues including poverty, hunger, education, gender equality,
affordable and clean energy, decent work and economic growth, industry,
innovation and infrastructure, reduced inequalities, and sustainable cities and
communities among other goals. The SDGs represent a shared vision for the
future of our planet and are designed to be achievable by all countries and all
stakeholders, including governments, the private sector, civil society, and
individuals. The goals are interconnected and require collaboration and innovation
to achieve [5].

Therefore, an important future research trajectory is to conduct a socio-
economic analysis of the 5G rollout and its potential impact on achieving the
SDGs. By considering the broader societal and environmental implications of 5G
technology, it would be possible to provide a more holistic understanding of its
potential impact and contribute to the ongoing discourse around sustainable
development.
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