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Abstract

In the European Union, significant asymmetries prevail among member states 
in the most diverse areas. The telecom sector is no exception to this, with some 
members being much more advanced than others. Within the member states 
asymmetries also occur. And if we extrapolate this to a broader audience, for 
example the OECD, the European Union has been far away from some other
members in what concerns asymmetries within its own countries, with Japan 
and South Korea being the most evident. In 2016 the European Commission 
proposed a new regulatory framework for the telecom sector which was 
adopted in late 2018 by the European Parliament and must be transposed to 
national laws by member-states by late 2020. As we move towards the digital 
revolution, the so-called industry 4.0, the new EU regulatory framework has 
the aim of removing most of these asymmetries, by guaranteeing that most 
citizens will have access to a very fast Internet connection regardless of where 
they live. This regulatory framework provides some guidance and goals and 
funding objectives, but for operators and governments this is just not sufficient 
per se. Against this background, the overall research issue of this thesis is a 
methodological approach to how to determine the best access technology from 
a multi-criteria and multi-stakeholder perspective. In particular, to provide 
coverage in a certain region who lacks service a priori (therefore unprofitable 
by nature), problems to be addressed include: i) what are exactly the new 
regulatory framework guidelines; ii) which strategic operational model to use; 
iii) what is the most appropriate technology to achieve these objectives; iv)
how to handle the pricing incognita and all the financial component; v) how 
risky it is to make these objectives a reality. 
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Sammanfattning

Europeiska unionen är en grupp medlemsstater som skiljer sig åt inom olika 
områden och telekom-sektorn är inget undantag. Det finns här betydande 
skillnader och del medlemsstater har kommit betydligt längre än andra. Vad 
det gäller interna skillnader så har många EU-länder historiskt sett varit 
mycket långt ifrån länder som exempelvis Japan och Sydkorea. Europeiska 
kommissionen har emellertid under de senaste åren arbetat med ett nytt 
regelverk för telekom-sektorn som inom kort sannolikt kommer att resultera 
i ett lagförslag. Regelverket syftar till att garantera de flesta medborgares 
tillgång till en mycket snabb Internetanslutning, oavsett var de är bosatta. 
Regelverket ifråga ger riktlinjer och mål, men för operatörer och regeringar
är detta inte tillräckligt ur ett implementeringsperspektiv. Utifrån detta, 
behandlar avhandlingen den övergripande frågan om vad som är den bästa 
teknologin ur ett multikriteriaperspektiv med flera avnämargrupper. Närmare 
bestämt avser den att besvara frågorna: i) vad innebär dessa riktlinjer ur ett 
tillämpningsperspektiv; ii) vilken strategisk operativ modell ska användas; 
iii) vad är den mest lämpliga tekniken för att uppnå de avsedda målen? iv) 
hur ska man hantera prissättning och övriga finansiella komponenter; v) 
vilka risker finns det i realiseringen och hur ska de uppskattas.
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1 INTRODUCTION
Over the years, one very particular concern of the European Union (EU) 

has been the equality of access to technological benefits among its citizens. 
Arguably, there has been a concept of social welfare requiring that not even 
one of its citizens is digitally left behind. Unfortunately, the previous 
regulatory frameworks only granted citizens in unprofitable areas (typically 
rural) access to a basic service (e.g. narrowband internet access and a fixed 
telephone service). The new regulatory framework recently approved 
reinforces this approach by stating that everyone should have access to a 
broadband connection, with the bar being set very high: the goal is to have 
most of the EU territory covered with a 100 Mbps download connection by 
2025. The burden is then on the infrastructure owners, the operators and the 
service providers, who are the only ones capable of addressing this issue, 
constituting a challenge from an economical and a technological point of view.

Several challenges arise from this herculean task: i) for citizens in 
unprofitable areas to be put on a par with citizens in profitable areas, they must 
have access to more than one retail operator, thus taking advantage of the 
benefits that competition brings to customers; ii) unlike in profitable areas 
where each operator sets its own subscriber tariff, unprofitable areas are 
publicly subsidized and thus regulated; therefore the tariffs should also be 
regulated; iii) the costs of infrastructure in unprofitable areas must be 
estimated, accurately as possible, for regions characterized by being of a low 
housing density nature; iv) the risk of deploying infrastructure in unprofitable 
areas must be accurately estimated, due to the underlying uncertainty that 
these investments carry; and v) the value of each access technology to society 
as a whole is perceived differently from that of others.

To tackle these challenges, this dissertation shall address the design of a 
conceptual techno-economic framework to assist national regulatory 
authorities and operators in fulfilling broadband-related welfare maximization 
by implementing projects in remote and likely unprofitable areas. This will be 
done by using a multiple-criteria decision analysis with the aim of providing 
an estimation of the global outcome of telecommunications broadband 
engineering projects, given the objectives and the constraints imposed by the 
new EU regulatory framework of the European Union.
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1.1 INFORMATION SOCIETY
Since this doctoral dissertation is within research on the information society

in the department of computer and system sciences at Stockholm University, 
it is important to explain how the information society and system sciences are 
intrinsically linked.

Research on the information society includes computer and systems 
science theory as well as practical and theoretical domain applications 
dependent on modern information and communication technologies (ICT). 
The subject spans a large area, where the common denominator is strong 
dependency on ICT-based solutions.

An information society is a society in which information is spread widely 
and very rapidly across its members by means of communication 
technologies, with positive effects on the economy, education, health, culture 
and governmental interaction. The world’s most advanced societies in terms 
of leading the Human Development Index have in common the fact that they 
are currently founded on information. But even these advanced societies have 
asymmetries across their land since some regions1 are much less advanced 
than others. These asymmetries usually mean that there is a lack of a proper 
infrastructure to give citizens adequate access to information in the less 
developed region.

We can trace the information society back to the development of 
telegraphy, radio and telephony, later moving towards television, mobile 
phones and so on. As time moves on, the quantity of information delivered 
and the capacity of the transmission and access technologies grow 
exponentially. Telecommunications are expected to take a big leap in terms of 
data processing capabilities (concerning both rates and latency), which will 
make possible, in the near future, solutions such as autonomous driving, 
distance-based surgeries, a higher degree of automation in factories, etc. This 
constitutes a solid argument for the need for global network coverage in order 
for everyone to be on a par to take advantage of such solutions. For many 
years—even decades in some countries—citizens in rural areas lacked access 
to technologies that allowed them to be on a par with their peers, with 
repercussions for the economy, culture, education, etc. of the local region 
where they had chosen to live. As Industry 4.0 lies ahead, governments must 
implement policies to enhance access and develop a strong information 
society.

There are several aspects and stakeholders in this development, and it is 
important to define a series of methodologies that can achieve an economic 
and social output without entirely compromising the financial component of 
the project from a risk analytical perspective. We will see how systems 
sciences can be useful when approaching this.

1 Regions being municipalities or some particular areas of the country.
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1.2 SYSTEMS SCIENCE
Systems science is an interdisciplinary field that studies the way different 

fields relate and interact with each other. A telecommunications system can 
be seen as a system of systems in which a series of systems—more 
specifically, four systems—interact with each other, as illustrated in Figure 
1.1:

Figure 1.1 – Venn diagram illustrating systems science

The four systems that compose the telecommunications systems are:

A — Law system
B — Economics system
C — Engineering system
D — Finance system

The telecommunications system is represented by ABCD in the Venn 
diagram. The telecommunications systems science discipline is the study of 
the common points of the above four systems and how they interact with each 
other when forming the global telecommunications system.

For a telecommunications project to be built, first there must be a need for 
it, a demand, or simply a need to evolve the current telecommunications 
system. The economic system includes the demand for upgraded and new 
telecommunications systems, the social and geodemographically 
segmentation of such demand, and, of course, the costs and pricing of these 
services.
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Although a demand might exist, firms are driven by profit and it is not 
uncommon that projects exclude some of the potential beneficiaries. Also, the 
intentions of operators in the free market are not always aligned with the 
subscriber’s best interest. To prevent, or mitigate, these actions, an appropriate 
legal framework and an effective regulation are needed. This is the law 
system.

A telecommunications system by definition has its core in the engineering 
system. The technological aspect that drives people to demand the evolution 
of the system is pure engineering. The engineering system interacts with the 
economics system by setting the overall cost of the project (CAPEX and 
OPEX)2 [1], which directly affects economic prices and, consequently, actual 
expenditure on services.

Last but not least comes the finance system. Every private firm’s objective 
is the same: profit. In analysing projects that address new business 
opportunities, the firm needs to ensure profitability in a determined period of 
time. It does not matter if the technology making up the engineering system is 
completely revolutionary: if, in the end, the project cannot be profitable, it is 
not worthy of the firm. The same applies if the demand in the economic system 
is insufficient or if the policies in the law system are too strict. The finance 
system is there to estimate if the telecommunications system project is likely 
to be profitable, after analysing the costs and revenues and the overall risk, 
considering the constraints caused by the other systems.

1.3 BACKGROUND AND MOTIVATION
Telecommunications are composed of a set of features that characterize 

operation. Currently, these features can be derived from either infrastructure 
or services. Services can be either public (governmental), home (personal) or 
corporate. Telecommunications can be represented in the form of data or 
voice, and voice can be transmitted in data format using packet switching. 
Telecommunications use several different ways of transmitting information 
(or sometimes, a combination of them), such as mobile (radio, Wi-Fi, etc.) or 
fixed lines (power lines, copper, optical fibre, etc.), or even a mix of both (e.g. 
satellite). Then we have the services as provided to final users. Nowadays, 
almost any service can be provided through telecommunications, from health 
services to government services or commerce. Figure 1.2 illustrates the 
concept detailed in this paragraph3.

2 Capital and operational expenditures respectively.
3 The abbreviations used in the figure are: IPTV (Internet Protocol Television); VoIP (Voice 
over Internet Protocol); and IoT (Internet of Things).
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Figure 1.2 – Macro perspective of telecommunications systems

Broadband has significant advantages for society. Here, we focus on the 
improvements to a country’s socio-geographic structure by creating 
opportunities for people to live and work in rural areas, avoiding 
desertification. It enables employees to work efficiently from home, students 
to study at home, and citizens to use health and government services online at 
home, thanks to technologies that enable flexi-working, video and audio 
conferencing, e-learning, e-health and e-government. A positive impact on the 
environment is to be expected by reducing carbon dioxide emissions thanks 
to reduced travel and transport needs. Some services described can, of course, 
be delivered over a narrowband connection, but broadband dramatically 
improves their quality, usability and accessibility, and, through it, these 
services can benefit from superior quality (high-definition eLearning, 
multimedia, real-time interactive applications without lagging, high-speed 
electronic transfers, etc.).

Governments intervene in specific markets to respond to market failures 
and to improve economic efficiency with the adoption of rules and policies. 
In the telecoms sector, the digital divide may be seen as a market failure, in 
the sense that it is a likely outcome in unregulated markets that is not 
consistent with the social welfare pursued by governments and lawmakers.4

The new European Electronic Communications Code [2] provides a 
regulatory framework to reduce or eliminate the digital divide. The European 
Commission (EC) set in motion an ambitious goal of providing 100 Mbps 

4 Digital divide is a term used to describe the disparity between those who have internet 
access and those who do not. Nowadays, communications in general and the internet in 
particular are very important at a socio-economic level, particularly in education, 
government, health, and business transactions and operations. Lack of access to very fast 
internet can put a person or organization at a disadvantage, since only those who have 
access to this can benefit from it, and those who do not benefit from it are at a clear 
disadvantage. This can cause repercussions such as less autonomy and sustainability 
among the people generally, lower efficiency of institutions or lower competitiveness of 
smaller firms.
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broadband mass coverage in areas or regions of the European Union in which 
operators do not manifest interest in deploying a network capable of such a 
throughput debit (likely due to the fact that a positive return on such an 
investment holds a low probability). To address this issue, public subsidization 
shall be made available by individual governments of the EU member states.

Overall, the purpose of this dissertation is to explore the opportunities that 
arise from this new regulatory framework for telecommunications,
particularly in the transport access network (see Figure 1.2), to close or 
attenuate the digital divide.

1.4 ELECTRONIC COMMUNICATIONS CODE
The European Electronic Communications Code (EECC) keeps the 

concept of universal service (US), but with revisions and clarifications. 
Firstly, US is considered a safety net for consumers and it may be restricted 
to the consumer’s primary residence. Other end users, such as small 
businesses, are no longer entitled to its benefits. In this sense, US becomes 
less universal. The objective of US is still to provide access at a fixed location, 
but it is technologically neutral; specific provisions may be made to ensure the 
affordability of mobile services. The definition of the bandwidth is addressed 
to reduce current ambiguities. Internet access service must deliver the 
bandwidth necessary to support at least a minimum set of services, including 
voice and video calls, e-mail, search engines, basic training and online 
educational tools, along with access to e-commerce, e-banking, e-government 
and social media platforms. This allows some flexibility but, arguably, the 
definition of designated areas points to a reference bit rate of 100 Mbps to be 
achieved in a few years. Now, as almost all EU households have access to 
basic broadband internet access [3], it is argued that the focus of US should 
be on improving take-up rates and affordability. Anyway, it is clear that in 
some areas specific US measures to promote investment and availability will 
have to be applied according to national conditions, because they are not 
profitable for operators. Investments supported by public funds and current 
programmes like the European Fund for Strategic Investments and 
Connecting Europe Facility may also be considered. Finally, affordability is 
to be promoted by appropriate price policies and, if necessary, compensation.5

The new regulatory framework states that US should reflect advances in 
technology, market developments and changes in user demands. Investments 
supported by public funds may also be used to promote broadband availability. 
The concept of designated areas is useful in this context. In these areas, “the 
relevant authorities should have the possibility to invite undertakings and 

5 Recitals 63 and 212–230 and Articles 22 and 84–86 of the Proposal.
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public authorities to declare their intention to deploy very high capacity 
networks [...] to a performance of at least 100 Mbps download speeds” [2]6

In these cases, it is stated that:

i) A designated area (typically rural) refers to a specific area with well-
defined and clear borders, where the existent service provisioning is 
not in line with the pace of evolution of the telecommunications 
network in other areas.

ii) Every operator should have the possibility to provide services in these 
areas in competition, unlike the more monopolistic situation in the 
past.

iii) Since these areas are characterized by the fact that they are 
unprofitable, public funding must be available to these operators.

The connection data rate reference of 100 Mbps for designated areas seems
to be the core foundation of the EU’s strategic objective for rural networks 
and other US areas, assuming that it is achieved by market forces in most 
regions [2].7 This is consistent with the strategic objective, set by the European 
Commission (EC) in the 2016 Communication, of making sure that by 2025 
all EU households, rural or urban, will have access to internet connectivity 
offering a downlink of at least 100 Mbps, upgradable to gigabit speed [4].
Regarding the types of technologies that can be used in terms of funding when 
trying to address these goals of 100 Mbps by 2025, the EC maintains a pro-
competitive approach in defining guidelines [5]. The admissible technologies 
are:

Fixed copper Digital Subscriber Line (DSL), including G.Fast
Fixed cable DOCSIS 3.1
Fixed optical fibre (FTTx)
Mobile radio 4G/5G

While in the previous frameworks the European Commission was 
supportive of funding through access deficit charges,8 it is established in the 
new framework that the US and/or rural networks should be financed either 
through the general budget or through cross-subsidies.9 So, instead of forcing 

6 Recital 63 and Article 22.
7 Article 22.
8 This refers to surplus revenues from profitable services being used to cover the losses of 
providing non-profitable services. It was the usual way of financing the US costs in the 
1990s and early 2000s in the EU. The instrument can be used to cover the costs of a 
mandatory obligation or from the free will of the operator who wishes to be the first to 
reach a certain area, which, once established in the region, will allow it to create entry 
barriers to other operators.
9 In this mechanism, every operator must finance the winner of the public tender in respect 
to their market share. This means that if an operator has a certain percentage of the market 
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the operator(s) solely to fund the US, universal funds can now collect revenues 
from a US fund established at a national level taken from the state public 
budget while keeping the option of these funds also being collected from the 
other operator’s budget.10 In the case of rural networks, funding takes the form 
of direct public subsidies to invest in rural areas. The objective of the new 
framework seems to be the distribution of the net costs of US across all tax-
paying businesses and families.

1.5 OPEN NETWORKS
The development of very high-speed broadband services is key to 

economic growth and job creation. Broadband deployment measures include 
fostering the utilization of networks based on optical fibre and 5G radio, given 
the substantial investments that are required during the coming years.

Consistency among the regulatory approaches taken by National 
Regulatory Authorities (NRA) is of fundamental importance to avoid 
distortions in the single market and to create legal certainty for investment. 
An appropriate array of measures imposed by an NRA may include those to
promote investment, competition and innovation in the market for broadband 
services. NRA should consider arrangements entered into by operators aimed 
at diversifying the risk of deploying optical fibre and 5G networks to connect 
homes or buildings, and at promoting competitive markets.

In the new framework, the EC does not mention acceptable investment 
models, but in a sense encourages operators to co-invest “due to current 
uncertainty regarding the rate of materialization of demand for very high 
capacity broadband services as well as general economies of scale and 
density”,11 which suggests the previously established acceptable models 
remain in place [6]—the open network model, which minimizes the overall 
investment and creates competition, therefore should be the top option; and 
the operator subsidy model, which creates a monopoly and therefore should 
be used as a last resort, since it potentially reinforces market power and 
dominance [7]. Competition, with very few special exceptions, is always the 
best approach [8].

One of the research questions of this dissertation is whether it is possible 
to have competition in unprofitable areas. Operators will not desire to operate 

share, they must cover the same percentage of the infrastructure costs of the network 
required to provide the service in unprofitable areas. The same concept applies in the case 
of an open network. One independent operator (who is not a service provider) wins a public 
tender to build a necessary infrastructure and all the operators must pay the infrastructure 
costs, but with the advantage that they can then use the infrastructure to provide their 
services.
10 Article 90.
11 Recital 198.
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in a given area if it is unprofitable, due to the high costs of network 
infrastructure. So, what if we remove (totally or partially) these costs from the 
equation? If the retail operators only had to pay a fee to an infrastructure 
wholesaler, perhaps competition could be a possibility. This can be 
represented as an open network model, which is a network infrastructure 
owned and paid for by the government, but leased for a finite period of time 
to a private operator (or, in some cases, the public, such as a municipality) in 
a public-private partnership model. This operator cannot offer services to end 
users in this network (to prevent market dominance of one operator in a given 
location), but third-party operators can do so, in a wholesaler-retailer model, 
by paying a fee.12

Open networks, as the name indicates, are networks that are open to 
anyone, public or private, individual or entity, to take from or provide content 
or service to anyone they choose. Open networks allow individuals and 
entities to access the communications market without having to worry about 
the high fixed (and sunk) costs associated with the deployment of 
infrastructure individual to each competitor. In telecommunications, the 
traditional definition of open networks refers to horizontally layered network 
architectures and business models that separate physical access to networks 
from service provisioning [9]. Since an open network is used by several 
different providers, the investment and maintenance costs are usually shared, 
which results in lower CAPEX and OPEX for each provider. Open networks 
are obviously useful for the deployment of networks in low population density 
areas where service providers cannot obtain sufficient return on investment to 
cover the high costs associated with trenching, right-of-way encroachment 
permits and the requisite network infrastructure. The open-access model 
allows multiple service providers to compete over the same network at 
wholesale prices. This approach offers the possibility of more alternatives for 
the subscriber, better content that results from larger competition, and lower 
prices for the services.

The open network model is a mechanism that has the advantage of 
providing and stimulating competition, which ultimately benefits the end 
users. For this particular reason, in this thesis, we suggest a pricing strategy 
for the oligopoly scenario under this last mechanism, with one wholesaler 
(which is subsidized13) and more than one retailer.

12 A mobile virtual network operator (MVNO) constitutes an example of a wholesaler-
retailer model, where the MVNO enters into a business agreement with a mobile network 
operator to obtain bulk access to network services at wholesale rates, then sets retail prices 
independently to the end user.
13 The wholesaler takes most of the financial risk: the main concern with deployment of 
these networks is the infrastructure costs, which are a burden exclusively taken by the 
wholesaler. Also, the wholesaler has to take the risk of going bankrupt if no retailers show 
interest in providing a service through the open network.
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1.6 RESEARCH QUESTIONS
With the launch of the new regulatory framework of the European Union, 

telecommunications operators face new challenges concerning infrastructure, 
but also envision new opportunities that arise from the provisioning of 
services based on infrastructure deployed in unprofitable areas. The main 
question this thesis will address is:

How are the best access technology and service provider to be
determined, given that a multicriteria and multi-stakeholder approach is 
employed and the basis consists of the guidelines of the new regulatory 
framework for telecommunications of the European Union?

The focus will be on the infrastructure itself, particularly the access 
network, relegating the core network and the services to a second plan. 

Other sub-questions, subjacent to the main question, are:

How to set the optimal end user prices considering the socio-
demographic and economic characteristics of an EU member state?
To what extent can competition among operators be obtained?
Which relevant technologies are the optimum ones from a cost 
perspective?
How should a risk analysis of investments in these areas be performed?
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2 STATE-OF-THE-ART
Large-scale projects such as the one under study in this dissertation should 
take into consideration the perspectives of various actors and the implication 
of one actor’s action for other actors. When we take a closer look at a very 
particular project—the telecommunications universal service—there is a 
research gap, as most investigations seem to focus on the individual 
perspective of one actor. Law researchers have published many papers on the 
legislative implications of US or the effects on society; economists have built 
up research on the economic and financial effects caused by US directives; 
and engineers seem to focus mostly on which technology is cheaper to get the 
job done. This section reviews the state-of-the-art for each individual actor—
i.e. for the four systems under study in this dissertation—and the current body 
of knowledge in the literature that explains or illustrates how one system 
interacts with another.

2.1 PUBLIC POLICY
Regulators and policymakers have at their disposal a series of options 

regarding the deployment of network infrastructure, such as including local-
loop unbundling [10], universal service obligations [11] and subsidies for 
broadband deployment [12]. This section will focus on this latter option, 
considering as an underlying basis the EECC: policies to improve broadband 
availability (different from affordability) are not equal from the point of view 
of the European legislator, as the EECC code considers US worse than other 
policy measures.14 Given the very recent nature of this legislation (drafted in 

14 Recital 229: “In areas where the market would not deliver, other public policy tools to 
support availability of adequate broadband internet access connections appear, in 
principle, more cost-effective and less market-distortive than universal service obligations, 
for example recourse to financial instruments such as those available under the European 
Fund for Strategic Investments and Connecting Europe Facility, the use of public funding 
from the European structural and investment funds, attaching coverage obligations to 
rights of use for radio spectrum to support the deployment of broadband networks in less 
densely populated areas and public investment in accordance with Union State aid rules.”
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2016 and approved in 2019), there is not much research on the document, 
especially concerning the broadband deployment aspects of it. Nevertheless, 
we can highlight a handful of research papers on this subject. The first one, 
[13], studies the relationship between US and broadband deployment under 
the EECC. It is unquestionable that universal connectivity will be a 
fundamental necessity for future societies, and thus certain types of 
infrastructure and service will be required for the functioning of the economy 
and society. This particular article aims to find the answer to two important 
questions: i) can or should US be considered part of the broadband policy? 
and ii) how effective is the use of the universal service instrument for the 
purposes of the broadband development policy? One of the findings in this 
article is that the US policy in the EECC has a social nature more than an 
industrial one, since the goal is more in line with providing coverage and a 
minimum threshold of services to an underserved population than to assist 
businesses and to help the economy. Another finding in this article is that the 
success of US could be improved if the legislator had focused on the question 
of how broadband deployment policies can foster the achievement of US. It is
claimed that US should not simply be a safety net to enable a minority of 
consumers to catch up with the majority which is already enjoying basic 
electronic communications services, but instead, the legislator should 
efficiently use the broadband policy instruments to gain better coverage and 
take-up rates, which, in turn, will contribute to achievement of the US goals. 
For this, it is defended that a clear distinction between infrastructure 
deployment policy instruments and US obligations must exist, where the 
former should be exclusively for socially disadvantaged citizens who cannot 
afford to buy the service even if broadband networks are deployed, and the 
first should be used to cover an entire area, regardless of whether or not the 
citizens who are living within that area can afford the service. From a legal 
point of view, this is acceptable in the EECC, as the affected end users are not 
entitled to anything, and member states “may impose appropriate universal 
service obligations” at their discretion.

In a second research article, [14], it is stated that to accelerate the 
deployment of innovative and high-performance broadband infrastructures, 
sufficient investment incentives remain essential. It is claimed that taking into 
account coverage and adoption patterns in most EU member states, there will
hardly be massive country-wide broadband coverage, especially when 
considering rural areas. When referring to adoption patterns, it is mentioned
that, statistically, co-investment levels are insufficient. This approach is 
defended, as investment sharing goes hand in hand with cost reduction; it 
ensures that inefficient investment—such as the unnecessary duplication of 
infrastructures—can be avoided, and the model is optimal when the 
infrastructure provider is subject to the regulatory constraint that interested 
parties are offered access on a non-discriminatory basis in the open network. 
This article mentions a study from the Institute for Telecommunications Union 
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(ITU) suggests that co-investments occur relatively infrequently due to 
competition laws [15]. The EECC seems to overcome this problematic issue 
and opens the door for more co-investments in the near future. Three different 
types of co-investment are here highlighted: i) access only,15 ii) pure co-
investment16 and iii) co-investment with access.17 It is claimed that demand 
uncertainty significantly affects equal coverage because an entrant can join at 
any time, not necessarily when the network is still taking its first steps in a 
certain area. This means that if the entrant joins at a later stage, then he should 
pay an access fee that reflects the current risk in order to make the system fair. 
It is argued that this only works if the regulator is able to assess those risks 
precisely and monetize them through the access fee. Thus, a precise estimation 
of the risks at any moment in time is crucial. In fact, the risk factor is 
frequently cited as an obstacle to innovation by firms [16, 17]. Another very 
important finding is that when one operator is expected to take the lead in 
investment in broadband infrastructure deployment, the fact that the 
legislation obligates it to open his network to a future entrant (who might enter 
at a later stage, with significantly fewer risks present) lowers the incumbent 
firm's incentive to expand the network coverage. This view is also present in 
[18]. Notice that this means that the firm investing first and giving access to 
its network is providing future entrants with a real option: they can wait to see 
if entry is profitable, and if entry turns out to be profitable, they may enter [19, 
20]. The idea that, even without the real options argument, mandatory access 
may have a negative impact on investment, is present in other papers [21],
with [22] arguing that even previous broadband access regulation can have a 
negative impact on NGA (Next Generation Access-network) development. It 
is important to acknowledge that most of these research papers are focused on 
fixed broadband, but there are also examples of studies focused on the 
potential negative impact that regulation can cause to mobile access 
investments, such as [23]. Considering these findings, the optimal model 
points to access only as a wholesale-retail style, where only the retailers 
compete and the risk bearer is the wholesaler. 

In their research article, [24] make special mention of the fact that the 
discussion in Europe tends to be obsessively focused on bringing optical fibre 
to the home (FTTH), paying little attention to recycling the existing networks. 
Optical fibre to the curb, or premises (FTTC), is highly underestimated by 
most experts since copper-based G.Fast networks are now a viable alternative. 
It is claimed that premature investment in optical fibre would constitute a 
waste of money and a squandering of taxpayer funds that could be better 

15 The entrant competes at the retail level in every area where they operate with other 
operators who are also using the network.
16 The firms share the investment cost and do not pay each other any compensation for use 
of the networks.
17 The firms share the investment cost and then set an internal access charge for use of the 
infrastructure that maximizes their joint profits.
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applied to meet real needs. In a second finding, in the same article, imposed 
ex-ante regulation decreases the incentive to invest; thus, in the EECC 
regulatory relief is granted to i) firms that share infrastructure with multiple 
competitors and ii) firms that offer only a wholesale service. In the second 
case, wholesale-only network operators do not compete with their wholesale 
customers. The main incentive for harmful economic vertical foreclosure is 
thus eliminated, making this the optimal model. This requires the imposition 
of equivalence of inputs (EoI),18 especially when the provider of wholesale 
access is also a retailer; also, in the wholesaler-only model, there should be no 
discrimination among retailers. To date, only a few of the member states (the 
UK, the Netherlands, Sweden, Ireland, Luxembourg, France and Portugal) 
have imposed EoI, and in most cases, only on a small subset of the potentially 
relevant services.

A fourth research article [25] mentions the wholesale-retailer model as the 
optimal one, since co-investment can lead to collusion that may need policing 
by competition authorities. This is also mentioned in [26], who refer to the 
fact that, in contrast, in wholesale access-based pricing, the access charges are 
the opportunity costs relevant for pricing. Another important factor is 
mentioned: the existent heterogeneity between the different member states. 
Due to this, incentives need to vary by region, meaning that a regionally 
differentiated policy and pricing must be imposed. This is corroborated by 
[27], where it is showed that when the regulator sets differentiated prices 
(different prices for different zones/areas), it not only enhances the incentive 
to invest, but also improves welfare compared to a uniform access price 
regime. This vision is shared by [28], where it is demonstrated that when 
regulators allow prices to differ across locations, welfare is maximized. The 
rollout of 5G as an important substitute for optical fibre in the last mile, despite 
the disparities in spectrum prices, is also referred. As an example, [29] show 
that the cost of spectrum varies widely. As an example, the article
demonstrated that the value of spectrum at the 3.5 GHz band would be almost 
one tenth of that at 850 MHz.

Finally, in the fifth and sixth research articles [30] [31], it was shown that 
the usage of open networks leads to more intense competition in the areas 
where the firms operate a shared network, and to larger coverage. It thus 
becomes evident that public policies imposed by regulatory authorities have a 
significant impact in facilitating and foment the adoption of broadband 
connections.

18 The wholesaler must offer the same product or service to all retailers on the same 
timescale, terms and conditions.
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2.2 TECHNO-ECONOMICS
As the name indicates, techno-economics deals with the common ground 

between economics and technology when analysing engineering investment 
projects, through the modelling of market, technical architectures, revenues, 
costs, economic and financial aspects, and profitability [32]. Techno-
economic science analyses the sociological, demographic, economic, 
technical and geographical factors that affect broadband’s demand [33] and 
supply [34] sides. Besides these factors, demand and deployment costs are 
both affected by the specific regulatory measures [35], described in more 
detail in [36] (and in the research quoted in the previous section; besides, the 
papers quoted here are also relevant to the discussion in the previous section 
on the impact of regulation on investment), and by the level of competition 
among operators [37], which is due to the fact that having operators competing 
in the same market causes a reduction in overall broadband costs [38]. For 
example, [39], in which there is a comparison among the theoretical models 
for telecommunications analyses, such as economic models, used for analysis 
of telecommunications market dynamics; econometric models, used for 
analysis of the statistical significance of parameters for the given model; costs 
models, used for analysis of capital and operational costs; system dynamics 
models, used for analysis of the interactions among different players in the 
markets; business models, used for analysis and evaluation of the financial 
viability of investment models; and game-theoretic models, used for analysis 
of the interactions among market participants in cooperative or non-
cooperative markets. In this article it is argued that all these models should be 
combined in a global model that enables implementation of the functionalities 
of all models. It is provided the following advantage of combining these 
models (ibid, page 521): “the estimation of the number of users from 
economic models, the analyses of the influence of different factors on the 
number of users from econometric models, the evaluation of model 
profitability from costs models, the analyses of real options from system 
dynamics models, the analyses of the financial viability of models from 
business models, and the implementation of game theory aspects from game-
theoretic models.”

Another research article, [40] highlights the importance of predictive 
modelling of telecommunications services adoption, which is divided into two 
basic categories: qualitative and quantitative prediction methods, the former 
being the most commonly used, taking into account time series, which it is 
described as consisting of successive measurements made over a defined time 
interval in order to extract meaningful statistics. The importance of using 
previously existent statistics (historical data) to model and forecast time series
is also highlighted. In this article, the most frequently used models for the 
cumulative adoption of new telecoms services are analysed and the curve-
fitting technique—which is the process of constructing a mathematical 
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function (i.e. a curve) that best fits a series of data points—ends up being 
highlighted as the best general overall model.

In [41], it is argued that the cost component of these projects is generally 
very simplified and based on assumptions. This is also visible in other research 
articles concerning telecommunications investments [42, 43]. This article 
presents a general formula for the costs. Here we have a cost function C with 
argument R, where R is the extension of the network land reach (e.g. in 
metres). The network deployment always starts where the return on 
investment is higher (i.e. in areas more densely populated) and the deployment 
continues towards less populated areas as time moves forward (so, R
increases), eventually reaching rural areas, in which a larger R reflects a larger 
geographic coverage within a given area. So, costs are always growing at the 
rate of the square, as the argument of some function f, divided by 2:

( ) = ( )2
Equation 2.1 – Cost function

With this general formula, in [41] the objective is to exemplify that due to 
the convex form of the formula, the network deployment becomes more 
expensive as the rollout is extended to rural, less populated areas, indicated by 
a higher R. For the demand estimation, the same article recommends the use 
of classic game theory models, such as those proposed by Cournot, Bertrand, 
Stackelberg, among others (ibid, page 5). This is corroborated by [44], who 
show that accurate CAPEX and OPEX calculations, or even good 
approximations, are very difficult in scientific research papers related to 
telecommunications investments, since most of the values are kept 
confidential by the operators and network suppliers. Researchers therefore 
have to rely on documents from regulators and other bodies such as the EU, 
whose cost prices are also only rough estimations, sometimes with significant 
errors from real values.

In [45] it is claimed that the deployment of very fast broadband is 
happening more slowly than expected due to the risk associated with upfront 
investments and the uncertainty linked with them. According to the article,
firms predict the future costs and revenues of the investment project, 
discounting them with an appropriate discount factor and then adding them to 
come to the net present value (NPV), which yields unintuitive results. It is
mentioned that the correct way to analyse a telecoms investment project 
should be through real options, using either a Black-Scholes model, a discrete 
binomial tree model or a more realistic continuous-time model. It is also 
claimed that when using any of these real options models alone, underlying 
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assumptions do not always match reality; thus, combining them with a Monte 
Carlo simulation would yield a more realistic scenario than simply building 
up underlying assumptions.

2.3 ECONOMICS
In general terms, the existent literature agrees that broadband availability 

has a positive impact on economic growth and employment [46-48]. In fact, 
an extended range of literature is available regarding the impact of broadband 
availability on a series of socio-economic areas, including economic growth 
[49-51], innovation [52], productivity [53], firm creation [54], labour market 
outcomes such as job matching [55], inequality [56], house prices [57],
educational outcomes [58], health [59], voting behaviour [60], social capital 
[61], employment across locations [62, 63], crime [64] or marriage decisions 
[65]. One interesting article is [66], where it was showed that both the 
existence of broadband infrastructure and broadband penetration are related to 
disposable income in France.

Proving the relationship, or correlation, between certain socio-economic 
indicators (such as those mentioned in the above paragraph) and broadband is 
typically done by developing and analysing econometric models built for this 
specific need. For example, a particular study on the effect of ICT 
infrastructure on economic growth in EU countries is [67]. In this study, it was
used data from ITU database, the Organization for Economic Co-operation 
and Development (OECD) database, the World Development Indicators 
database from the World Bank and data from the EC for a period of 18 years 
(2000–2017) to create an econometric model whose variables were gross 
domestic product (GDP) per capita in power purchasing parity (PPP) and 
broadband subscriptions per 100 inhabitants. Econometric models with linear 
regressions were tested, to verify the relationship between the Internet and 
communications technology and economic growth. The article also mentions 
dozens of other papers in the literature that verify that this relationship exists 
and that one can use such an econometric model based on linear regression 
using GDP and broadband penetration. The difference is that this paper proves 
that for EU countries, ICT and economic growth also go hand-in-hand.

The research article [68] uses an econometric model to estimate the end 
users’ willingness-to-pay (WTP) for broadband [69]. It contains two critical 
differences from the previous article: i) a survey instead of existent (market) 
data (though in this article it is clearly stated that in this type of research, 
surveys often induce unrealistic responses that generate bias, which is relevant 
for an accurate conclusion) was used; and ii) the econometric model takes into 
account the end user utility given for each broadband alternative. The model
is as follows.
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= = [ ]
Equation 2.2 – Utility function

Where uj is the utility of alternative technology j, given by the product of 
the weight, w, of five criterions (price in a monetary unit, download bandwidth 
in bps, upload bandwidth in bps, latency in ms, and data cap in bytes) and their 
respective values. To explain this equation, say that we have a grand total of j
alternative technologies. We then perform a survey on a citizen, based on how 
he or she weights five attributes19 for each technology alternative j. We put 
these weights in a vector called wj. We put in another vector called j, the 
normalized values of each of these five attributes (they have to be normalized 
because they have different measurement units, as we cannot compare bits per 
second with dollars, for example). The estimated given utility uj that the 
citizen ascribes to the technology alternative j is simply the result of a scalar 
multiplication of wj and j; thus, if we survey a total of i citizens, the 
technology alternative j for which the WTP is largest is the one with the 
biggest WTPj value, given by the following expression:

=
Equation 2.3 – Willingness-to-pay function

The problem with these types of technology-related surveys, is that they 
contain technical aspects, or technical words, that a significant proportion of 
respondents may not understand even if it is explained in the survey. For this 
reason, using surveys on technical issues such as broadband solutions can lead 
to unrealistic results, as a significant number of respondents would not be 
certain of what latency means, for example, thus providing biased answers (in 
personal interviews, the interviewer can try to make sure that the respondent 
understands the technicalities better compared to data provided in an Internet-

19 These attributes are universally recognized as standard quality of service metrics utilized 
by operators, network designers and institutions such as the ITU. The data cap is losing its 
weight as most operators worldwide have unlimited data cap plans. One important metric 
missing in this utility function is the packet error loss, which we have added to our utility 
function in our research paper 5.
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based survey). Nonetheless, this WTP function provides the decision-maker 
with a view on how subscribers rank one access technology over another. 
Some other studies on this perspective do exist, such as [70], where, using a 
dataset of 100,000 subscribers to a European telecommunications operator, it 
was concluded that end users’ valuation of a FTTH connection is 59 per cent 
higher than the valuation of a DSL connection with a speed of 8 Mbps.

Since this dissertation relates to rural areas, the econometric models must 
be further developed: as these areas usually have a lower GDP per capita and 
higher deployment costs, public subsidization must be added to the 
econometric models. Public subsidization of broadband networks has been 
proved to be a useful instrument to increase the number of subscribers. For 
example, [71] quantify the effect of state aid on broadband deployment and 
find that the aided municipalities have, depending on broadband quality, 
between 18.4 and 25.4 percentage points higher broadband coverage at a 
higher speed than non-aided municipalities.

Public subsidization means that the government has a say in end users’ 
broadband access tariffs. The usefulness of this is described by [72], who show 
that a regulated access price aimed at maximizing welfare can lead to an 
equilibrium investment level, and by [73], who describe pricing models that 
consider the maximization of welfare, the problem being the welfare 
maximization and the price being the decision variable. Economic and pricing 
modelling of competition and investment has been based for a long time 
mostly on a game-theoretic approach (see, e.g., [74]). These game theory 
models have been proved to be a very good and useful tool to analyse pricing 
problems in telecommunications networks [75-79]. Although several models 
exist, including variants with demonstrated results in next generation 
networks (NGN) applications [80, 81], the best known are the Stackelberg, 
Bertrand, and Cournot models [79]. The Stackelberg game refers to a scenario 
where operator a is the first mover (thus holding leadership advantage) and 
operator b is the second mover. This fits a scenario where operator a is an 
incumbent who will open his network to an entrant (operator b). This is not 
the case under study in this dissertation, since we are aiming at areas or regions 
that lack high-throughput broadband services, so without pre-existing 
incumbents. We are thus left with the Bertrand and Cournot pricing models.

In the Bertrand model, the operators compete on price rather than quantity 
(number of subscribers). This means that under this model the operator who 
offers the service with the lowest tariff receives the entire demand (i.e. he gets 
all the subscribers for himself).

In the Cournot model, operators compete with each other by deciding their 
amount of output (i.e. the number of served subscribers). Each retail operator 
chooses the number of end users that he wants to provide service to: then the 
prices are simply adjusted in response to the aggregate supply of all the 
operators competing in the retail market. This makes the Cournot model the 
obvious choice, since we want to maximize the number of subscribers in the 
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network. This was already shown in [82], where it was proved that the Cournot 
competition can generate more welfare than Bertrand or Stackelberg. In this
study it was graphically illustrated that when following the Cournot model, 
firms provide a higher steady output (and consequently higher welfare).

One important advantage of these game theory pricing models is that they 
can be combined with financial models in telecommunications deployment, 
such as real options models.20 For example, the research performed by [83]
deals with the various stages of network deployment using a real options 
theory approach, mixed with a game theory approach for pricing.

2.4 TECHNOLOGICAL TRANSITION
In the past decade, the main and practically unique medium to reach a 100 

Mbps throughput in a wide area network was an optical fibre connection 
directly to the end user’s home, known as FTTH. Relatively recently, three 
other alternatives that can also offer such throughputs entered the game. The 
first is called G.Fast. In this case, instead of having the optical fibre connection 
directly to the end user’s home, the optical fibre terminates at a street cabinet, 
and from that street cabinet to the end user’s home, we reuse the old, pre-
existent copper lines. This solution is known as FTTC. The second alternative 
would be using the same concept as FTTC, but instead of terminating the 
optical fibre in a street cabinet, the optical fibre terminates at a 5G station. 
From here to the end user’s home, a 5G antenna is used to transmit the signal 
through radio waves. The third alternative is similar to the previous one, with 
the difference that instead of using optical fibre to feed the 5G station, we use 
high throughput satellites (HTS) in low Earth orbit (LEO). These are satellites 
that have enough throughput capabilities to feed the 5G stations while orbiting 
less than 2,000 km from the Earth’s surface (thus carrying low latency, as the 
signal needs to travel a small path of only a couple thousand kilometres).

[84, 85] estimate that by 2025 there will be hundreds more of these 
satellites integrated into the 5G system delivering terabits per second of 
capacity across the world. The EU is taking the satellite+5G broadband 
alternative very seriously, as there are currently four important publicly 
funded projects regarding this [86-89]. Alongside the fact that 4G currently 
has coverage of more than 89.9 per cent in rural areas of the EU [90], networks 
based on radio access technology can be used as an alternative to fixed 
broadband [91, 92], since part of the network would only need an upgrade to 
5G instead of building an entirely new network from scratch.

20 These are models where the projected cash flows are subject to change due to an entity 
(typically the project owner) exercising an option (a project change), such as the option to 
delay an expansion on a network until the macroeconomic situation is more favorable.
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The technical transition required to meet the 100 Mbps wide coverage is 
very demanding and, more importantly, costly, since the rural areas that lack 
infrastructure capable of delivering such throughputs are still significantly 
large, as illustrated by 

Figure 2.1 [93]:

Figure 2.1 – NGA coverage in June 2016

This figure also illustrates the current asymmetries among member states 
of the EU, with some countries having very disproportionate rural vs non-rural 
NGN coverage

[94] assessed the feasibility of fixed networks with optical fibre. In this 
particular study, it was concluded that FTTC was the best compromise. The 
same authors performed another study, in which FTTC networks using G.Fast 
were shown to be a cost-effective alternative to FTTH [95]. In a more recent 
article, [96] performed a techno-economic study on 30 Mbps G.Fast vs 4G. In 
all cases, as a drawback, these studies fail to take into account the users’ 
welfare.

Despite G.Fast being relatively new, its evolution, G.mfast (frequency 
spectrum to 424 MHz or even 848 MHz), is very promising. [97] show, using 
a Huawei prototype, that G.mfast delivers 2 Gbps at a 75-metre distance. The 
problem is going beyond those 75 metres, as the high frequencies used induce 
too much noise in the copper lines. In the same research article, other 
alternatives were analysed. In very rural areas, the recommendation seems to 
fall within FTTC G.Fast (using optical fibre to a certain point and, from that 
point onwards, using copper lines by means of G.Fast technology) or 5G, with 
future evolutions being possible by exchanging the equipment at the 
respective ends of the fibre.
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2.5 UNCERTAINTY
As previously stated, a major challenge in broadband infrastructure 

deployment in unprofitable areas is uncertainty. To deal with this uncertainty, 
it becomes necessary to perform some sort of risk analysis in order to quantify 
the undesirable effects or repercussions that our particular investment project 
may have for economical values, as the higher the risk, the more dangerous 
the investment becomes. Various techniques exist to estimate risk 
quantitatively, such as the closed-form expression [98], but most researchers
[99-102] agree that simulation produces more realistic approximations of risk 
values. An advantage of performing risk analysis is to differentiate risk 
information from outcome criteria such as NPV by probability distributions 
[103] in which every variable under analysis is represented by a probability 
density function (PDF) with the objective of calculating the combined impact 
of the variability and uncertainty in each variable in order to determine a total 
probability distribution of the model. A popular technique for this sort of 
quantitative risk analysis is Monte Carlo simulation (MCS). [104] points out 
three major advantages of MCS compared to other risk analysis methods: i) 
since MCS is based on random sampling, it does stochastic modelling, and so 
time does not play a substantial role; ii) the observations in MCS are 
independent; and iii) MCS can be expressed in a straightforward manner by 
simple functions of the input variables. [105] demonstrate that MCS 
represents an advance on discrete sensitivity analysis, scenario generation and 
what-if analysis for risk assessment. [106] identifies a seven-step procedure 
to deal with MCS:

1. Identify the project input risk variables.
2. Establish the percentage importance for these risk variables 

(optional).
3. Establish output variables.
4. Establish relationships for the correlated variables.
5. Establish a mathematical model connecting inputs and outputs 

through a distribution function.
6. Perform simulation runs for the identified variables and the 

correlations.
7. Statistically analyse the results of the simulation run.

The choice of distribution in point 5 is very extensive. For example, [107]
identifies a total of seven discrete and 15 continuous probability distributions 
that can be used in Monte Carlo simulations. A goodness-of-fit test such as
Anderson-Darling or chi-squared can be used to test if a data sample comes 
from a population with a specific distribution [108].
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2.6 SUMMARY OF FINDINGS
Summarizing the important findings in the recent literature:

The focus should be on infrastructure deployment instead of US. If 
there is mass coverage, then US will come with it.
The wholesale-retailer model must be explored.
Historical data can be very useful to forecast and model time series.
Surveys can lead to unrealistic and biased results in this particular type 
of research.
5G and G.Fast might represent decent alternatives to FTTH.
Some studies suggest that optical fibre mixed with G.Fast might be the 
most cost-effective solution.
New satellite technologies such as HTS in LEO systems can feed the 
5G stations as an alternative to optical fibre.
NGA coverage in rural areas of the EU is still insufficient, which itself 
constitutes good justification of government subsidization to cover 
these areas.
Until quite recently, the approach to providing NGA coverage was 
strongly based on FTTH technology. Now there is evidence that FTTC
using G.Fast can deliver good throughputs at a much lower cost.
The combination of various types of model, such as game theory and 
econometrics, can form a stronger global model.
Econometric modelling, with linear regressions, attests that there is a 
relationship between broadband penetration rates and economic 
indicators in the European Union.
There is evidence that broadband penetration is related to disposable 
income.
Pricing shall be adapted to the area in question on a case-by-case basis.
The optimal regulated access price is given by maximizing welfare.
Welfare gain is rarely quantified in the literature.
The Cournot competition model seems to be a best fit.
Accurate cost modelling is difficult to obtain, and simplification might 
be necessary.
Monte Carlo simulations can potentially produce more realistic 
scenarios of the returns on investment than other approaches, such as 
deterministic ones, the risk being quantified through the standard 
deviation of a probability distribution.
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2.7 RESEARCH GAP

When we look at the particular field of digital exclusion in Europe, there is 
clear evidence from the existent literature that issues concerning the digital 
divide problematic have been studied extensively. However, the socio-
economic dynamics have changed dramatically from the time when there 
existed a clear dominant player (the incumbent) with regulatory measures 
imposed to address the issue of digital exclusion. Previous regulatory 
frameworks imposed by the EU parliament seem to be clearly outdated, failing 
to address modern digital exclusion issues. The fact that the number of end 
users with a US subscription is rapidly diminishing (see Figure 2.2) despite 
the high-throughput service subscription still being rather small (

Figure 2.1) constitutes a good piece of evidence for this.

Figure 2.2 – Percentage of subscribers eligible for a US subscription21

With the new EECC, the mitigation of digital exclusion seems to aim at 
having all citizens actually on a par. To achieve this, the new regulatory 
framework diverges drastically from its predecessors in terms of 
methodologies, funding, etc. As the EECC is a recent regulatory framework 
(from late 2018), there seems to be very little research concerning its impact 
on digital exclusion that can lead to a general consensus regarding the best 
approach to deal with this issue, considering these new methodologies and 
funding mechanisms. This dissertation hopes to provide some guidance and 
clarity on this topic. Furthermore, we find a particular research gap: there are 
no exhaustive studies concerning the impact of the EECC on mitigation of the 
digital divide involving those stakeholders that have the power to fight digital 
exclusion (operators and governments) by taking into account all the distinct 
disciplines that this entails (law, economics, engineering and finance). Despite 
the fact that some techno-economic models have been developed, one cannot 
find in the current body of knowledge a unified framework that explains how 
to relate each and every one of these stakeholders by illustrating how 
governments can achieve the goals of the EECC, through local or global 
operators, while maximizing the number of citizens who shall benefit from it. 
This doctoral dissertation hopes to target this specific gap and and contribute 
to this field of knowledge, i.e., the system sciences of telecommunications.

21 Special Eurobarometer survey 438 (October 2015).
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3 METHODOLOGY
The research methodology is essentially the strategy used to achieve the 

objectives of the research, by using one or more research methods. 
Researchers [109-111] have categorized three, broadly generic, research 
strategies:

Experiments, through the manipulation of variables.
Surveys and interviews, through the collection of information from 
individuals or groups.
Case studies, based on an intensive knowledge of one case or a 
number of related cases.

Independently of the strategy used, for the obtained data to be considered 
‘good’, it needs to be obtained simultaneously from adequate sources and 
usually on a very large scale, as we could see, e.g., in [112]. Furthermore, the 
consulted audience needs to be broad, credible and have diverse roles. One of 
the goals of this research is to establish appropriate price tariffs and the most 
appropriate technology for a given geodemographic condition, with the 
ultimate goal of providing massive EU broadband coverage. Although there 
exist many research papers, published in reputable journals, on the WTP for 
broadband based on surveys and interviews, since this research aims at the 
whole EU, one would have to send out surveys to thousands of persons across 
each of the 28 member states. Even if that were feasible, it is difficult to 
guarantee that those individuals are genuinely appropriate, or that they are 
honest in their survey answers—not to mention the language barriers. Another 
concern regarding this way of collecting data is that these data are purely 
subjective and can easily be manipulated by, for example, removing the 
outliers in order to obtain the desired results (in fact, the reproducibility of 
results is a major disadvantage of this method). Furthermore, researchers can 
interpret the respondents’ words in their own way, which can ultimately affect 
the results and the overall quality of the research [113]. Another concern is 
that, since the data are subjective, if someone else replicates the survey, the 
results will naturally be different. Other concerns would also arise if this way 
of obtaining data were chosen, such as the disclosure of sensitive data from 
respondents and identity protection concerns [114].
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For this reason, the data here has been collected by means of historical and 
statistical observations, as by knowing past behaviours, we can predict future 
behaviours. For this research, historical data from the EC, the ITU, the OECD 
and the World Bank sources have been used to establish a pattern in broadband 
consumption and the WTP for such services, which allowed us to obtain future 
prices and thus build our model of the economic system. Statistical data from 
the same sources has been used to estimate a network’s cost and revenues, as 
well as its evolution, and applied to the engineering system. Finally, using the 
results obtained from the previous points, a financial-based multi-attribute 
utility theory model has been built to estimate the technology that best fits the 
goal of massive broadband deployment in the European Union, as required in 
the finance system, alongside with the best operator for the job.

After studying the necessary theoretical aspects concerning deployment of 
the network (engineering design, cost models, supply and demand models, 
etc.), data analysis was performed in the DecideIT software, specifically for 
decision analysis with the purpose of providing an integrated view of the 
above-mentioned aspects.

3.1 RESEARCH DESIGN
The research purpose is to explore the possibilities that the new EECC 

brings to mitigate the digital divide in the EU while balancing the existence of 
three involved stakeholders: citizens, governments and the operators. To 
tackle this, this study was conducted in six stages (the last five resulting in a 
research article each) in a step-wise research approach [115]. The first stage 
involved a study on the new EECC and its novelties compared to previous EU 
regulatory frameworks. During this stage, possible legislative and regulatory 
approaches to mitigate the digital divide in the EU were extensively studied 
from the perspectives of technologies capable of providing the minimum 
broadband requirements, funding mechanisms, access to distribution 
networks, competition and pricing policies. This was fundamental for the 
second stage, as one key topic of this dissertation is to make sure that as many 
potential service subscribers as possible can be reached. For this purpose, it is 
necessary to build an economic model based on the network access type and 
business model that maximizes the number of citizens served. This was 
identified in the first stage to be an open-network access type with a 
wholesaler-retailer business model.

Considering the findings obtained in the first stage as an underlying basis 
for the economic model, as the wholesaler is the sole owner of an NGA
network, this constitutes a natural monopoly. Due to the naturally limited 
number of operators competing to provide service to end users, the retailers 
accessing the wholesaler’s network constitute an oligopoly scheme. A 
subsidized natural monopoly model (for the wholesaler) is relatively simple 
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and does not require much research (and does not have many alternatives). 
This natural monopoly model is explained in detail in research paper 1. 

The wholesaler model is a different thing. In the state-of-the-art section, 
the game-theoretic Cournot model is shown to be optimal for welfare 
maximization; thus it shall be the basis of our economic model, for which 
prices and quantities are the main variables: since this is a supply and demand 
model, prices are citizens’ WTP22 for the broadband service in monetary 
terms, while quantities are simply the correspondent number of citizens who 
accept that monetary amount. Note that this assumes that the wholesaler does 
not compete with the retailers in the end market, to prevent discouragement 
for future retailer entrants, market dominance from the wholesaler, or simply 
the occurrence of a monopoly in the retail market due to a lack of willingness 
to compete by other operators [16-18]. This is not a mandatory business 
model. Two other circumstances are admissible in the EECC: i) the wholesaler 
could also compete in the retail market, and in this case the Cournot model 
would probably not be adequate: perhaps the game-theoretic Stackelberg 
model would be more suitable; and ii) there is no wholesaler-retailer, but 
rather a monopolistic, publicly funded operator, in which case a whole 
different welfare maximization model would have to be chosen.

The third stage is a more technological one. Here, we proceed to identify 
the technologies capable of delivering the required throughput to achieve the 
EC’s goals. These can be divided into two types: existent upgradable and 
others. The former concerns the use or recycling of the current copper 
infrastructure by replacing some network elements (such as DSL cabinets by 
G.Fast cabinets) and installing an appropriate fibre network to feed these 
cabinets. From a legal perspective, this raises some serious concerns regarding 
the role of the current owner of these copper infrastructures. What role should
he play? Non-competing wholesaler? Wholesaler competing with retailers? 
Monopolistic operator? This concern shall not be addressed in this dissertation 
but left for future research, keeping the non-competing wholesaler-retail 
business model as the core of this dissertation. ‘Others’ refers to the 
deployment of new access infrastructure, which can be fixed optical fibre or 
mobile 5G (which can have either an optical fibre or a satellite feed). In this 

22 Since we are dealing with the EU, WTP can be seen in terms of how much, on average, 
each citizen of a given member state of the EU spends on broadband in relation to his 
disposable income. If a high correlation between these two terms (prices and quantities) is 
found among the data observed for the EU member states, then the global EU relationship 
between these two variables can be represented by the linear regression of the data and 
applied to the Cournot model. These variables are relevant for introducing broadband in 
rural areas because they define the tariff of the broadband services that the citizens in rural 
areas will end up paying, and thus the demand in those areas. Thus, they can be used to 
maximize the welfare (i.e. the maximization of served subscribers while simultaneously 
maintaining a sustainable level of public network subsidization); hence their relevance.
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stage, estimation is made of the number of network elements23 (such as the 
number of 5G base stations, how many metres of optical fibre are needed, how 
many G.Fast cabinets are necessary, etc.) through network engineering 
dimensioning and topology design. This is fundamental to obtain an 
estimation regarding the required cost to build and maintain these networks in 
rural areas. 

The fourth stage is also a technological one. The EC mentions the fact that 
the last 5 per cent of rural citizens of the EU (roughly 11 million inhabitants) 
are the most costly and difficult to connect. For this reason, a cheaper solution 
for a network serving these citizens must be sought. Here, we repeat what was 
done in stage three, but instead of comparing access technologies from an 
engineering, dimensioning and topology design perspective, we do it for 
backhaul technologies (specifically high-throughput, low-orbit satellite 
constellations and optical fibre) to estimate and compare the costs of the 
backhaul networks.

The fifth stage consists of performing a risk assessment on the project. This 
is a crucial part of the global picture, because without a risk estimation, 
governments and operators will be reluctant to invest, thus jeopardizing the 
goal of mitigating digital exclusion. When uncertainty is relatively high, with 
some unknown important variables, the state-of-the-art section showed that 
MCS based on distribution probabilities output the most realistic scenarios. 
Other methods, such as deterministic ones (e.g. based on NPV variation) exist 
and could be used instead, but the evidence in the literature associates them 
with less accurate results [103-105]. The chosen variables were the ones 
suggested by [116]24 as the fundamental ones for most investment projects 
based on infrastructure: market size, market share, selling prices, capital 
expenditure, operational expenditure and market growth rate. To measure 

23 The variables in the network engineering dimension and topology design (third and 
fourth stages of the study) are the important cost-related ones, namely network elements 
such as metres of optical fibre, number of 5G base stations, satellite constellations, G.Fast 
cabinets, etc. They are identified in Table V. They are measured in terms of quantities 
needed to fulfil the network requirements, which are estimated by principles of 
telecommunications engineering, the results being illustrated in Table VI.
24 The choice of variables is based on this reference because it is the most cited book 
concerning MCS (11,369 citations), their choice of variables being widely accepted in this 
field.
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them, due to the unknown nature of these variables, we used the betaPERT 
distribution25.

In the sixth and final stage, we build the unified model, whose inputs are 
the results of the economic model from the second stage (i.e. the price tariffs 
in the retail market and the number of subscribers accessing the service 
provisioning); the fixed and operating costs estimated in the third and fourth 
stages; the quantified risk estimated in the fifth stage; and a utility component. 
This utility component concerns the utility that end users in the retail market 
perceive one access technology to the detriment of others (as citizens may 
value each technology differently). 

In the final stage, we build a multi-attribute utility theory method, where 
the multiple characteristics of each technology (e.g. throughput, latency, etc.) 
are compared among each other in terms of their value and relative 
importance, alongside the personal characteristics of the wholesaler candidate 
and the network deployment costs.

25 The choice of this particular distribution to assess risk is not consensual, as some 
criticism exists (e.g. [117] critic this distribution for being too centre-weighted). To select 
this distribution, we first analysed the work from [118], in which an exhaustive analysis 
on 13 different time distributions used in project analysis was performed, with the 
conclusion being that the BetaPERT, Triangular, Uniform and Burr XII were the ones that 
fitted best the Monte Carlo method, while the others were more appropriate for other 
estimation methods such as analytical approximation, exact analysis or stochastic activity 
networks. As stated in section 2.5, we could use a test such as Anderson-Darling to test 
our existent data from EU, ITU and OECD statistics to check the best fitting probability 
distribution, but we have variables with zero data (operating costs and fixed costs) and
variables with very few data points (market growth rate). Since we have some non-
exhaustive data, which allows us to estimate the minimum, maximum and most likely 
outcomes of our variables (e.g. the most likely costs for example), this makes BetaPERT 
and triangular distributions the most well fitted for our methodology. We do not have high 
knowledge of all the variables, but nor do we have low knowledge of them all, since we 
know with a certain degree of confidence the interval (minimum and maximum) values 
for several variables. The reason why the uniform distribution was rejected is due to the 
fact that the probability density functions of telecommunications projects are not constant. 
Besides, [119] demonstrated that the BetaPERT can realistically model the project for the 
underlying activity duration, as long as the most likely value, m, lies within the following 
values: a+0.13(b-a)<m<b-0.13(b-a), where a and b are respectively the minimum and 
maximum values of the probability distribution (which is the case of our data). Note that 
the triangular distribution could also be used, as it resembles the BetaPERT. In fact, [120]
showed that a triangular distribution can also be used instead of the BetaPERT with results 
of same quality, as long as the maximum deviation D=max|F(x)-G(x)| is less than 0.03 and 
greater than 0.02, where F(x) and G(x) are BetaPERT and triangular distribution functions 
respectively.
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3.2 ETHICAL CONSIDERATIONS
Just like many professions have to deal with deontological concerns on a 

daily basis, so does a researcher, who has to comply with ethical concerns. 
The most obvious ones are to make sure the work is not plagiarized, that the 
work is original (otherwise it would not be called research), that the works of 
others are acknowledged, and that these ‘others’ will not see their unpublished 
work or patents used without permission. These seem rather obvious points, 
and it is expected that every researcher complies with them, just as this 
dissertation does. In terms of data ethics, by following the references in the 
published articles that form part of this dissertation, a reader can go through 
the publicly available data at ITU, OECD, the EU and the World Bank and re-
create the results using the methodology of this dissertation (which is 
explained in detail in the articles), in line with the guidelines provided by 
[121]. Data used as a source to select the most appropriate broadband 
technology for a given scenario was collected by means of experiments and 
computational simulations. All of the physics and mathematics behind these 
experiments and simulations are well detailed in the articles and easily 
recreated by the reader. Once again, this is in line with [121]
recommendations. Finally, the data collected to measure financial outcomes 
and risk were a mix of experimental data simulations and existent data 
publicly available from ITU, OECD and the EU, and the experiments and 
simulations can be reproduced by the reader with the same final results
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4 RESULTS
Considering that several stakeholders exist (governments, subscribers and 

operators), the research problem of this dissertation is to find a way to fulfil 
the EC objective while having an optimal balance between these stakeholders. 
To tackle this dissertation’s research problem, it is necessary, in a sequential 
manner, to tackle the economics, engineering and finance systems.

Economics. A telecom-specific project targets a specific market (in 
our case circumscribed to an area or region with a defined border)
which is characterized by sub-variables and constraints. Examples 
include demand segments, such as home users or business 
professionals, population density, GDP per capita, etc. This plays a 
big part in the project by modelling the tariff for access to the service. 
Since the EC’s objective is more of a social objective, the aim should 
be to maximize the number of subscribers without increasing public 
subsidization to an uncomfortable level, which can be done by finding 
an optimal, or fair, price considering the above-mentioned sub-
variables and constraints of the particular area or region under study. 
In section 4.1, the methodology used to establish fair prices for the 
service provisioning that maximize the number of subscribers will be 
demonstrated and the results shown.
Engineering. The technological factors associated with the design and 
planning of a mobile or fixed network represent an engineering 
challenge which implies costs and a project lifecycle. In section 4.2 
and section 4.3, the engineering design aspect of the network planning 
will be explained, and the methodology used to estimate the costs of 
building a network infrastructure capable of providing the throughput 
requirements will be covered and the results presented.
Finance. We will model the risk; the methodological approach used 
to estimate it is given in section 4.4.

The next step consists of using this information in a multicriteria decision 
model (illustrated in section 4.5).
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In summary, to address the research problem at hand, it becomes necessary, 
in a sequential manner, to:

i. Study the state-of-the-art on current European legislation, 
specifically aimed at massive deployment of broadband 
telecommunications, and the public policies that can enable the 
desired targets, particularly focusing on what the desired targets 
are, which technologies are capable of fulfilling these targets, how 
their deployment can be funded and under which business models. 
Section 2.1 shows that this should be a single wholesaler (who does 
not offer services to end users) operating an open network to 
retailers who offer service to end users in an oligopoly fashion. 

ii. Propose a pricing model representative of this sector that is in line 
with the goal of broadband-related welfare maximization—i.e. a 
model which does not run the risk of becoming financially 
unsustainable due to excessive funding to cover costs, while at the 
same time being affordable to most households in order to 
maximize welfare (in this case, the broadband penetration). Section 
2.3 shows this should be based on a Cournot competition model 
supported by evidence in [82].

iii. Identify the technologies available to be infrastructure candidates, 
explain in detail how they are dimensioned in terms of subscriber 
capacity and land reach, and estimate their overall deployment 
costs for the specific scenarios of rural or likely unprofitable areas. 
Section 2.4 shows these are FTTH, FTTC-G.Fast and 5G.

iv. Estimate the project risk. Section 2.5 shows that MCS is a very 
good tool to estimate risk.26

v. Apply the findings of points i–iv in a decision analytic model.

26 Deterministic modelling involves using a best guess estimate concerning each variable 
within the model to determine the actual outcome with ‘what if’ scenarios, while the Monte 
Carlo method, on the other hand, instead of only creating a number of possible scenarios,
effectively accounts for every possible value that each variable within the model can take 
by use of various continuous probability distributions. Thus, a probability based method 
should provide better quantification of the overall project risk.
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4.1 PRICING

In the telecoms sector, competitor analysis and demand for service [122, 
123] are extremely important. It helps to understand competitors’ current 
strategy, resources and capabilities, critical vulnerabilities, and likely 
competitive moves, as well as how competitors might react to a firm's actions 
and how to influence competitor behaviour to the firm's own advantage [124-
127]. Game theory studies firms’ reactions to competitors’ actions. This can 
be a powerful methodology to establish tariffs. In game theory, there are 
players (operators), situations (e.g. the current market share), possibilities (e.g. 
entry to a market), reactions (e.g. the reaction of an incumbent to the entrance 
of another operator) and payoffs (the outcomes of following a strategy). Game 
theory can be used by operators as an auxiliary decision-making tool to help 
analyse strategic decisions [128-130], such as defining optimal prices and 
quantities (in our case, prices are tariffs and quantities are subscribers). In 
research paper 1, using the Cournot model for game theory and assuming an 
open network model where retail operators share access to a common 
infrastructure paying a regulated wholesale price P0, we obtained the optimal 
price P1 charged to subscribers in a retail market that maximizes the number 
of subscribers, Q, without creating an excessive financial burden on the 
government that subsidizes the infrastructure. In our research paper, we found 
that the optimal price that guarantees utility maximization is: 

= = + 23
Equation 4.1 – Prices for utility maximization in the Cournot model

where and are constants. Thus, finding and becomes the main 
challenge. For our simulations, we used data from ITU [131] to retrieve the 
current penetration rate of broadband (fixed broadband subscriptions per 100 
inhabitants); data from the EU [132] to retrieve current broadband prices and 
disposable income of citizens; and data from the OECD [133] to know the 
percentage of penetration per technology (which alters the average broadband 
prices). We retrieved the value of P0 from [134], where a study on the tariffs 
and willingness-to-pay was performed. We have concluded that the 
willingness-to-pay for broadband is correlated to disposable income. Thus, for 
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the EU members states,27 we have plotted a linear regression on this 
willingness to pay with the form y=mx+b:

Figure 4.1 – Willingness to pay for broadband in the EU

The optimal tariff P1 and the optimal number of subscribers Q in the retail 
market (where I is the disposable income in PPP, P0 is the wholesale price, 
m=-0.0012 and b=0.0657) will be:

= ×= ×= ×=  
 = + 2436   = 12

Equation 4.2 – Optimal tariffs and subscribers in the retail market

Note that prices and quantities are multiplied by 12 in order for the values 
to be annualized. Our results are illustrated in Table I.

27 This was studied at EU level and not at national level because if it were at national level 
there would be very few data points and the results would likely be statistically irrelevant.
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Table I – Simulation results for tariff estimation with P0 = 20

C1 C2 C3 C4 C5 C6

0.00 6.66%

Poland 15,400 57.00 19.17 4.44% 28.6 41.44
Romania 13,645 34.10 22.49 3.00% 27.5 38.24

Bulgaria 11,034 43.90 23.80 4.77% 25.1 33.47
Slovakia 16,365 51.00 24.55 3.74% 29.1 43.20

Croatia 12,109 46.00 24.77 4.56% 26.2 35.43
Italy 21,594 56.00 26.19 3.11% 31.1 52.74

Latvia 13,442 33.00 26.35 2.95% 27.3 37.86
Slovenia 16,999 44.29 28.31 3.13% 29.4 44.36

Ireland 20,001 64.72 28.78 3.88% 30.6 49.84
Hungary 13,551 32.04 28.86 2.84% 27.4 38.06

Czech Rep. 17,069 40.08 28.93 2.82% 29.4 44.48
Austria 26,660 53.94 29.07 2.43% 32.2 61.99

Lithuania 16,791 30.56 29.49 2.18% 29.3 43.98
Estonia 15,527 37.77 30.22 2.92% 28.6 41.67

Spain 19,164 54.90 30.45 3.44% 30.3 48.31
Finland 24,138 37.00 31.11 1.84% 31.7 57.39

Greece 14,539 38.13 32.32 3.15% 28.1 39.87
Portugal 17,111 58.99 32.55 4.14% 29.4 44.56

Cyprus 17,046 45.17 32.77 3.18% 29.4 44.44
Luxembourg 31,412 50.36 35.28 1.92% 33.0 70.66

Sweden 24,267 21.81 37.41 1.08% 31.7 57.62
Belgium 24,468 60.00 37.60 2.94% 31.8 57.99
United King. 23,272 37.56 38.29 1.94% 31.5 55.80

Germany 27,818 32.63 39.07 1.41% 32.4 64.10
Netherlands 23,573 38.10 42.28 1.94% 31.6 56.35

Denmark 23,466 42.52 42.54 2.17% 31.5 56.16
France 24,924 25.79 42.74 1.24% 31.9 58.82

55.48 0.00%

C1: Annual disposable income PPP in euros (I in Equation 4.2);
C2: Current average broadband price PPP in euros per month (annual/12);
C3: Fixed-broadband subscription per 100 inhabitants;
C4: Average broadband price / disposable income = 12×C2/C1.
C5: Q per 100 inhabitants = [(12×C6/C1) – b]/(–m);
C6: P1 = [(b×C1/12) + 2×P0]/3.
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4.2 FIXED COMMUNICATIONS
As described in Figure 4.2, fixed networks based on optical fibre can be 

deployed under different scenarios—FTTC and FTTH—depending on certain 
factors (the distance from the fibre to the home, subscriber bandwidth 
requirements, current pipeline resources, as well as operation and maintenance 
costs).

Figure 4.2 – Comparison between FTTC and FTTH

The main problem with copper lines is that if the central office is too far 
from the end user, the broadband connection speed is probably going to be too 
low, which could affect the user’s experience of quality. So, in cooper lines, 
the shorter the distance, the higher the throughput will be. Therefore, if 
operators hope to be able to meet the service requirements, they will need to 
move their broadband access equipment as close as possible to where the 
majority of their subscribers live. In research paper 2, we found that after 1 
km from the house, a G.Fast line drops from the 100 Mbps mark:

Figure 4.3 – G.Fast signal-to-noise ratio (SNR), download (ds) and upload 
(us) rate in function of the distance



37

The variables for the configuration of the network are:

E – Feeder throughput (e.g. 10 Gbps feeder fibre link)

d – distance

Txmin – Rxmin = 30 dB
SL = Splitter los
CL

SM = Safety margin = 3 dB
AL = Attenuation losses = 0.33 dB
#splitters

A – Area of the region
H – Number of houses in the region

The cost of a fixed network is mainly due to the length of lines built, the 
number of central offices O, cabinets C (only in FTTC) and splitters P (only 
in FTTH). So, using the above variables, we have the following (R was
calculated in research paper 3 and estimated to be R

= =  = 64
Equation 4.3 – Hardware quantities in FTTx

The number of splitters must be rounded up—that is, if P = 2.08, for 
example, then it is rounded up to P = 3. Regarding the length of the fibre cable: 

= 4 × × 2.6 + 3 2.6 × × 2.6
= 6 × × 2.6( /3)

× 2.6 × × 2.6( /3)2
Equation 4.4 – Length of FTTx networks
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The maximum viable link distance is limited by the attenuation losses:

10 log # × 10 # ×
Equation 4.5 – Maximum length of fibre in km

Costs simulation will be shown together with the 5G costs in the next 
section.

4.3 MOBILE COMMUNICATIONS
Through the set of equations in research paper 2, one knows that the 

required number of 5G base stations units U to guarantee the required service 
in a region with an area of Am2 is given by:

= 2.6
Equation 4.6 – Number of base stations

where d represents the distance in metres at which radio signal coverage is 
still available. Essentially, one must find the largest value of d that satisfies 
the following conditions, where 75Mbps and H is the number of 
households: 

270 log 10[ . . ( )] 2.6   0 < < 1800
Equation 4.7 – Cell radius estimation 

With these two equations,28 one can know the total number of 5G base 
stations to be deployed within a region with an area of Am2. Note that these 
equations were performed for the mmWave (FR2). We have two distinct 
frequency ranges in the 5G spectrum:

28 See research paper 2 in the attachment for a more detailed explanation of these equations.
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FR1 (3GPP 38.104-5.2.1): 410 to 7,125 MHz
FR2 (3GPP 38.104-5.2.2): 24,250 to 52,600 MHz

FR1, despite providing greater coverage, is very limited in terms of 
bandwidth, giving an operator about 20–50 MHz. In FR2, despite having a 
shorter land reach, an operator can use up to 400 MHz. Depending on the 
location, three bands capable of offering a 400 MHz bandwidth in this 
spectrum were defined:

Band n257: Covering 26.5 to 29.5 GHz for Japan, North America 
and South Korea
Band n258: Covering 24.25 to 27.5 GHz for Europe, China and 
Australia
Band n261: Covering 27.5 to 28.35 GHz for the United States

This is important, because in telecommunications, the Shannon-Hartley 
theorem states the channel capacity C in bps is proportional to the bandwidth: 

= log (1 + )
Equation 4.8 – Shannon-Hartley theorem 

where SNR represents the signal-to-noise ratio and B is the bandwidth and 
log of base 2 due to the binary communications. So, despite having much 
larger coverage, a 5G configuration in the FR1 would yield a throughput eight 
times smaller than a configuration in the FR2, causing more base stations to 
be required to provide the 100 Mbps per subscriber service.

The infrastructure costs, obtained from Banerjee and Sirbu [135] for FTTx
and from the EU Commission [4] for 5G, are illustrated in Table II:

Table II – Infrastructure costs

Equipment Cost (EUR)
Central Office (O) 32,500
Per connector (C) / splitter (P) 5,000
Per metre of fibre (LengthFTTx) 10
Per 5G base station 40,000

Some simulation results were performed for different housing densities:
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Table III – Costs simulation results

Houses 3,500 7,000 10,500 14,000
#Cells (units) 26 53 79 105
Length FTTH (km) 65 91 111 128
Length FTTC (km) 48 67 83 95
#Base stations 128 255 385 512
Cost 5G (Million €) 5.1 10.2 15.4 20.5
Cost FTTH (Million €) 1.9 3.4 4.9 6,3
Cost FTTC (Million €) 1.5 2.6 3.8 4.9
Cost 5G per house (€) 1,463 1,457 1,467 1,463
Cost FTTH per house (€) 543 486 462 448

We can see the economies of density—i.e. when network costs per 
connection decrease with an increasing density of connections due to the fact 
that higher density is correlated with shorter access lines and better capacity 
utilization of the network. This is particularly evident in the FTTx scenarios.

The above costs assume the existence of a proper capable backhaul network 
for 5G (a backhaul is a network that feeds the 5G stations). The total cost of a 
5G network infrastructure is the sum of the cost of the radio network 
(estimated by using the first two equations in this sub-section) and the cost of 
the backhaul. A 5G radio network requires a backhaul network to make the 
data available at the base station. This can be either fibre or satellite. In the 
case of fibre, the network architecture is very similar to FTTC, but the 
transmission path of the copper line is replaced by radio transmission over the 
air, as illustrated in Figure 4.4. Here, base stations share one feeder fibre and 
the connection from the base station to the households is made using a radio 
link.

Figure 4.4 – Fibre backhaul for 5G
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For a fibre backhaul, FTTC equations from the previous chapter are valid 
for dimensioning. An alternative would be a constellation of low Earth orbit 
satellites, as illustrated in Figure 4.5.

Figure 4.5 – Satellite backhaul for 5G

In this case, the number of satellites, S, required will be: 

= 1 cos 90 arcsin +26
Equation 4.9 – Number of satellites

where: 

H is the number of households
R is the mean simultaneous user throughput (75 Mbps)
M is the number of bits (its estimation is explained in detail in 
research paper 2)
P is the number of Earth passages made by the satellite
B is the bandwidth used in satellite broadband (500 MHz)
Re is the Earth’s radius
h is the satellite altitude (whose optimal value was estimated in 
research paper 3 to be 1,557 km)
GT is the transmitter antenna gain (around 37 dBi for downlink)

To obtain the value of P, one must find the lowest value of P that satisfies 
the following condition when aiming to cover a region with area A:
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2 1 cos arccos cos 90 arcsin +cos 180
1

Equation 4.10 – Number of base stations

For our results, we have used a cost per satellite of 700,000 euros (the 
amount paid by SpaceX for their satellite network) to estimate the cost of the 
satellite backhaul network.

One very important note valid for any network setup and solution (either 
FTTH, G.Fast, 5G or satellite): an important criterion to consider is that 
whatever setup is selected, there must be stability in the communication within 
a state so that the accessibility is there even during crises. Continuity and 
availability of services are described in the EECS in Article 40:

Member States shall ensure that providers of public electronic 
communications networks or of publicly available electronic 
communications services take appropriate and proportionate technical and 
organizational measures to appropriately manage the risks posed to the 
security of networks and services.

Of course, this could have a significant impact on the return on the 
investment of the network’s deployment since it would be necessary to find 
the appropriate level of investment to meet the regulatory standard from 
Article 40, although it does not necessarily have to be a significant investment, 
as shown in [136], where an economic model that determines the optimal 
amount to invest to protect a given set of information was developed. This
model suggests that to maximize the expected benefit from investment to 
protect information, an operator should spend only a small fraction of the 
expected loss due to a security breach. This is backed up by Hausken [137],
where they find that an operator invests a maximum of 37 per cent of the 
expected loss from a security breach. Nonetheless, Tatsumi and Goto [138]
showed that when operators need to respond to immediate threats, there is a 
need for immediate investment and lowering of the operator's investment 
expenditure capability for future network expansions.

Estimation of the required investment in the security of the network would 
constitute a significant amount of additional work, with entire dissertations 
currently being dedicated solely to this field of knowledge. For this reason, 
this was purposely neglected in this dissertation, but in a real-world scenario, 
the impact of security concerns on CAPEX and OPEX should be considered.
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4.4 MONTE CARLO SIMULATION
The total rate of return of the project is a function of two independent 

variables, sales and costs:

= + ( )
Equation 4.11 – Profit function 

where InvestmentRequired is the estimated infrastructure cost for each 
technology, using the methodology described in section 4.2 and section 4.3, 
net of public subsidies available to deploy the network, which means that for 
the wholesaler, this variable can be as low as zero. The sales and costs are 
given by: = × ×× 1 +  

= ( + ) × 1 +
Equation 4.12 – Sales and costs function

The variable t is the time in years that the investment requires to be 
profitable before the technology becomes either obsolete or surpassed by a 
better new technology (e.g. mobile 6G), estimated in research paper 5 to be 
around eight years. If both Sales and Costs can be described as a probability 
density function, or PDF, then profit can also be described as a PDF, and the 
financial risk is simply that PDF’s standard deviation.29

All of these variables—MarketSize, ShareOfMarket, SellingPrices,
MarketGrowthRate, CAPEX and OPEX)—suggested by [116]30, are 
characterized by a degree of uncertainty. For example, the expected market 

possible value within this range has a probability of occurrence associated 

29 Volatility measures the dispersion of profit results—i.e. it tells us how values are spread 
out around the average expected profit values; that is why it is considered a measure of 
risk. In finance, volatility is usually understood as standard deviation.
30 The choice of variables is based on this reference with their choice of variables being 
widely accepted in this field.
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with it (so each of these variables can be described as a PDF). What the Monte 
Carlo Method does is randomly choose a value from a% to b% for each of these 
variables and then computes the mathematical operation of Equation 4.12 to 
obtain one point of the PDF of Sales and another point of the PDF of Costs. It
repeats this process several times in order to obtain all the points of both PDFs. 
Once the PDFs are obtained, the PDF of profit and be obtained as well, and 
thus the financial risk (which is its PDF’s standard deviation).

Figure 4.6 [116] illustrates the Monte Carlo method: for each variable, a 
certain value of the PDF is selected and these values are then applied in the 
previous equations. This process is repeated several times until there are 
enough different values of the PDF to form the PDF of the profit function.

Figure 4.6 – Monte Carlo simulation

The main challenge is thus how to obtain for each of these variables 
(MarketSize, ShareOfMarket, SellingPrices, MarketGrowthRate, CAPEX and 
OPEX) its probability density function, which can be done using a betaPERT 
distribution31. This distribution assumes that the project firm only needs to 
know two basic things to build the probability function: the minimum (let’s 
call this a) and the maximum realistic value (let’s call this b). For example, 
one can estimate that for operators it is not expected that their market share 
will be higher than 50 per cent and lower than 35 per cent. In this example 
a=35% and b=50%. We can then construct the function, using the following 
formulas for , derived from [139, 140]:

31 As stated in section 3.1, other distributions can be used as well. The BetaPERT is widely 
used as a standard in most Monte Carlo software, and will be used throughout this 
dissertation.
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( ) = ( ) ( )( ) (1 ), > 0
Equation 4.13 – BetaPERT distribution probability density function

whose parameters are:

= ( )( ) 1
=

= + 4 +6= 6
Equation 4.14 – BetaPERT distribution parameters

In order to create all the PDFs of Figure 4.6, the values of a and b must be 
estimated first. Once all the PDFs are obtained, the main PDF (Profit from
Equation 4.11) can be created. Finally, the last process is to calculate the 
volatility of the Profit PDF. For this we need to know the minimum, 
maximum and most likely values of each variable. For example, the market 
size and the selling prices can be estimated using the methodology used in 
section 4.1, while the market share can only range between 0% and 100%. The 
market growth rate can be extracted from the ITU [131]:

Table IV – Broadband growth rate

2013 2014 2015 2016 2017
11.9% 9.5% 10.1% 6.3% 3.2%

In here, the minimum value would be a=3.2% and the maximum would be 
b=11.9%. The average value is m=8.2%.
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The minimum and maximum values for each variable can be estimated as 
follows:

Market size
o a = minimum value of C3 in Table I (0)
o b = maximum value of C3 in Table I (55.48) 
o m = country-specific value of C5 in Table I

Selling prices
o a = 0
o b = C6/P0 in Table I
o m = P0 (20)

Share of market
o a = 0
o b = 100%
o m = maximum value of C3 in Table I (55.48%)

Market growth rate
o a = Minimum growth rate in the last 5 years (3.2%)
o b = Maximum growth rate in the last 5 years (11.9%)
o m = Maximum growth rate in the last 5 years (8.2%)

OPEX
o a = ·(1 – r)
o b = ·(1+ r)
o m =

CAPEX
o a = Ø·(1 – r)
o b = Ø·(1+ r)
o m = Ø

OPEX includes employees, marketing, office administration, etc. They are 
defined by the operator's administrative policies on a case-by-case basis, so 
they cannot be defined by a specific formula. CAPEX includes equipment, 
civil construction, etc., which depends on contracts with suppliers, the 
existence of required facilities, etc., so likewise, they cannot be defined by a 
specific formula. Both expenditures should reflect the wholesale operator’s 
previous experience with deployed networks. Thus, r represents the risk that 
the network is oversized (e.g. 10%), determined by the operator in terms of 
past experiences, while and Ø are respectively the operator’s median OPEX 
and CAPEX for previous network deployment experiences in 4G or FTTx.32

32 In the research paper 5 we found a value of + Ø = 12.5. For simulation purposes we can 
use values based on previous market experiences with 4G and FTTx, e.g., Ø = 4 = K/100, 
where K is the cost of the investment in Table III (these are hypothetical values).
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We can now build the PDF of the Profit variable and extract the standard 
deviation, and thus the risk. This process constitutes a rather complex 
mathematical operation that is illustrated and explained in research paper 4.

4.5 DECISION ANALYSIS
It is up to the governments of the EU member states to create the conditions 

required to enable the realization of the EC objective of a fully complete 
broadband coverage. The EECC is very clear that this should be tackled on a 
case-by-case basis, approaching one designated area at a time. Recalling 
section 1.4:

i) A designated area (typically rural) refer to a specific area with well-
defined and clear borders, where the existent service provisioning is 
not in line with the pace of evolution of the telecommunications 
network in other areas.

ii) Every operator should have the possibility to provide services in these 
areas in competition, unlike the more monopolistic situation in the 
past.

iii) Since these areas are characterized by the fact that they are 
unprofitable, public funding must be available to these operators.

The EC also sees open networks as a preferable approach to tackling the 
problem (of attracting operators to rural areas), while allowing for competition 
in a wholesaler-retailer model, which not only decreases the network 
deployment costs (because there are no duplications of infrastructure) but also 
fulfils point ii) above. In this dissertation, we have assumed that the 
government funds the entire network cost (i.e. the cost remaining after 
receiving EU funds), but the model can easily be adapted for the operators to 
share the burden.

We see this as a multicriteria decision model, where the government 
launches a public tender and several operators bid on that tender, each operator 
being free to choose whatever network technology he feels more comfortable 
with. The candidate with the highest overall value V wins the public tender.

=
Equation 4.15 – Option value

where vjj is the value of candidate i under criterion j and wj is the weight of 
criterion j wj = 1, wj [0,1].



48

We have identified three criteria:

Delivery: This concerns the credibility of the candidate (for 
example, his practical technical knowledge of the network 
technology that he presents and his financial credit situation).
Quality: As already mentioned, each candidate is free to choose 
whatever network technology he feels more comfortable with, but 
the quality of each technology must be accessed first in terms of 
the quality of service offered.
Costs: As shown in section 4.3, the costs required to deploy the 
network infrastructure differ among the possible technologies.

The weights can be assessed by first ranking the preferences (in our 
findings, costs are more important than quality, which in turn is more 
important than delivery) and applying the cardinal ranking (CAR) method33

[141, 142]:

= 1( ) + + 1 ( )1( ) + + 1 ( )
Equation 4.16 – Option value

For the values, the CAR method is normalized to a proportional [0, 1] value 
scale according to the following equation [143]:

= ( )1
Equation 4.17 – Option value

To attract a larger pool of candidates in the public tender, we also introduce 
an option for the bidders to defer the investment decision for a period of time 
for a fee—i.e. a possibility of waiting for up to one year to decide whether to 
start the project. This introduces a challenge-driven component in the 
procurement process, in which the bidders can purchase the right to look for 
another solution that fits the tender call even better (and thus delivers an 
overall more suitable solution). A more detailed explanation is provided in 
research paper 5.

33 Assign an ordinal number to each criterion in an importance scale position, starting with 
1 as the most important position, and let N be the total number of criteria, Q the total 
number of importance scale, and where each criterion j has the position p(j) {1,..., Q}
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When the reader peruses research paper 5, some important details illustrate 
how the other articles within the dissertation fit:

1. Risk (section 3.4 of research paper 5) is estimated using a simplified MCS 
(using the complete MCS is beyond the scope of the article). Still, the 
most appropriate method would be to use the complete Monte Carlo.

2. Cash flows (section 3.3 of research paper 5) are estimated using the NPV:

= (1 + )
= × × × × (1 + )  = × × × ( + ) × (1 + )

Equation 4.18 – Option value

CIt – Cash inflow at time period t
COt – Cash outflow at time period t
H – Total number of households in the region
R – Ratio between the number of households that subscribe to the service and 

the total number of households
Market Share – Since it is a natural monopoly, it will be 100% for the 

wholesaler
Tariff – Charged by the wholesaler to the retailer
CAPEX – Capital expenditure
OPEX – Operational expenditure
IS – European Union median inflation rate
IK – World median inflation rate
WACC – Weighted average cost of capital

We have used 81 per cent as the value of R, because this was the value 
estimated by the EC as an average for the entire EU [144]. The problem with 
this approach is that this value is unlikely to be homogeneous among the EU 
since it is just a mean value. The correct value of R should reflect the 
characteristics of the country where the public tender is being held. Let μ be 
the average number of persons per household in country C. Then:
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= 100
Equation 4.19 – Option value

where Q1 is given in column C5 of Table I and μ is given by the EU bureau 
of statistics.34

Table V – Simulation results for tariff estimation with P0 = 20

Q1 μ
Poland 28.6 2.6
Romania 27.5 2.6
Bulgaria 25.1 2.3
Slovakia 29.1 2.6
Croatia 26.2 2.8
Italy 31.1 2.3
Latvia 27.3 2.2
Slovenia 29.4 2.3
Ireland 30.6 2.6
Hungary 27.4 2.3
Czech Republic 29.4 2.3
Austria 32.2 2.2
Lithuania 29.3 2.1
Estonia 28.6 2.0
Spain 30.3 2.5
Finland 31.7 2.0
Greece 28.1 2.2
Portugal 29.4 2.5
Cyprus 29.4 2.6
Luxembourg 33.0 2.3
Sweden 31.7 1.8
Belgium 31.8 2.4
United Kingdom 31.5 2.3
Germany 32.4 2.0
Netherlands 31.6 2.2
Denmark 31.5 2.0
France 31.9 2.2

34 https://ec.europa.eu/eurostat/
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This approach of estimating R was not used because it would require an 
explanation of how to find Q1. Neither of the previous two points diminishes 
the adequacy of the decision model in the article, since the main idea was to 
illustrate a conceptual model that worked, and more elaborated components 
can straightforwardly be included in the model.

3. The third and final point refers to the fact that when we are dealing with 
a designated area of extremely low housing density (for example, ten 
houses per km2), satellite backhaul should be used (this was shown in 
research paper 4). Obviously, it does not make sense for a government of 
a member state of the EU to launch a tender for satellite broadband, 
because the satellites would cover the entire EU area anyway but only 
provide service to the citizens of the said country, which is a waste of 
resources. For these very specific scenarios, the tender should be 
launched by the EC at the EU level.

4.6 VALIDATION
For a particular method to be considered valid, it must measure what it is 

intended to measure with high accuracy, and the outcome of the research 
performed using the said method is correlated to the characteristics of the 
physical or social world. But validation is not limited to the chosen research 
method. For instance, [145-147], consider five important criteria to take into 
account when performing research validation:

1. The research question is valid for the outcome.
2. The methodology is appropriate to answer the research question.
3. Sampling and data analysis are appropriate.
4. The appropriate time scale for the study is selected.
5. Results and conclusions are valid for the sample and context.

We shall go through each of these points individually. The first is rather 
straightforward. The outcome of this research shows that, given the distinct 
interest of each stakeholder, there exists a particular operator offering a 
specific technology solution that is best suited to satisfy the stakeholder’s 
interest as a function of criteria such as disposable income, housing density, 
deployment costs, quality of service, etc. Thus, the outcome of the research is 
clearly aligned with the research question.

The methodology used (second point) was carefully chosen after an 
exhaustive analysis of the literature presented in the second chapter of the 
dissertation, being combination of the most suitable methods to obtain the 
diverse components of the model (e.g. risk, tariffs, etc.).

Concerning the third point, when performing research in the fields of 
economics and finance, quantitative data can be a major limitation in terms of 
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data validity. Nevertheless, [148] argue that the validity of data in these two 
fields of scientific research is justified based on the source of the data, such as 
World Development Indicators, OECD, EU statistics, etc. that have a strong 
reputation for reliability. In our research, the chosen data came from precisely 
these sources, mainly because they are broad enough to reflect and explain the 
social characteristics of the sample population in both economic and financial 
terms. This said, we also justify point four with the fact that 
telecommunications technologies (including how they are correlated to social
indicators) evolve at a very fast pace, and thus the sampling data concern the 
past decade, since data before that time may no longer correspond to reality. 
The sampling data chosen were broad and sufficient to prove a high 
correlation among indicators, and that the data can be used to estimate future 
outcomes through linear regressions, which justifies point five.

The proposed model to select the operator and respective technology with 
the best balance among all the stakeholders is defined in research paper 5. Its 
inputs are given by the results of the research papers 1–4:

— Research paper 1, summarized in section 4.1 of this dissertation,
provides the quantities Q (the number of subscribers per 100 
inhabitants) required to obtain the NPV.

— Research papers 2 and 3, summarized in sections 4.2 and 4.3 of this 
dissertation, provide the infrastructure deployment costs.

— Research paper 4, summarized in section 4.4 of this dissertation,
provides the project risk .

Figure 4.7 – Decision model
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In general terms, validation in a research field occurs when other 
researchers reach the same conclusions after performing an experiment using 
the original methodology—in other words, replication. Replication is 
important to assess the reliability of findings (internal validity) and the 
generality of findings (external validity) [149]. Two types of replication can 
be performed [150, 151]: systematic replication, which is done by changing 
characteristics of the behaviours of individuals (i.e. changing the independent 
variable), and inter-subject replication, which refers to repeating the study 
with additional individuals (which we cannot do because the study is for the 
EU group). We will test the first type.

Due to the large scale of the project, empirical testing or creation of a proof 
of concept is unfeasible, as it would require, at a minimum, to run a trial in a 
defined area, i.e., to build infrastructure in that area, using our model’s tariffs, 
access technology, etc. to assess whether our theoretical results (of broadband 
penetration, risk values, welfare maximization, etc.) matched the outcome of 
the real scenario. So, we had to perform partial validation and investigate the 
models’ robustness.

To validate our model, we first to validated its inputs. The major difficulty 
found was related to the costs (see research papers 2 and 3), as there exist very 
few firms acting as global suppliers of broadband infrastructure technology 
and none reveal cost-related information with sufficient level of detail. For 
this reason, we used [4, 135] for cost estimates.

Regarding the other inputs, for the economic analysis performed in 
research paper 1, we found a high correlation in our data (-74%, and for the 
risk analysis in research paper 4, an even higher correlation in the data (-81%), 
which provides internal validity (due to the cause and effect nature of our 
data), especially since our data are real-world data. Since our data show a high 
degree of correlation between cause and effect among different member states 
of the EU, this also provides external validation, since the results obtained in 
one particular country under study can be replicated to another country as long 
as it is a member state of the EU.

We performed a sensitivity analysis of this model in research paper 5 that 
demonstrates that the model is robust to changes in the input variables. See 
Figure 4.8 below for an outcome of the sensitivity analyses.

The OECD and EU data used was from 2016 (research paper 1 was
published in 2018 and those were the data available at the time). We now have 
more recent data from 2018 [152-155], and we can test its internal validity. 
We can do this by performing a statistical analysis and checking whether the 
statistical inferences about causal effects are valid for the population and 
setting under study.
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Table VI – Simulation results for tariff estimation with P0 = 20

2016 2018 Model
C1 C2 C3 C1 C2 C3 C2

Poland 15,400 57 19 16,249 68 19 59
Romania 13,645 34 22 16,131 29 26 46

Bulgaria 11,034 44 24 12,137 39 27 34
Slovakia 16,365 51 25 17,119 45 28 46

Croatia 12,109 46 25 12,923 33 27 36
Italy 21,594 56 26 21,976 51 29 57

Latvia 13,442 33 26 13,849 35 27 38
Slovenia 16,999 44 28 17,857 45 29 45

Ireland 20,001 65 29 21,743 47 29 55
Hungary 13,551 32 29 14,669 36 32 34

Czech Republic 17,069 40 29 18,527 39 30 46
Austria 26,660 54 29 27,324 54 29 72

Lithuania 16,791 31 29 16,885 39 28 45
Estonia 15,527 38 30 16,324 36 34 35

Spain 19,164 55 30 19,796 57 32 45
Finland 24,138 37 31 24,896 41 31 58

Greece 14,539 38 32 15,058 35 36 29
Portugal 17,111 59 33 17,515 45 37 32

Cyprus 17,046 45 33 18,181 40 26 52
Luxembourg 31,412 50 35 33,714 49 37 59

Sweden 24,267 22 37 25,485 55 39 40
Belgium 24,468 60 38 25,060 56 39 39
United Kingdom 23,272 38 38 24,401 47 40 37

Germany 27,818 33 39 28,817 40 41 39
Netherlands 23,573 38 42 24,539 41 43 29

Denmark 23,466 43 43 24,254 45 43 27
France 24,924 26 43 25,542 27 45 26

C1: Annual disposable income PPP in euros
C2: Average broadband price PPP in euros per month (annual/12)
C3: Fixed-broadband subscription per 100 inhabitants
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The first finding is that the correlation between the impact of broadband 
price on disposable income (i.e. 12C2/C1) and the penetration rate is still very 
high (74% in 2016 data and 68% in 2018 data). The second finding is that, as 
we can see, our model accurately predicted the evolution of subscriber tariffs 
with a 95% interval confidence (z score = 1.96).

Our cost results are in line with the literature35 (c.f. [156, 157]). Thankfully, 
we have also updated data concerning FTTx deployment costs from [158]:

Table VII – Costs simulation results for A = 25 km2, H=10 103

Data Old New
# FTTx cells (units) 75
Length FTTH (km) 108
Length FTTC (km) 81
# Base stations 366
Cost5G per house (€) 1,148
Cost FTTC per house (€) 362 304
Cost FTTH per house (€) 430 360

We can re-test our decision model using these new data, only to conclude 
that there are no changes in the classification order of the tender’s candidates, 
thus providing external validation of the finding.

Figure 4.8 illustrates the results of a public tender launched by the 
government with the objective of deploying a 100 Mbps per subscriber 
capable network, in which there are 24 contenders (A to X), the first eight 
offering a 5G solution, the last eight offering a FTTH solution, and the 
remainder offering a FTTC-G.Fast solution. The left column of the figure 
illustrates the results using the old cost values, while the column on the right 
shows the same but using the most recent data for the cost values. As we can 
see, each contender’s36 position in the tender remains unchanged.37

35 It is common in the literature to find values for FTTx costs to be many times higher in 
rural areas compared to urban areas; this happens because the authors of research studies
assume the need to build trenches to deploy the lines of fibre, which in rural areas becomes 
prohibitively expensive. The assumption in this dissertation is that the lines of optical fibre
in rural areas will deploy the existent telephone or electricity poles, thus avoiding these 
unnecessary costs related to trenches.
36 For details on how the contenders differ among each other in respect to the quality and 
delivery criteria, please refer to research paper 5.
37 Thus, by replicating the analysis using another set of data, we can demonstrate that there 
is causal inference and that the original conclusions remain unchanged.
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Figure 4.8 – Results of the decision model
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5 DISCUSSION AND CONCLUSION
This thesis covers the digital divide problem, as there are still millions of 

individuals within the European Union who live in rural areas and lack access 
to fast internet connections, causing repercussions such as less autonomy and 
sustainability of individuals, and increased risk of asymmetries between 
sociodemographic regions due to the inexistence of adequate broadband 
infrastructure. This, alongside the fact that we are already moving towards a 
digital service-based society, simply increases the digital divide risk. Over the 
years, the EU has adjusted the legal framework in electronic communications 
according to changes in technology and market structure, as well as to a 
perceived demand for new services and applications. A new EU-wide 
regulatory framework, the new European Electronic Communications Code, 
was adopted in December 2018, having been under discussion since 2016 in 
the European Parliament, and implemented in 2019, adding some restrictions 
and particularities on how an operator can and should respond to public policy 
objectives of universalization, particularly in unprofitable areas. In order to 
mitigate the risk of social exclusion arising from the lack of broadband access, 
preventing citizens from full social and economic participation in society, the 
European Commission developed in this new common regulatory framework 
the concept of subsidized rural networks, building on previous experiences in 
some countries. The idea is laudable and its concept is simple: governments 
must identify digital exclusion areas (typically rural) with well-defined 
borders where the existent service provisioning is not following the pace of 
the evolution of telecommunications networks in other areas. Since these areas 
are considered unprofitable, the governments of the member states of the 
European Union shall publicly fund the deployment of broadband 
infrastructure in such areas capable of providing a 100 Mbps connection. 
Therefore ultimately, it is the local government’s responsibility to prevent, or 
at least mitigate, this phenomenon. This raises some serious questions that the 
EC does not seem to have an answer for, or at least an official approach or 
recommendation, to which we have tried to supply answers in this dissertation. 
Those questions, and our answers, are as follows. 
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Research question 1: How to set the optimal end-user prices considering 
the socio-demographic and economic characteristics of an EU member 
state?

Research question 2: To what extent can competition among operators be 
obtained?

The answers to these research questions are found in research paper 1.
In this paper, we have shown that, using an approach that consists of a 

wholesaler who runs and operates an open network whose infrastructure is 
publicly subsidized, it is possible to have an oligopoly in unprofitable areas 
that benefits the subscriber. This was proved by using a classic game theory 
model with a novel econometric approach, using recent data to obtain the 
market values of tariffs under this oligopoly scenario. We have 
demonstrated the existence of a correlation between economic indicators 
such as GDP and income, and broadband indicators such as penetration 
rates. This was a fundamental aspect in the design of our pricing model, 
inspired by the Cournot model, described by [82] as being the optimal type 
of competition to maximize welfare, and with differentiated tariffs 
according to the economic specificities of each region and/or member state 
of the EU, as recommend by [25, 27, 28]. This sort of correlation was 
already found to be true in France, as indicated by [66] in the state-of-the-
art section, and our findings show that it is a general rule for the EU. This 
is in line with our intention of applying our data to a descriptive research 
approach to describe and characterize hypothetical scenarios through 
statistical sampling. We have demonstrated that by maximizing the utility 
through price modelling, the digital divide in rural areas can be ended whilst 
still offering the end users the benefits of competition (or at least of 
regulated prices). In our findings, we have shown that the penetration ratio 
in rural areas can be in line with the EU global average provided that 
governments carefully implement a reasonable price modelling plan. In the 
EU telecoms regulatory framework, coming in place by 2020, the EC
mentions that the price charged to end users for rural network subscriptions 
does not necessarily need to match the prices of the commercial solutions 
available in the free market of non-rural areas. This is, in fact, essential to 
prevent a digital divide and information exclusions. Our results suggest that 
there is a price for which the number of subscribers is maximized whilst 
still maintaining an acceptable level of subsidization and a competitive 
market—i.e. a revenue-cost-funding balance. From our simulations, we see 
that competition can exist even in unprofitable areas as long as the price 
covers at least the marginal costs.
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Research question 3: Which relevant technologies are the optimum ones 
from a cost perspective?

The answer to this research question is found in research papers 2 and 3.
In research paper 2, we have demonstrated that, despite having various 

technologies that fulfil the technical requirements, infrastructure costs 
differ significantly. Mobile networks are quite expensive to deploy, and 
even though the world is pushing to an all-fibre solution, the best solution 
from a financial perspective is to still use the copper lines. It has become 
very clear from our simulations that the FTTC approach is the most 
inexpensive. The solution is more than 70 per cent cheaper than its 5G 
alternative and more than 20 per cent cheaper than FTTH. This is in line 
with the findings from [159-161]. Thus, from a solely budgetary perspective, 
the choice should be between FTTH and FTTC. Besides the cost analysis 
on each technology, this paper summarizes the complex engineering 
process of designing 5G and FTTx networks. Another contribution from 
this paper is a novel method to dimension FTTx networks, based on a 
cellular design.

Research paper 3 complements the previous paper. While in FTTx 
technology the access and the backhaul are part of the same unique solution 
(optical fibre), in the 5G network, the backhaul network (i.e., the network 
needed to feed the 5G base stations) can be optical fibre or satellite-based. 

For extremely low housing densities, the cost of deploying an optical 
fibre backhaul for 5G base stations can be cost prohibitive. We have 
concluded that for an area with a very low housing density (i.e. below 17 
households per km2), it can be cheaper to use a combination of satellite+5G 
(in terms of backhaul+access) when compared with the FTTx alternative. 
This is in line with the finding from [162].

These very low-density areas are usually neglected. Having a common 
EU-wide satellite backhaul could act as a very important incentive for 
access operators.
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Research question 4: How should a risk analysis of investments in these 
areas be performed?

The answer to this research question is found in research paper 4.
In this paper, we have used the Monte Carlo simulation method to 

calculate the project risk. This method states that risk comes from a 
distribution probability which is the result of the operation (sums, 
multiplications, etc.) of multiple other distribution probabilities. But what 
the MCS does not say is how to obtain such distribution probabilities. In 
our paper, we have suggested an array-based method based on MCS for 
estimating financial risks using a probabilistic approach derived from 
presumably reliable statistical sources. The main contribution of this paper 
is this array-based method to properly build a distribution probability from 
which the risk (i.e. the probability’s standard deviation) is extracted.

Main research question: How is the best access technology and service 
provider to be determined given that a multicriteria and multi-stakeholder 
approach is employed and the basis consists of the guidelines of the new 
telecommunications regulatory framework of the European Union?

The answer to this research question is found in research paper 5.
In this paper, we have used a multicriteria decision analysis approach 

combined with real options theory to estimate which combination of 
operator/technology has the best value, taking into account a series of 
factors such as costs, quality of service, individual characteristics of the 
operators, etc. that must be balanced. We demonstrated the model’s efficacy 
in selecting telecoms equipment for government-controlled telecoms 
operators and similar organizations in hitherto underserviced rural or other 
low-density population areas, being particularly useful when the decision-
maker cannot assign a value to the weight of the variables under analysis.
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Overall, the results are in line with the theoretical perspectives illustrated 
in the state-of-the-art section when considering individual aspects of this study 
(legal, economic, etc.), with the major novelty of this study being the 
development of a unified model of telecommunications systems science that 
brings all of these individual aspects together. Looking at the techno-
economics chapter of the state-of-the-art section, we can see that unification 
of the various aspects of the telecommunications field that mix engineering 
and non-engineering aspects has been attempted on many occasions for the 
telecoms sector, but not for this new context that the EECC brings, including 
the new G.Fast, 5G and HTS in LEO satellite technologies, and definitely not 
when adding the imperative necessity to consider the simultaneous existence 
of the various actors involved (governments, citizens and operators).

The findings from this study help to fill a specific gap in the literature: the 
inexistence of research concerning the overall best interests of a multi-
stakeholder group (governments, citizens and operators) from a systems 
science perspective (with legislative, economic, financial and engineering 
components) when evaluating old (FTTH) and new (5G and G.Fast) 
broadband solutions to potentially reduce the digital divide in the European 
Union, under the guidelines of the new telecommunications regulatory 
framework, the European Electronic Communication Code.

In terms of practical implications, future studies—including public tenders 
launched by NRA and the respective analysis performed by operators—should 
take into consideration the findings of this study and utilization of its models 
to estimate risk, tariffs and welfare maximization as a guideline for region-
specific digital divide reduction.

5.1 LIMITATIONS
The major limitation of this study is related to the cost information. 

Globally, the number of infrastructure suppliers is surprisingly limited. In fact, 
the telecommunications infrastructure market is an oligopoly, shared by a few 
firms (Huawei, Nokia, Ericsson, Motorola, Alcatel, and a couple of smaller 
players). These firms are very protective of their businesses in terms of price 
statistics disclosure. Even in NRAs, this kind of information is not available 
(at least not with any real accuracy). This sort of limitation when performing 
cost modelling for a telecommunications infrastructure is unfortunately 
typical [41], [42, 43]. Thus, to perform our study, we had to rely on a few 
(presumably reliable) sources, such as the EC or the IEEE, to obtain a cost 
estimate. Even as we look for other sources now, very few cost studies seem 
to be publicly available in the last two or three years.

This research offers, to a certain degree, a simplistic vision due to a series 
of assumptions concerning the cost analysis. A suggestion for future research 
consists in reproducing the techno-economic model using geographic 
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information software from a real region of the European Union with a correct 
distribution of population throughout that region. Using such software, a more 
realistic distance from the base stations or central offices to the houses could 
help improve results. Real geographic barriers such as mountains or lakes 
present in the map loaded with the software model can also help improve the 
signal-to-noise ratio values for a more realistic outcome. The main reason that 
this was not done in this dissertation was that such software usually has high 
prices, of the order of dozens of thousands of euros, and was outside the 
overall available budget. Still, it is worth mentioning that this would bring 
more valid results for a specific region.

Besides the limitations on the cost side, the model we have developed 
works solely under the condition that the scenario under study is monopolistic 
(in our study it is true, as the wholesaler holds the monopoly of the 
infrastructure). In further research, the model could be extended to include 
more criteria and elaborated to serve as a negotiation data model in discussions 
between governments and operators and to be extensible to oligopolies and 
perfect competition scenarios to overcome its current major limitation. This 
would allow the possibility of comparing the benefits of an open network 
model (such as ours) with other types of business and operational models.

We recall that the research used quantitative data. It would be interesting 
to use a mix of primary and secondary data: for example, instead of calculating 
the weight each potential service subscriber ascribes to each technology 
criterion by using secondary data (pre-existing data), we could use primary 
data through surveys or other qualitative methods to calculate these weights. 
It is unclear which methodological approach would be better, but it certainly 
would be interesting to see how the results of the different methodologies 
compare.
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