
Received February 23, 2021, accepted April 5, 2021, date of publication April 8, 2021, date of current version April 22, 2021.

Digital Object Identifier 10.1109/ACCESS.2021.3071919

A Techno-Economic Framework for Installing
Broadband Networks in Rural and Remote Areas
MARCELA ALVES DE SOUZA 1,2, HUGO PEREIRA KURIBAYASHI 2,3,
PALINE ALVES SARAIVA 1, FABRÍCIO DE SOUZA FARIAS 4, NANDAMUDI L. VIJAYKUMAR 5,6,
CARLOS RENATO LISBOA FRANCÊS 2, AND
JOÃO C. WEYL ALBUQUERQUE COSTA 2, (Senior Member, IEEE)
1Information and Communication Technology Center, Federal University of Southern and Southeastern Pará (UNIFESSPA), Marabá 68505400, Brazil
2Graduate Program in Electrical Engineering, Federal University of Pará (UFPA), Belém 66075-110, Brazil
3Faculty of Computing and Electrical Engineering, Federal University of Southern and Southeastern Pará (UNIFESSPA), Marabá 68505400, Brazil
4Faculty of Information Systems, Federal University of Pará (UFPA), Cametá 68400-000, Brazil
5Institute of Science and Technology, Federal University of São Paulo (UNIFESP), São José dos Campos 12247014, Brazil
6National Institute for Space Research (INPE), São José dos Campos 12227010, Brazil

Corresponding author: Marcela Alves de Souza (marcela.alves@unifesspa.edu.br)

This work was supported in part by the Coordenação de Aperfeiçoamento de Pessoal de Nível Superior (CAPES), Brazil, under Finance
Code 001, in part by the National Council for Scientific and Technological Development (CNPq), and in part by the
PROPESP/UFPA–Dean of Research and Graduate Programs of the Federal University of Pará (UFPA).

ABSTRACT Expanding broadband services represents a significant challenge for broadband operators,
especially in light of the requirements related to the total cost of ownership of these technologies. In the
last few years, this expansion has advanced significantly, but it still represents a challenge that must be
overcome since there is a need to provide low-cost services to rural communities in remote areas. Issues
related to geographical location, the low income of residents, and the lack of public infrastructural facilities
lead to a disadvantageous relationship between the potential revenue for operators and the high costs of
deploying infrastructure. Although there are several research endeavors in the literature aimed at addressing
how connectivity can be provided, they do not discuss systems that take account of the specific features of
these regions or that have adapted services and network applications to meet the needs of these communities.
Thus, using dimensioning systems for the total cost of network ownership and taking into account capital and
network operating expenses, this study establishes a technical and economic framework for the deployment
of broadband networks in rural and remote areas. It also applies economic feasibility analysis techniques
designed to assist decisionmaking by interpreting the effects of any financial investmentmade and estimating
the expected profits of the broadband operators. We also recommend the use of socioeconomic indicators
to predict the potential social impact of this framework on the development of these regions. We employ a
case study to demonstrate the operational features of the planned framework. Based on real data obtained
from a municipality located in the Brazilian Amazon region, we show that it is possible to reduce the cost of
subscribing to broadband services for end-users by reducing deployment costs and thus ensure that access
to digital services can be equitably obtained.

INDEX TERMS Broadband services, rural and remote areas, total cost of ownership, feasibility analysis.

I. INTRODUCTION
In the last few decades, the Internet has ceased to be regarded
as just a consumer commodity and has become consolidated
as a basic human right that can foster social inclusion and lead
to the equal participation of excluded people in digital soci-
ety [1]. Currently, the global crisis of COVID-19 has illus-
trated how crucial access is for carrying out daily activities,
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such as working, studying, and maintaining contact with
family and friends. In the area of education, for example,
94% of students worldwide have been forced to continue their
studies at home, regardless of whether they are lucky enough
to have telecommunications services available [2].

Telecommunications networks have been helping to supply
the basic communication needs of individuals, organizations,
and governments in an increasingly effective way by provid-
ing goods and services to different sectors of society. Accord-
ing to [3], the use of technology can help reduce poverty,
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improve access to educational services, foster job creation,
and help boost gross domestic product (GDP), which is a
means of measuring a country’s socioeconomic development.

Given the increasing need for and growing significance of
Internet services, several countries have invested heavily in
implementing and improving telecommunications systems.
However, despite the rapid rate of expansion of telecommu-
nications networks in recent years, digital services are more
widely available in developed countries than in developing
countries, especially in large urban centers [4]. Approxi-
mately 46.4% of the world population does not have regular
access to the Internet, which represents a total of 3.61 billion
people [5]. Among developing countries, this digital divide
is even more striking when analysed in terms of income
level, age, sex, and, in particular, urban and rural geographic
location [6].

In economically attractive areas, such as large urban cen-
ters, the deployment of telecommunications systems occurs
naturally because of the high degree of profitability that is
guaranteed by the return on investment due to the increased
demand for data traffic [7]. On the other hand, in rural and
remote areas, making a profit is often quite a challenging
task, since their economic, geographic, and demographic
conditions impose obstacles to the expansion of infrastruc-
ture. Thus, factors such as sparse population density and
low per capita income can be converted into low expecta-
tions of financial return for the network operator. This low
financial return, coupled with the high cost of deploying and
operating telecommunications systems, has restricted these
services and made them unavailable to a large part of the
population [8].

Although there are several mechanisms for provid-
ing financial assistance to expand broadband networks in
low-income areas, such as public funding [8], the low degree
of human development and digital inclusion that is gener-
ally found in these regions suggests the need for providing
services and applications that are adapted to the needs of
the users. Unlike the traffic profile management of users in
large urban centers, these regions require service coverage
and minimum possible reliability, in addition to information
and communication technology (ICT) applications that are
suited to the social and economic development of the region.

In light of this, one of the main challenges for operators is
to provide broadband network connectivity that is compatible
with the needs of these regions but in a technically and
economically sustainable way. An investigation of alterna-
tive methods that can assist in the proper planning of these
networks might represent a timely and important research
endeavor. Thus, a framework adapted for rural and remote
settings is essential to evaluate the different types of technolo-
gies, deployment mechanisms, and business models.

The analysis of investment opportunities within a time
scale is crucial to making a complete assessment of the
financial viability of a network planning project, such as its
negative cash flow. Such efforts are difficult because of the
challenge of giving due weight to the particular requirements

of and applications in these areas and may indicate (or accen-
tuate) operators’ lack of commercial interest in exploiting
these regions. On the other hand, the potential financial ben-
efits should be evaluated not only from the standpoint of
the network operator but also in terms of the socioeconomic
needs of the local inhabitants. Moreover, the relationship
between average per capita income and average revenue per
user (ARPU) can be used to evaluate these planning projects
and assist in reducing the social inequalities that hamper
human development in these regions.

In the related literature, there are several studies aimed
at adopting network planning approaches for rural and/or
remote areas [9]–[11]. However, to the best of our knowledge,
there is a lack of initiatives that a) address the challenges
of planning broadband services in an integrated manner;
b) take into account the need for ICT services and applications
that are adapted to the needs of the users in these regions; or
c) use realistic geographic information as input data for the
provision of planned telecommunications systems. In view of
this, this article conducts an analysis of the main challenges
related to the provision of telecommunications services in
rural and remote areas and establishes a framework that aims
to evaluate (both technically and economically) the process
of planning telecommunications services in these areas while
taking note of what is realistically feasible for the conditions
of the Brazilian Amazon. The main features of the framework
include the following:
• Classical modelling techniques, such as graph theory,
to define interconnection scenarios; decision-making
tools based on computational intelligence paradigms and
a database powered by socioeconomic data to meet the
demand for data traffic;

• Issues related to the development of a realistic system
for modelling cities, which includes a city map to obtain
the best structural design;

• The use of a photovoltaic system to supply clean and sus-
tainable energy and analyse the technical and economic
aspects of this technology;

• Algorithms and analytical models for traffic prediction
including greenfield deployment used for the installation
of an IT system and brownfield migration for access and
transport networks, as well as the assessment of the total
cost of ownership of the installed system;

• The use of a virtualized infrastructure as an alternative
to reducing costs incurred by network deployment and
operation;

• The aggregation of real databases that include demo-
graphic and geographic information or information
about the existing network infrastructure;

• Adaptedmodels of payback and net present value (NPV)
aiming at evaluating different scenarios from the finan-
cial perspective of the operator, as well as from the
standpoint of the end user;

• Validation of the proposed scheme and the use of a
municipality located in the Brazilian Amazon region as
a case study.
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The rest of this article is structured as follows. Works
related to this study are discussed in Section II. Some of
the main challenges related to this framework are set out
in Section III. Our vision and proposed technical-economic
framework are detailed in section IV. Section V describes the
case study for the introduction of the framework, as well as
the numerical results obtained. Finally, Section VI concludes
the study by making some final considerations.

II. RELATED WORK
Research on the deployment of broadband networks in rural
areas has attracted a great deal of attention in recent years.
Several works in the literature establish frameworks aimed
at analyzing technologies, deployment scenarios, emergen-
cies, regulatory policies, and business models [12]–[15].
Reference [12] employ a techno-economic framework for
regression analyses of key factors of the implementation
and adoption of broadband services in rural areas, with a
special emphasis on the digital inclusion of the communities
involved. Reference [13] set out a sociotechnical framework
that integrates potential technological solutions to reduce the
degree of digital exclusion in rural areas. The authors list a
set of factors that must be taken into account and integrated
to guide the implementation process in rural areas. In [14],
the authors establish a framework that can be applied in any
country to assist in formulating national and international
policies aimed at reducing the digital divide. The strategies
used by the authors include the sharing of the network infras-
tructure and different fiber or microwave technologies for
the backhaul. Reference [15] address different deployment
strategies that can improve the viability of high-speed broad-
band access at low cost, potentially using 4G or 5G. Costs are
estimated based on several factors: the choice of technology,
sharing of infrastructure, spectrum price, and taxation.

The planning of communication networks, including that
in rural and remote areas, relies on models for estimating
and forecasting data traffic. In [16], the authors carry out
a study that employs a multidimensional model to predict
user demand for data traffic. The authors provide evidence
to support the strategy based on the assumption that rely-
ing only on technical data from operators is not sufficient
to estimate the demand in these regions. Among the most
notable parameters included are the following: population
density, mobile device transmission capacity, user type, and
average subscription rates. Reference [17] provide analytical
models to estimate the demand for data traffic from internet of
things (IoT) applications in rural communities inMexico, and
these include public statistical information from the region,
such as the number of residents and households, among other
factors. In [18], machine learning concepts were applied to
predict data in locations where traffic demand is unknown or
has a high degree of uncertainty. The method uses satellite
imagery to estimate telecommunications demand metrics,
including the adoption of cell phones and expenses associated
with mobile services.

In addition to estimating traffic demand for network plan-
ning, it is necessary to find sustainable and low-cost solu-
tions for these regions. Thus, studies analyse the technical
and economic viability of the network in underdeveloped
rural regions by using different technologies for access and
transport [19]–[22]. In [19], the authors carry out an anal-
ysis of the cost of implementing a CDMA450-based radio
network to estimate the cost of spectrum licensing, as well
as the effects of the cost of government-subsidized hand-
sets. Reference [20] discusses the use of WiLD links for
backhaul connectivity over long distances in rural areas. The
author justifies the choice of the technologies involved by
pointing out the potential reduction of operational expenses
since the equipment is easy to install and operate. Refer-
ence [21] examine the deployment of voice and data ser-
vices for rural areas, including 3G small cells and WiFi for
Long Distances (WiLD) and Worldwide Interoperability for
Microwave Access (WiMAX). In [22], the authors address
issues related to sharing a backhaul infrastructure between
network operators, including communities that own andman-
age an available wireless network.

Another element considered in several works in the liter-
ature is the unreliable or nonexistent supply of electricity in
rural areas. To address this issue, several studies consider the
use of photovoltaic systems in rural areas [23]–[25]. In [23],
the authors propose an architecture composed of unmanned
aerial vehicles (UAVs) equipped with base stations to provide
service coverage through terrestrial sites. The architecture
includes the use of photovoltaic panels and solar batteries to
recharge UAVs and power these sites. Reference [24] carry
out a feasibility study on the use of photovoltaic systems
applied to GSM mobile telephony in remote areas in order
to determine an economical way to achieve environmental
sustainability, that is, replacing the supply of electricity with
utilities. Reference [25] analyse the deployment of 5G tech-
nologies in rural areas with low financial returns to consider
low-cost strategies for the implementation of these networks.
Among the main discussions raised by the authors, we high-
light the implementation of 5G nodes powered by a photo-
voltaic system.

Unlike the related works, our paper includes a discussion
that highlights the importance of understanding the socioe-
conomic characteristics of rural and remote regions for the
implementation of telecommunications networks. To the best
of our knowledge, there is a lack of initiatives that incorporate
all these elements in an integrated manner. Thus, our scheme
differs from those of other studies in the following ways:

1) We examine important socioeconomic factors that
define the demand profile, not only those perceived
by the operator but also (among other features) the
age group of the population, the number of schools,
the total number of health centers and the number of
households. The purpose of this approach is to model
and project the demand for data traffic so that the
potential suppressed demand inherent in these regions
can be taken into account;
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2) We evaluate different deployment strategies, which
make use of legacy technologies, as well as 5G-based
deployments;

3) We list alternative deployment strategies that can lead
to the reduction of network costs, such as the analy-
sis of greenfield/brownfield scenarios, the adoption of
photovoltaic systems, and the exploitation of shared
central office infrastructures through a neutral host and
a virtualized infrastructure;

4) We analyse the question of economic viability from
the perspective of users in these regions to assess the
impact of subscription fees on the average income of
the population.

III. CHALLENGES
Several challenges related to network service provision in
rural and remote areas must be taken into consideration and
solved by taking initiatives to broaden the connectivity of
these regions.

A. INSTALLATION AND OPERATIONS COSTS
The low penetration of public infrastructure (such as the intro-
duction of highways, electricity and postal services) tends to
increase costs related to capital expenditure (CAPEX) since
there is often a need for investment to adapt or construct the
additional civil infrastructure required for the installation of
telecommunication services.

With regard to operational expenditure (OPEX), examples
of cost components include a) the long distances from large
urban centers or even parts of these rural communities that
are relatively inaccessible, b) the displacement of employees
of the broadband operators, c) the transportation of spare
parts or expansion project equipment, and d) the resolution
of operational problems that require action in the field; these
challenges are considerably different from those of imple-
mentation in large urban centers.

To illustrate these challenges, we can cite several examples.
The first is the Republic of Sri Lanka, which launched the
Rural Infrastructure Development Program (RIDP) in 2016.
The objective of the program is to raise the socioeconomic
level of rural Sri Lanka through the improvement or expan-
sion of highways, the development of a water supply system,
and the implementation of basic sanitation projects and thus
make it easier to install a telecommunications system in these
areas [6]. In the Republic of Guinea, telecommunications
operators face difficulties installing communications systems
in rural and remote areas because of poor or nonexistent
public services networks [26]. This makes the deployment of
telecommunication networks a non-profit-making enterprise
and hence unsuitable for private initiatives. In China [27],
the greatest challenge for the deployment and development of
rural broadband is the high cost of building and maintaining
telecommunications networks, and although there is private
investment and government funds for the deployment of these
networks, there is still a lack of sustainable business models
and methodologies.

B. LOW POPULATION DENSITY AND POVERTY
A large portion of rural and remote areas are characterized
by low rates of population density, which is often coupled
with low per capita income among the population, which
together add to the difficulty of providing connectivity in
these regions. In Brazil, for example, the income obtained
in urban areas is approximately twice as high as the income
obtained in rural areas. A low per capita income means a
low ARPU; this has the potential to result in reduced gross
revenue for the operator and makes the distribution of OPEX
from the mobile communication system quite a challenging
task. For example, in the Republic of Congo, more than 75%
of the population lives in rural and isolated areas and is
without access to ICT applications and services. The main
reason for this is the high cost of acquiring devices that have
Internet access resources [28].

In the case of Latin America, the low average income of the
population in some countries causes a considerable difference
between them in terms of the number of people who have
access to mobile telephone services. From the user’s stand-
point, the TCO (total cost of ownership) for mobile services
consists of capital expenditure, which is generally linked to
the acquisition of mobile devices and expenses incurred by
data and voice services. In the case of 40% of the population
with low purchasing power who live in countries such as
Guatemala, Bolivia, and Ecuador, the TCO indices represent
15% of the average income. On the other hand, in the case
of the wealthiest 20% of the population, it reaches values
between 1 and 4% of the average income of the popula-
tion [29].

The expansion of telecommunications services in rural and
remote areas from a traditional perspective can represent a
low return on financial investment. This leads to a low ARPU
and a long return on investment (ROI), thus increasing the
obstacles to the implementation or expansion of services in
these regions [30]. According to [31], an estimated 4.5 billion
people have an annual income of less than US $ 1,500, and
they live mainly in disadvantaged rural areas. Thus, although
there is a lack of interest from operators and the scale of this
market is low, the market trends follow this path due to the
large number of users in these regions.

C. ELECTRICITY SUPPLY
Several rural locations have outdated electricity transmission
and distribution systems, resulting in failures in supply and
poor-quality transmission. Broadband operators must devote
a proportion of their financial resources to the acquisition
and installation of protection systems, battery clusters, and
electric power generators. This may represent a significant
increase in CAPEX expenditure for the implementation of the
projects. There are also issues related to the weather, such
as storms or adverse climate conditions, which, combined
with the risk of damage and destruction of equipment in
remote areas, can lead to an increase in capital expenditure
for telecommunications networks.
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The use of energy generators also tends to increase the
costs incurred through the operation of telecommunication
systems (OPEX), since most countries find that the genera-
tion of energy by employing engines is more expensive than
obtaining it through a conventional supply chain matrix in
the country. In addition to being costly, the burning of fossil
fuels gives rise to the emission of greenhouse gases (GHGs),
which leads to a significant increase in the carbon footprint
of the ICT sector [32].

D. DIGITAL INCLUSION
Digital inclusion can be defined as a set of processes that
lead to the development of cultural attributes related to the
use of technology. These attributes are required not only for
Internet access but also for the regular browsing of electronic
content, the consumption of digital services, the assessment
and creation of online content or advanced features of mobile
devices [33].

According to [34], almost 40% of nonusers in eight coun-
tries in Latin America state that they do not use Internet
services because they need better knowledge and skills to do
so. Nevertheless, according to the same survey, more than
seven out of ten people state that they have never used online
banking services to make transfers or payments or have never
made use of any electronic government service. Countries
from other continents, such as the Republic of Nepal and the
Central African Republic, list ICT literacy as one of the main
obstacles to extending network services to rural and remote
communities [6].

In the case of Brazil (the largest country in Latin Amer-
ica), data from [35], including Brazilian households with no
use of the Internet, highlight the following reasons for this
lack of use: a lack of interest in using the Internet (34.9%),
the expense of Internet services (28.7%) and a lack of knowl-
edge of how to use the Internet (22.0%).

It can be inferred from the above that low levels of digital
inclusion act as inhibitors in the use of telecommunications
services. Moreover, the lack of digital inclusion generates
considerable pent-up demand from users for data traffic in
these regions. This phenomenon has serious social implica-
tions for the people involved, as well as financial implications
for network operators. This phenomenon is aggravated by
the low population density of these regions, which leads to
low expectations of financial revenue for services that require
connectivity. Thus, clearly, there is a need to adopt strategies
that take into account these difficulties, which requires a
better method of planning and implementing these services.
These might include the following: the creation of tourist vil-
lages [36], the growth of agriculture [37], an improvement in
logistics and service provision [38], financial inclusion [39],
and the dissemination and adoption of digital innovations in
rural microenterprises [40], among other factors.

E. GEOGRAPHY AND COVERAGE
In [6], the following countries – Costa Rica, Panama, Sudan,
Kenya, Congo, Afghanistan, Venezuela, and Brazil – list

geographical accessibility as one of the main obstacles to the
provision of broadband services in rural and remote regions.
Factors such as geographic distance, the conditions of the
terrain, forested areas, and the poor standard of the transport
system are highlighted.

Communities located in remote regions of the Amazon, for
example, face serious challenges in the provision of basic
services, as well as education, health, and telecommunica-
tions services, because of the difficulty of reaching these
regions. Although the coverage rate for telecommunications
services can be regarded as significant in Latin America and
the Caribbean, the coverage gap is equivalent to a population
of 64 million inhabitants, many of whom reside in remote
areas with a low population density [34].

IV. OUR VISION
We decided to establish our framework because broadband
Internet services are a primary need, and their installation can
be guaranteed by government entities or through the funding
schemes of private companies. However, this undertaking can
be made feasible only through the reduction of the necessary
costs of implementing and operating the network, but its
results will be very beneficial since the greater use of these
services by people will generate employment and income
opportunities through agriculture and tourism.

A. MAIN PILLARS
1) DEMAND ESTIMATION AND DATA TRAFFIC FORECAST
We believe that the widespread availability of telecommuni-
cations services can foster the socioeconomic development
of rural and remote regions and simultaneously increase the
interest and demand for these types of services by making
the main economic activities carried out in these regions
attractive and profitable.

ICT services and applications must be adapted to the
specific needs of users in these regions to provide basic
infrastructural facilities, such as those related to education
and health [6]. This approach will involve meeting different
requirements for reliability, coverage, and bandwidth from
those found in dense urban regions. While in the case of
urban areas, it is often important to maximize data rates or
minimize the delay experienced by subscribers, in the case
of rural and remote areas, the minimum amount of network
resources must be provided to ensure basic coverage rather
than aiming to achieve high data rates [41].

As shown in Tables 1 and 2 for urban areas, a large vol-
ume of broadband traffic is generated by advanced Internet
applications, which entails increasingly strict requirements
for bandwidth, capacity, and delay, since installation in rural
regions needs careful planning to adapt to the specific condi-
tions of the region (i.e., this can directly influence factors such
as the traffic profile, types of technologies, business model
and the consequent TCO of the network).

These communities generally need content to be pub-
lished in their own language, which is relevant to their

VOLUME 9, 2021 58425



M. A. de Souza et al.: Techno-Economic Framework for Installing Broadband Networks in Rural and Remote Areas

TABLE 1. Comparison among urban and rural scenarios.

TABLE 2. Application profile.

local interests. The authors [33] list these factors as one
of the main obstacles to digital inclusion and the expan-
sion of telecommunications services in these rural regions.
Hence, ICT services and applications based on IoT and
machine-to-machine (M2M) communications (i.e., e-health,
e-commerce, e-learning, e-government), among others, can
be used to enhance the social, economic, and cultural devel-
opment of these regions. The adoption and financing of
these applications can be conducted by local governments to
increase the demand for data traffic in these locations and thus
make it financially feasible for network operators to install
these services.

2) PHOTOVOLTAIC SYSTEM
Regarding the challenges of regular electricity supply,
the adoption of renewable energy sources must be consid-
ered; however, the impact of using such technologies in
dimensioning the network’s TCO must be evaluated. In this
context, the adoption of photovoltaic technologies can be
promising, given the potential availability of solar radiation,
as well as the technological evolution of this equipment and
its popularization process. Thus, to reduce implementation
costs, photovoltaic equipment or even electrical protection
equipment can be installed in the homes of residents through
agreements with the operator to reduce the risk of depredation
and theft of equipment; the counterpart may be the provision
of electricity and data services to such residents [46].

3) WIRELESS ACCESS NETWORKS
The deployment or expansion of wireless access networks is
of great significance in light of factors such as population
density and digital inclusion. According to the global survey
carried out by ITU-D [6], which listed the technologies that
are used to connect rural and remote areas, approximately
59% of countries responded that they used wireless technolo-
gies (fixed or mobile) such as 2G, 3G, WiMax, Wi-Fi or
Satellite/V-Sat for access. This approach makes it possible
to cover vast territorial areas at a lower cost than wired
approaches. Thus, the use of mobile devices provides Inter-
net access facilities without the need for the installation or
operation of additional devices, such as modems or Wi-Fi
access points, by communities still lacking digital inclusion,
in addition to potentially reducing network installation and
operational costs [34].

The network operator may decide to design an entirely new
network infrastructure (greenfield), but the costs of imple-
menting this may be higher than those found in scenarios
where either a part or all of the existing infrastructure can
be used (brownfield). Greenfield scenarios can be employed
when there is no telecommunications system in a particular
location or when there is a technological incompatibility that
prevents the use of an infrastructure [47]. The adoption of
brownfield scenarios depends on the exploitation of legacy
technologies that can be used to reduce the costs of imple-
mentation.

4) NEUTRAL HOST AND VIRTUALIZED INFRASTRUCTURE
A neutral host involves managing a network infrastructure
to host any entity that uses it to provide its services for
its end users. From the standpoint of the network operator,
deployments based on neutral hosts can reduce the implemen-
tation and operational costs of the web. Local governments,
companies, and local providers can become owners of radio
and ICT facilities to rent or assign local connectivity and com-
puting resources to broadband operators through multi-lease
services [48], [49].

Solutions based on software-defined networks (SDNs) and
virtualized network functions (NFVs) in rural areas offer sig-
nificant advantages and opportunities to reduce CAPEX by
approximately 40% and OPEX by 30% [50]. This approach
can reduce the dependence on expensive solutions from net-
work equipment suppliers by replacing network functions
with software-based implementations running on low-cost
multifunctional hardware. This paradigm ensures flexible
network management and better visibility to improve overall
network performance, manageability, and the security of the
network infrastructure [51].

B. OVERALL ARCHITECTURE
This techno-economic framework aims to assist the task of
dimensioning the total expenses and investments necessary
to implement or expand communication networks in rural
and remote areas. Not only must the TCO of the network be
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FIGURE 1. General architecture of the techno-economic framework for installing networks in rural and remote areas.

evaluated, but the economic viability of the project and pos-
sible socioeconomic effects of the implementation must be
estimated. This research complements the concepts outlined
in [52], [53] by considering demographic, geographic, and
socioeconomic factors to define the ICT services and appli-
cations adapted to the population’s needs in these regions.
Although [52] is a relevant study on the deployment of 5G
transport networks, its scope does not include the evaluation
of specific aspects of rural and remote areas. We believe these
specific characteristics, such as low human development and
infrastructure problems, and other issues, tend to influence
the technical-economic feasibility process.

Fig. 1 shows the general architecture of the framework
and its modules. As inputs, data and information based on
the socioeconomic, demographic, and geographical factors
of these regions are used. Solarimetric data are drawn on for
the dimensioning of the photovoltaic system, as well as infor-
mation related to the local supply of electricity, if available.
The data on the mobile network operators at the locations are
used to estimate the existing service capacity and to design
deployment scenarios based on cost-effectiveness measures.

The framework uses analytical models, algorithms, and
graph theory concepts and employs cartographic and geo-
graphic analytical techniques. Reference models from the lit-
erature and a fuzzy-based decision support system combined

with radio and transport dimensioning algorithms seek to
choose the proper type of base station for a geographical area
under deployment investigation.

The model adopted for rural areas covers the various terri-
torial spaces that make up the municipality, such as towns
and villages, in addition to the urban center. These spaces
are classified by analyzing the territorial dimensions and the
number of inhabitants. However, for the sake of convenience,
in the remainder of this work, we will only employ the term
locality to refer to any type of territorial space in a munici-
pality located in a rural and remote zone. Thus, we defineM
as a set of municipalities, such that M = {m1,m2, . . . ,mi}.
Each element of M represents a municipality in a rural and
remote area and can be designed by means of a connected,
nondirected graph, such that mi is represented by Eq. (1):

mi = G(Ni,Ei),∀mi ∈ M , (1)

whereNi is a set representing all the localities of municipality
mi, such that Ni = {a1, a2, . . . , an, ci}. The n-th locality
ofNi, denoted by an, is linked to a tuple (An, ρn, εn, γn), such
that An represents the territorial area An, ρn represents the
population density [inhabitants/km2], εn denotes a logical
value to express the availability of electrical power, while γn
represents a logical value to denote the pre-existence of some
infrastructure of broadband network in the locality. For the
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entire set Ni, there is one (and only one) element denoted by
ci (i.e., ∃!ci ∈ Ni), representing municipality mi. In this con-
text, this framework assumes that the headquarters ci of the
municipality is the location where all the transport links must
converge (either directly or indirectly) and hosts the networks
central office (CO). We also assume that ci is provided with
a backbone infrastructure capable of meeting the demand of
all locations belonging to the set Ni, representing a possible
point of presence (PoP).

1) TRAFFIC DEMAND MODULE
The traffic demand module aims to characterize the average
traffic demand per area [Mbps/km2]. The result of this mod-
ule is obtained through the application of long-term traffic
models [54], [55], which are adapted to the reality of a given
region. In this context, this module considers two types of
mobile subscribers. The first type refers to subscribers of
conventional data services, and their number is inferred from
data such as population density, the percentage of active users
during peak hours and the share of the population with access
or ability to use devices with access capacity to the mobile
network [56]. The second type of subscriber refers to those
associated with applications to be used by the municipality’s
public services infrastructure. Such service infrastructure
includes applications based on IoT and M2M platforms in
the context of applications for e-learning and e-health, among
others. Such applications are estimated based on [17], which
considers public statistical information, such as the number of
inhabitants, homes, vehicles, and commercial establishments,
in addition to information on municipal infrastructures, such
as the number of schools, hospitals, and public servants.

This module also considers an effect of pent-up demand
on the number of subscribers, given that there is a problem of
urban-rural equity related to the deployment of broadband in
these regions [57], [58]. For this, the estimated user density
[users/km2] is modelled as a time series in the shape of a
Gompertz curve. Thus, it is possible to consider the growth in
the number of users as being slower at the beginning and at
the end of the analysis time (reaching saturation) compared
to the other observation periods.

The demand for data traffic from locality an is represented
by τn,t [Mbps/km2] and can be obtained from Eq. (2). The
term t refers to the year of analysis, within a total time of
T years (t ∈ T ). Each grouping houses a set of users of
mobile networks and a set of municipal entities, such as
schools, health posts, public security units, governance and
commercial establishments, which make use of conventional
Internet applications and applications based on IoT andM2M
platforms. The demand for data traffic per year from the n-th
location (τn,t ) can be defined as

τn,t = dusern,t αn
∑
j

rj,tsj +
∑
z

dgovn,z,tαn,zrz, (2)

where dusern,t represents the density of mobile users
[users/km2] in year t , αn represents the percentage of active
users at peak hours, rj represents the average data rate

generated by mobile terminals of type j [Mbps], and sj rep-
resents the fraction of users using terminals of type j. Based
on the definitions from [54], three different mobile terminal
types are considered: mobile PCs, tablets and smartphones.
Terminals are divided into two groups in terms of the data
traffic demand needed by the users, i.e., heavy and ordinary
users, where the average requests of an ordinary terminal
capacity are equivalent to 1/8 of those classified as heavy.
Thus, the term rj,t can be computed as

rj,t = ht · r
heavy
j + (1− ht ) · r

ordinary
j , (3)

where the term ht represents the proportion of heavy termi-
nals for year t . In addition, the density of mobile users dn,t
[users/km2] can be expressed by Eq. (4):

dusern,t = ξt · θi · ρn, (4)

where ξt represents the projection of potential users for Inter-
net services, θi represents the population of mi with potential
access or ability to use mobile devices, and ρn denotes the
population density of this locality. Additionally, the term ξ (t)
represents the Gompertz curve, according to Eq. (5):

ξt = µ · e−βe
−σ ·t
, (5)

where the parameters µ, β and σ are utilized to adjust the
growth project of potential users for Internet services over
time. In particular, the parameter µ determines the final rate
of potential users, σ represents the growth rate of the number
of these terminals, and the parameter β represents the initial
rate of adoption. Therefore, the higher σ is, the faster the
proportion of mobile users that increase over time in the
locality.

Still, considering Eq. (2), the term dgovn,z,t denotes the density
of terminals used by the municipal entities in year t , such as
IoT and M2M applications, while z denotes the types of used
applications. The parameter αn,z represents the percentage of
active terminals, and rz represents the average rate of data for
applications of type z. The term dgovn,z,t can be obtained from:

dgovn,z,t =
ξz,tNn,z
An

, (6)

where ξz,t represents the Gompertz curve defined in Eq. (5)
to represent the rate of adoption of terminals of IoT and
M2M applications, Nn,z denotes that potential quantitative of
terminals of type z and An represents the territorial area of the
n-th locality. Consequently, the total traffic demand of munic-
ipality mi can be represented by

∑
∀n∈Ni τn,t , and from the

combination of Eqs. (2-6), it is possible to estimate a forecast
of data traffic of a given municipality for any year t .

2) RADIO NETWORK DIMENSIONING MODULE
Expansion Strategy: The purpose of this module is to define
the types of radio access technology to be used on the net-
work, as well as the types of equipment to be installed.
Using data from the survey of existing operator infrastruc-
ture, it is possible to estimate the current service capacity
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(if any) and design it according to the ICT services and
applications adapted to the needs of users and to estimates
made by the demand module of traffic. Consequently, it may
be possible to design a technology expansion or upgrade
and thus promote a reduction in implementation costs by
partially using the existing infrastructure (e.g., towers and
electrical cabling, among other systems). Parameters such
as user density [users/km2] and the existing service capacity
are considered in this module. Finally, this module considers
radio deployment strategies based on new radio technologies,
such as 5G. However, this module considers an eventual time
of maturation of such technologies [59] to allow the degree
of penetration of 5G-enabled devices to develop, given the
context of the social, economic and cultural challenges of
these regions.

For all localities an of Ni, if the term γn is true, then there is
pre-existing legacy radio infrastructure covering the locality
in question to some extent. Based on the traffic demand
defined in Eq. (2) and considering the service capacity exist-
ing in the group, the network traffic demand to be expanded
in year t (τn,exp,t ) can be expressed as

τn,exp,t = (1+ ϕRM )τn,t −
Cn,t
An

, (7)

where ϕRM is a parameter representing a reserve service
margin to guarantee the service of users and network applica-
tions during peak traffic. The term Cn represents the accumu-
lated service capacity of BSs existing in the locality [Mbps],
i.e., Cn,t =

∑
b C

BS
b,t , where b denotes the types of BSs

existing in the locality an. If the group does not have any
type of radio service capacity (Cn,t = 0), this framework
assumes the implementation of an outdoor BS to provide
basic coverage in the locality. This outdoor BS can be of the
macro (MBS) or micro BS (MiBS) type.
Fuzzy System: The module uses an expert system based on

AI to define the choice between the types of BSs presented.
Information such as the territorial area (An) of the location
and mobile network technology available in year t (and its
estimated coverage capacity) are considered by the system.
In particular, the module considers the use of a fuzzy system
to define this choice process. Fuzzy systems are useful for
managing imprecision and uncertainty in a system’s rea-
soning process, with partial and automatic optimization of
network parameters being possible [60]. Fig. 2 presents the
architecture of the fuzzy system used by this module.

Data on the locality area (An), mobile network technologies
available for deployment and path loss models that estimate
the coverage area of a BS [61]–[63] are used as inputs. The
fuzzification subsystem receives system variables, and an
association function is calculated for each entry in the fuzzy
system. The database subsystem defines the fuzzy association
functions that allow degrees of association to fuzzy sets to
be assigned. This attribution is built from concepts that are
subjectively defined and based on specialized knowledge.
The inference mechanism identifies rules to be triggered and
calculates the fuzzy values of the output variables using a

FIGURE 2. Illustration of general fuzzy logic architecture with inputs and
output used by the RAN dimensioning module.

max-min inference method [64]. Then, the outputs obtained
for each rule are combined into a single set using a fuzzy
aggregation operator. The rule with the highest degree of truth
is selected, and then, the association function to be activated
is determined to specify the type of BS to be implemented in
the locality.

From the definition of Eq. (7), the term τn,exp,t can assume
positive or negative values. If τn,exp,t assumes positive values
(τn,exp,t > 0), there is a need to expand the installed capacity.
Otherwise (τn,exp,t ≤ 0), the capacity of the existing access
network in the locality is considered sufficient to meet the
traffic demand in year t .
If technological updating is possible, this framework

assumes the upgrade of the BS radio interface (i.e., from a
3G to 4G interface, for example). From the eventual update
process, if the condition τn,exp > 0 persists, the implantation
of new BSs is considered; however, implantation is based on
increased capacity and not on coverage.

We consider two possible strategies for implementing new
BSs in this work, following [65]: (i) the homogeneous imple-
mentation of macro BSs and (ii) the implementation of small
BSs (SBS). The maturation time of new radio technologies
is represented by the parameter ζi, which represents a period
in years, after which the network operator will start to imple-
ment 5G (t ≥ ζn) deployments. The total BSs of a certain type
that need to be implanted in year t (NBS

b,t ) can be computed
according to Eq. (8):

NBS
b,t =

τn,exp,t · An
CBS
b,t

. (8)

The general operation of the radio network sizing module
is summarized by Algorithm 1. Line 3 recovers the term Ni,
which represents all locations in municipality mi, as defined
by Eq. 1. The algorithm performs the main loop between
lines 4-31. The stopping criterion for this loop is the maxi-
mum analysis time T . The internal loop in lines 5-30 repre-
sents the dimensioning of the radio network being computed
individually for each location an. Lines 6-8 compute the area
of the locality, the demand for data traffic, and whether there
is a preimplanted infrastructure in year t . Between lines 9-13,
if there is no pre-existing infrastructure, an outdoor BS (MBS
or MiBS) is implemented using the fuzzy system that makes
up the module. Line 14 defines the type of BS to be deployed
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Algorithm 1: RAN Dimensioning Algorithm

1 Input: mi, ϕRM , ζi, strategy;
2 begin
3 Ni← getLocalidades(mi);
4 for t ← 0 to T do
5 for n← 1 to |Ni| do
6 An← landArea(an);
7 τn,t ← trafficDemand(an, t);
8 γn← isThereLegacyRAN (an);
9 if γn is False then
10 b← fuzzy(An, t);
11 BS ← newBS(b);
12 an← addBS(BS, an, t);
13 end
14 b← deploymentType(strategy, ζi, t);
15 Cn,t ← capacity(an);
16 τn,exp,t ← expand(τn,t ,Cn,t , ϕRM ,An);
17 while γn is True and τn,exp,t > 0 do
18 BS ← getLegacyBS(an);
19 an← upgrade(t, an,BS);
20 Cn,t ← capacity(an);
21 τn,exp,t ← expand(τn,t ,Cn,t , ϕRM ,An);
22 γn← isThereLegacyRAN (an);
23 end
24 if τn,exp,t > 0 then
25 NBS

b ← totalBS(τn,exp,t ,CBS
b,t );

26 BSs← newBS(t, b,NBS
b );

27 an← addBS(t,BSs, an);
28 Cn,t ← capacity(an);
29 end
30 end
31 end
32 end

by capacity, and line 15 recovers the capacity of the BSs exist-
ing in the location. Line 16 calculates the traffic capacity to
be expanded in the locality (τn,exp,t ). The loop in lines 17-23
assesses whether the existing service capacity is capable of
meeting the traffic demand for year t . If not, the existing BSs
are upgraded to more recent generations, while nothing is
done if the existing service capacity can meet the demand.
Finally, lines 25-28 are reached if the capacity to be imple-
mented in the location is still greater than the existing service
capacity, even after the updates. In this case, based on τn,exp,t ,
a number of BSs NBS

b are dimensioned and implanted in
location an.

3) TRANSPORT NETWORK DIMENSIONING MODULE
The objective of this module is to define the technologies and
topology of the transport segment, together with the types of
equipment that must be installed in each location to establish
communication to the CO. Given the potential heterogeneous
geographic conditions or the high population dispersion
generally associated with these regions, we assume in this

framework a fully wireless (microwave/millimeter-wave)-
based deployment, where a pair of antennas is deployed for
each microwave link. For this, the module takes into account
the output of the radio dimensioning module, as well as
the communication topology to be established between the
localities of the municipality.

Wireless technology offers cost-benefit and flexibility
compatible with implementation in rural regions and usually
operates in the microwave/millimeter-wave 6-42 GHz bands,
in addition to having a communication scheme based on line-
of-sight (LOS) [65]. Fig. 3 presents the reference architecture
of wireless implantation considered by this module. Each BS
is equipped with a antenna. For MBSs or MiBSs, the com-
munications tower of the radio structure is also used for
fixing the antenna. For SBSs, installation is carried out with
fastening structures based on rods to guarantee the conditions
of LOS. As shown, the communication topology is point-to-
point (PtP), with links organized in a tree.

FIGURE 3. Wireless transport architecture for rural and remote areas.

This framework considers that the network is equipped
with two levels of wireless hubs. Each first-level hub concen-
trates data traffic through a carrier switch and forwards this
traffic to the second-level hub. The number of carrier switches
in each NCS

t hub in year t can be defined as

NCS
t = d

NMWL
t

NCS
ports
e, (9)

where NMWL
t denotes the number of wireless links associated

with the hub and NCS
ports represents the number of ports on a

carrier switch. This module considers the propagation models
presented in [66] to dimension the microwave links to con-
sider the models of attenuation by rain according to ITU-R
P.530 [67] and thus determine the types of antennas, antenna
size and expected transmission capacity for a given region.

It is also predicted that the locality may or may not have
access to electricity infrastructure, given that the majority
of the population without access to electricity lives in rural
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FIGURE 4. Representation of the transport network topology definition process, considering the availability of electricity in the localities.

areas of developing countries [68]. Thus, this inefficient sup-
ply can cause a reduction in the reliability of the network’s
service within the locality, as well as in neighboring locali-
ties, depending on the transport topology adopted. Thus, this
frameworkmodule also seeks to represent, through graph the-
ory concepts, the effects caused by these energy inefficiency
issues.
Minimum Spanning Tree: Considering the definition of

Eq. (1), Ei represents the set of edges of graph G(Ni,Ei) for
Ei = {e1, e2, . . . , el} to represent the physical paths between
the elements of Ni, such as road and river routes, among
others. The l-th element of Ei, denoted by el , represents a
tuple (ap,wpq, aq), ∀ap, aq ∈ Ni, p 6= q, such that wpq
represents a weighting of cost and distance between ap and
aq locations. Considering the cost definition of a graph, G
is associated with a cost function, defined as the sum of the
weights of the edges that make up G (

∑
wp,q,∀el ∈ Ei).

The space for finding solutions to this type of problem is
considered complex due to the number of nodes and edges
associated with the graph, thus requiring high computational
processing power. Thus, tominimize this complexity, the con-
cept of a spanning tree is used, which in turn is applied to the
nondirected graph G, in which any subgraph of G is a tree,
i.e., a connected nondirected graph without circuits. This tree
can be defined as a spanning tree if it contains all the vertices
of G. As trees are connected, every undirected graph with
a spanning tree is connected. Conversely, every connected
undirected graph has at least one GST spanning tree. When
obtaining at least one GST spanning tree ofG, when applying
the cyclic exchange operation, it is possible to obtain all other
G spanning trees.
Fig. 4(a) exemplifies the representation of any graph G,

while Figures 4(b), (c), (d) and (e) show some of the possible
spanning trees obtained from G. In the scheme presented,
the a4 location is distinguished from the others, as it does not
have a regular electricity supply (ε4← False). Thus, despite
being one of the possible G spanning trees, the tree presented

by Fig. 4(b) is not considered viable according to the transport
dimensioning module. When applying the concept of cost
to each of the trees considered viable, any tree that has a
minimum cost will be considered the minimum generating
tree (MST), as represented by Fig. 4(f), which illustrates that
one of the viable trees spanned from G has the minimum
cost, thus reducing computational effort and optimizing the
generation of results.

The functioning of the transport topology definition mech-
anism is summarized in Algorithm 2. The algorithm has as
input the graph that represents a given municipality and the
identification of which location does not have electricity (an),
as in Fig. 4(a). In line 3, the GST set is initialized as an
empty set. If graph G has cycles, for each cycle existing in G,
an edge is removed, keeping the graph connected. If there

Algorithm 2: Topology Definition Algorithm

1 Input: G, an;
Result: GMST

2 begin
3 initialize GST ← {};
4 while G has Cycles do
5 cycle← getCycle(G);
6 G← delEdges(cycle,G);
7 end
8 GST ← append(G);
9 edgesk ← excludedEdges(G);
10 for k ← 1 to |edgesk | do
11 cycle← fundamentalCycle(G′, edgesk );
12 STs← cyclicExchange(cycle);
13 GST ← append(STs);
14 end
15 GST ← update(GST , an);
16 GMST ← min(GST );
17 end
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are still more cycles, the operation is repeated continuously
until the last cycle is removed from G, according to lines 4-7.
Finally,GST stores the initialG generating tree (line 8). Thus,
lines 9-14 seek to obtain the other G generating trees. In
line 9, the term edgesk stores the set of all edges that were
removed from G and that are not present in GST .

The loop of lines 10-14 individually adds each of the
elements of edgesk to the GST spanning tree. Each addition
forms a fundamental cycle in GST (line 11). For each fun-
damental cycle, the cyclic exchange operation is performed,
which individually removes the other edges that make up the
fundamental cycle (line 12). Each removal generates a new
spanning tree to be stored in GST (line 13). Line 15 per-
forms the update of the GST set by removing all spanning
trees/topologies that have locationswithout regular electricity
supply as nonleaf nodes. Finally, among all the spanning trees
stored in GST , line 16 selects the one that has the minimum
cost and consolidates it in GMST .

4) NETWORK DIMENSIONING MODULE
From the inputs received from the previous modules, this
module seeks to consolidate the amount of equipment needed
for the network to function, as well as to estimate the volume
of new infrastructure that must be implemented by dimen-
sioning the equipment necessary for the operation of the CO,
based on the concept of neutral hosting. For this, the module
performs sizing based on SDN and NFV technologies [69],
[70]. Through this approach, it tends to be possible to adapt
the functions related to the evolved packet core (EPC) in
a multioperator environment through virtualization to cre-
ate several independent EPCs in the same physical infras-
tructure. Thus, this approach can increase the efficiency of
the financial resources invested through the sharing of the
infrastructure and potentially reduce the associated operating
costs [22]. The module also considers EPC elements dis-
tributed by several virtual servers (VSs) running on physical
servers (PSs) for general use. This paradigm tends to remove
the components that originally perform these operations on
purpose-built devices to maintain mainly general-purpose
equipment installed in the CO.

Given the need for analysis from a technical-economic
point of view, this quantity of equipment is dimensioned on
an annual scale to consider the periodic expansion of the net-
work, which tends to be facilitated by these software-based
deployments. This module seeks to estimate variables related
to the network maintenance and repair processes. Finally, this
module of the framework still performs the dimensioning
of the potential energy consumption of the network to for-
ward to the dimensioning module of the photovoltaic system.
To characterize the composition of physical servers in the CO,
we define the estimated number of physical servers needed in
year t as NPS

t , which is computed as

NPS
t =

⌈∑
n τn,tAn

CVSNVS
PS

⌉
, (10)

where CVS represents the individual service capacity of a
VS [Mbps/virtual server] and NVS

PS denotes the average num-
ber of competing virtual instances on a physical server [no. of
virtual instances/physical server]. Despite the use of virtual-
ized components through SDN and NFV, a minimum number
of bare metal switches is still required to provide physical
connectivity between network components and aggregate
traffic to be routed to the Internet. Thus, the number of
aggregation switches NAS

t in year t is computed as

NAS
t =

⌈ NPS
t

NAS
ports

⌉
, (11)

where NAS
ports denotes the number of ports on an aggregation

switch. This equipment needs to be stored and installed in
a specific structure in the CO. In this context, we assume
the CO is re-architected as a data center, given the con-
text of virtualization inherent to the use of SDN and NFV
technologies [71]. With this model, gains in agility tend to
be possible, given the ability to elastically deploy services
according to traffic demand. In this context, we assume that
this deployment model is based on the use of modularized
containerized data centers in the form of micro data centers
(µDC). The use ofµDC in the context of telecommunications
network operators is associated with the reduction of imple-
mentation costs and improvements in the efficiency of use of
the electricity consumed [72].

Consequently, we denote the maximum capacity of the
equipment installation of a µDC by LµDC , expressed in rack
units [U]. As the µDC infrastructure can be expanded, µDC
quantitative in the year t , NµDCt can be obtained by

NµDCt =

⌈LPSNPS
t + L

ASNAS
t

LµDC

⌉
, (12)

where the terms LPS and LAS denote the utilized space in
the equipment rack by each physical server and aggregation
switch, respectively.

5) PHOTOVOLTAIC SYSTEM DIMENSIONING MODULE
The objective of this module is the dimensioning of the photo-
voltaic system (PVS) to be used to meet the energy consump-
tion of the network equipment. For this, this module consid-
ers our previous methodology for dimensioning an on-grid
PVS, applied to the context of Hetnets [73] to decrease the
operator’s OPEX and reduce carbon dioxide (CO2) in the
atmosphere. However, given the potential unreliability or
availability of electricity supply in rural or remote regions
[68], we have extended this methodology and considered the
dimensioning of an off-grid PVS [74].

Due to the limited availability of data around certain
regions’ energy infrastructure, this framework module could
use a composite map of the global power grid using pub-
licly available open data generated through open-source tools
similar to [75]. However, given the ease of access to data
from the region under analysis, this module of the framework
considers data from the local electric utilities and the total
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energy demand of the network, consolidated by the network
dimensioning module.

In a complementary way, this module performs the dimen-
sioning of a PVS for each locality of the considered munici-
pality. This dimensioning takes into account only the energy
demand for the network equipment installed in the locality,
including radio and transport equipment, or CO equipment,
when the locality refers to the municipality’s headquarters.
If the location does not have any type of regular energy
supply, we consider the implementation of an off-grid PVS.
However, if there is a regular supply of electricity, this module
considers the adoption of an on-grid PVS to further consider
the reliability of this supply, given the criteria of continuity
of the service provided by the electricity utility.

To define the degree of supply reliability, we use the
concepts of average interruption duration (IAD) and average
interruption frequency (IAF ). The term IAD denotes the inter-
ruption time [hours] for which a locality remains without
regular electricity supply. This amount of time in general
is presented on an annual scale [hours/year]. The term IAF
represents the number of power interruption events in a given
year. Thus, for a municipality or locality to be considered
reliable by this module, such indicators must be below the
maximum limits previously established, i.e., (1+ ϕEn)IAD <
IMaxAD and (1 + ϕEn)IAF < IMaxAF , where ϕEn defines an addi-
tional safety margin (ϕEn > 0). If the presented condition is
not satisfied, the module considers the electric power supply
to be unreliable, despite being available.

Based on the above, for locations with unreliable electricity
supply, this framework also takes into account the implemen-
tation of a battery bank to store the energy load of the network
in expected periods of interruption, based on parameters IAD
and IAF . On the other hand, if the PVS to be implanted is
off grid, this dimensioning of the battery bank takes into
account the average hour/day in which it is not possible to use
solar radiation. The dimensioning of the number of stationary
batteries to be installed in the battery bank can be calculated
according to the following expression:

N SB
t =

⌈PNett T SBusage
CSB

⌉
, (13)

where PNett and T SBusage represent the total potential of the net-
work [W] and the daily average time PVS does not generate
electricity [hours]. In particular, in localities with unreliable
electricity supply, we assume that T SBusage is calculated from
IAD and IAF , i.e., T SBusage = (1+ϕSB)

IAD
IAF

, where ϕSB represents
a scale factor to ensure the safety margin for the battery bank
(ϕSB > 0). Additionally, CSB represents the useful autonomy
capacity of a stationary battery [Wh] and can be computed by

CSB
= CSB

ratedP
DoDESB, (14)

where CBS
rated denotes the nominal capacity of the battery

[Wh], PDoD defines the maximum discharge depth [%] and
EBS refers to the global efficiency of the battery [%].

6) MARKET MODULE
This module of the framework considers indicators related
to the economic market to assess financial viability, such as
the average price of subscription to services or even the eco-
nomically active portion of the population. This module also
seeks to consider the market share of the network operator to
estimate the volume of financial revenues. Thus, the module
aims to support the dimensioning of the financial flow of
the operator to be considered in the cost module. The gross
financial income obtained by the operator F inct for year t can
be defined by

F inct = λt (S
user
fee,tN

user
t Iwp + S

gov
fee,tN

gov
t ), (15)

where λt represents the market share of the network operator,
while Suserfee,t and S

gov
fee,t denote average data service subscrip-

tion fees for conventional users and government entities,
respectively. The term N user

t can be defined as the num-
ber of conventional subscribers in year t , and Iwp denotes
the economically active share of the population. Similarly,
the term N gov

t can be defined as the number of government
subscriptions in year t . Eq. (16) presents the ARPU [$/user]
modelling used in this module:

ARPUt =
F inct

N user
t + N gov

t
. (16)

7) BUSINESS MODULE
This module seeks to relate parameters associated with the
business models that can be used by network operators to
assess their impact on the costs of implementing and oper-
ating the network. Based on the existing infrastructure data,
this module seeks to evaluate the investment models to be
considered by analyzing the design of greenfield and brown-
field scenarios. This analysis is conducted considering each
of the localities of a municipality to evaluate these alterna-
tive scenarios from the perspective of financial costs in the
subsequent modules.

8) COST MODULE
This module seeks to model, on a time scale, the cost vari-
ables associated with the network TCO. One of the variables
considered is the volume of maintenance and repairs required
for the network infrastructure. In this sense, it considers the
use of any equipment warranty that can reduce expenses
related to equipment damage. In the case of solar inverters,
for example, the use of the warranty coverage time tends to
concentrate expenses related to repairs after the end of the
warranty period.

This module also considers that expenses related to the
costs of wages, infrastructure rent, and electricity often have
inflationary behaviour over time, while expenses related to
the acquisition of hardware components generally suffer a
reduction due to factors such as popularization and maturity
of the company and technology involved. Thus, this price
variation process must be considered when dimensioning the
network’s implementation and operation costs. Thus, the cost
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module uses a linear model to calculate the cost variation,
as [76]:

Prt = Pr0 + χPrt−1, (17)

where Prt represents the price of an item in year t and
Pr0 represents the price in year 0 of project implantation.
The parameter χ refers to the factor of updating the price.
By assuming negative values, χ can be applied to calculate
expenses of acquiring hardware, which usually drops over
time. On the other hand, positive values can calculate the
variation of expenses, such as salaries, power costs, and rent.
In addition, broadband operators must frequently comply
with SLA agreements related to the minimum parameters
of availability and service interruption. Thus, this module
considers payment of eventual financial fines due to unavail-
ability, which affects the fulfillment of the considered SLA
levels.

9) TCO MODULE
This module seeks to dimension the network’s TCO, as the
sum of CAPEX andOPEX expenses, on a time analysis scale.
For CAPEX expenses, the module considers all financial
investments for the acquisition, installation, and infrastruc-
ture costs of the equipment associated with the network.
Because installation is potentially carried out in places with
difficult access to or a long distance from large urban cen-
ters, the installation fee is parameterized with a distance
factor, which also has a direct influence on maintenance
costs. For the definition of OPEX, this module seeks to con-
sider expenses related to network operation and maintenance
time. For this, we consider the costs of electricity, spectrum
licensing, rental of physical space, operation, andmonitoring.
Maintenance costs include expenses for preventive and cor-
rective repairs and maintenance on all components associated
with the network. The details of each cost component are
modelled in detail below.
Equipment Cost: The cost of CoEq is the sum of all

expenses related to the acquisition of equipment associated
with the EqP and its installation EqI in their respective loca-
tions of use, as follows:

CoEq = EqP + EqI . (18)

The cost of acquiring equipment EqP can be defined as

EqP =
∑
t

EqRANP,t + Eq
MW
P,t + Eq

CO
P,t + Eq

PVS
P,t , (19)

where the terms EqRANP,t , EqMWP,t , Eq
CO
P,t , and Eq

PVS
P,t , respec-

tively, define the costs of acquiring equipment with respect to
the radio network, transport network, of CO and PVS in year
t . This annual acquisition occurs due to the gradual increase
in traffic demand (modelled by the Gompertz curve), leading
to consequent updates of the required capacities. Thus, new
network elements are added whenever necessary. The term
EqRANP,t can be defined as

EqRANP,t =
∑
b

NBS
b,t Pr

BS
b,t , (20)

where NBS
b,t and PrBSb,t refer to the quantity of BSs of type b

updated or implanted and their respective financial associated
costs. The term EqMWP,t can be calculated as

EqMWP,t = NCS
t PrCSt +

∑
j

2NMWL
j,t PrMWAj,t (21)

where NCS
t and PrCSt represent the quantity and price of

acquiring carrier switches, respectively. The termsNMWL
j,t and

PrMWAj,t indicate the quantity of links of type j and the unit
price of the antenna for this type of link. The term EqCOP,t is
computed as

EqCOP,t = λt (N
PS
t PrPSt + N

AS
t PrASt ), (22)

where NPS
t and PrPSt represent the quantity and the price

of new physical installed serves, respectively, whereas terms
NAS
t and PrASt define the quantity of newly acquired aggre-

gated switches and the unit price of acquiring such switches,
respectively. Finally, the cost of photovoltaic equipment
EqPVSP,t is defined as

EqPVSP,t = N SP
t PrSPt + N

SI
t PrSIt + N

SB
t PrSBt , (23)

where N SP
t , N SI

t and N SB
t respectively, the number of solar

panels, inverters and new stationary batteries installed, and
PrSPt , PrSIt and PrSBt denote the unit purchase price of this
equipment, in that order. Since EqP defines the quantity of
equipment to be purchased for the network, we assume that
the EqI installation costs are based on the installation and
testing time for each type of equipment. In this way, EqI can
be expressed as

EqI = Ntech
∑
t

St (T RANI ,t + T
MW
I ,t + T

CO
I ,t + T

PVS
I ,t ), (24)

where Ntech represents the number of technicians needed
for the installation process and is computed from the total
number of Nteam teams and the number of technicians per
team N tech

team (Ntech = NteamN tech
team). Additionally, St represents

the average hourly wages of a single installation technician in
year t , while the terms T RANI ,t , TMWI ,t , TCOI ,t , and T

PVS
I ,t define the

estimated time for the installation of radio, transport, CO and
PVS network equipment, respectively. The term T RANI ,t can be
computed as

T RANI ,t =
∑
b

(NBS
b,t T

BS
I ,b + 2T Tr ), (25)

where NBS
b,t denotes the number of BSs of type b to be

installed, T BSI ,b represents the associated installation time, and
T Tr denotes the average travel time to the location of instal-
lation. The term TMWI ,t can be obtained as follows:

TMWI ,t = NCS
t TCSI +

∑
j

2(NMWL
j,t TMWAI ,j + T Tr ), (26)

where NCS
t and TCSI define the number of carrier switches

and the installation time for each switch. The term NMWL
j,t

defines the number of links of type j, while TMWAI ,j represents
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the installation time of an antenna of this type of link. Addi-
tionally, the installation time of equipment CO (TCOI ,t ) in year
t can be defined as

TCOI ,t = λt (N
PS
t T PSI + N

AS
t T ASI + 2T Tr ), (27)

where NPS
t represents the number of physical servers

deployed and T PSI denotes the installation time for each
server. The parameter NAS

t represents the number of aggre-
gation switches to be installed, while T ASI symbolizes the
installation time for each switch. Finally, the term T PVSI ,t is
modelled from

T PVSI ,t = N SP
t T SPI + N

SI
t T SII + N

SB
t T SBI + 2T Tr , (28)

where N SP
t represents the number of solar panels deployed

and T SPI denotes the installation time for each panel. Sim-
ilarly, N SI

t represents the number of solar inverters, T SII
defines the installation time for each inverter, N SB

t represents
the total number of implanted stationary batteries and T SBI
represents the installation time for each battery.
Infrastructure Cost: The infrastructure costs of Coinfra

include necessary investments to implement equipment asso-
ciated with the network. For example, for the radio network,
these expenses are concentrated on the installation of com-
munication towers, while for PVS, these expenses include the
costs of fixing the structures of the solar panels.

CoInfra =
∑
t

NCT
t PrCTt + N

MH
t PrMHt

+ λt (N
µDC
t PrµDCt )+ N SP

t PrFSt . (29)

In the Eq. (29), the termsNCT
t andPrCTt refer to the number

of communication towers and their respective unitary costs,
NMH
t denotes the number of poles for fixing antennas and

PrMHt represents the unit cost of each pole. The terms NµDCt
and PrµDCt define the quantity and unit price of a µDC.
Finally, the term PrFSt denotes the expenses associated with
repairing the structure of solar panels at the panel installation
site.
Energy Cost: Electricity costs CoEn make up the network’s

OPEX, despite the adoption of PVS. For off-grid PVSs, this
cost item is assumed to be null (CoEn = 0), while for on-grid
PVSs, these costs are based on the mandatory payment of
a minimum service availability fee from the electric utility
and the amount of energy generated by the PVS. Thus, unlike
the other TCO cost items, electricity costs represent potential
revenues for the network operator, as follows:

CoEn =
∑
t

(PrkWhin,t Con
Net
t )− PrkWhout,tT

Net
oper (En

CO
t

+

∑
b

NBS
b,t P

BS
b +

∑
j

2NMWL
j,t PMWAj ), (30)

where PrkWhin,t represents the electricity purchase tariff from
the dealership [$/kWh] and ConNett represents the minimum
consumption to be acquired from this dealership [kWh]. The
term PrkWhout,t defines the sale price of the energy generated
by PVS [$/kWh], TNetoper defines the annual network operation

time [hours], andEnCOt defines the energy consumption of the
CO in year t . Additionally, the term PBSb defines the nominal
consumption power of a BS of type b [kW], and PMWAj
represents the nominal consumption power of an antenna of
type j [kW]. The term ConNett can be obtained as follows:

ConNett = NNM
t ConNMMin, (31)

where NNM
t defines the number of bidirectional meters used

and ConNMMin represents a minimum consumption allowance
to be acquired from the dealership per bidirectional meter
[kWh]. Additionally, EnCOt can be computed as

EnCOt = λt (N
PS
t PPS + NAS

t PAS + NµDCt PµDC ), (32)

where PPS , PAS and PµDC represent the nominal consump-
tion power of a physical server, aggregation switch, and
a µDC.
Spectrum Cost: Spectrum costs (CoSL) include expenses

related to the licensing of thewireless (microwave/millimeter-
wave) spectrum. From the data of the transport dimensioning
module, it is possible to obtain the number of links and
their respective types. Thus, we consider the methodology
presented in [52] for the calculation of transmission network
licensing costs to analyse these costs annually and observe
their impact on the network’s OPEX.
Maintenance Cost: The maintenance costs CoM include

the annual cost of preventive maintenance activities for
all equipment associated with the network. Additionally,
expenses related to monitoring and full-time operation are
included. Such expenses are based mainly on the cost of
remunerating the technical team responsible for this moni-
toring process. Thus, CoM can be calculated according to the
following expression:

CoM =
∑
t

λtMCO
t +M

RAN
t +MMW

t

+MPVS
t +Mont , (33)

where the termsMCO
t ,MRAN

t ,MMW
t andMPVS

t represent the
costs of maintaining the CO, the radio network, the transport
segment, and the PVS in year t . The term Mont defines
expenses related to networkmonitoring and includes the costs
of licensing the monitoring software used in the CO, as [52].
The termMCO

t can be computed as follows:

MCO
t = (NµDCt TµDCM + NPS

t T PSM + N
AS
t T ASM + 2T Tr )St

+NµDCt PrµDCM ,t + N
PS
t PrPSM ,t + N

AS
t PrASM ,t , (34)

where the terms TµDCM , T PSM and T ASM represent the mainte-
nance times for equipment associated with CO, µDC, physi-
cal servers and aggregation switches, respectively. The terms
PrµDCM ,t , PrPSM ,t and Pr

AS
M ,t represent fixed maintenance costs,

which are often related to the replacement of components,
such as power supplies, cabling and materials needed to cool
the equipment. In a complementaryway,MRAN

t represents the
maintenance costs of the RAN and can be obtained from the
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following expression:

MRAN
t =

∑
b

(NBS
b,t T

BS
M ,t + 2T Tr )St , (35)

where T(M , t)BS refers to the maintenance time of a BS of
type b. In addition, the estimated maintenance time of the
PVS in year t is modelled byMP

t VS, computed according to

MPVS
t = (N SP

t T SPM ,t + N
SI
t T SIM ,t + N

SB
t T SBM ,t + 2T Tr )St , (36)

where the terms T SPM ,t , T
SI
M ,t and T

SB
M ,t are associated with the

maintenance times for solar panels, inverters and stationary
batteries. Considering the PVS, such maintenance activities
include the regular cleaning of solar panels, the calibration of
their positioning, and the preventive replacement of various
components, such as cables, electrical connections and other
low-cost components.

Finally, the costs associated with maintaining the transmis-
sion network (MMW

t ) are modelled according to the approach
presented in [52].
Floor Space Cost: The costs of renting CoFS physical

space are modelled as an annual fee paid by the operator for
the accommodation of equipment associatedwith the network
of facilities in the localities of the municipality. The term
CoFS can be calculated according to the following expression:

CoFS =
∑
t

(λtN
µDC
t AµDCPrOutt

+

∑
b

NBS
b,t A

BS
b PrOut|Inb,t + N SP

t ASPPrOutt ), (37)

where AµDC denotes the physical area required for the instal-
lation of aµDC [m2] and PrOutt represents the annual outdoor
space rental fee to be paid by the operator [$/m2]. Addition-
ally, PrOut|Inb,t denotes the rental rate applied to the BSs loca-

tion [$/m2]. If type b of the BS is of the outdoor type PrOut|Inb,t ,
it assumes the value of a fee for outdoor spaces; otherwise,
the rental fee for indoor spaces is considered. Finally, ABSb
and ASP denote the physical area used for installing BSs of
type b [m2] and the physical area occupied by a single solar
panel [m2], respectively.
Fault Management Cost: While maintenance expenses

include the preventive cost of maintenance activities, failure
management costs include expenses related to the repair of
failures that may occur in the equipment associated with
the network. The total number of failures per year for each
type of equipment can be calculated from the annualized
failure rate (AFR) of each component, together with the
quantity of each piece of equipment. We count the aver-
age repair time (MTTR) of each piece of equipment in the
network to parameterize the labour expenses necessary for
the effective repair of the equipment considered. In general,
we denote the type of network equipment to be repaired and
can therefore represent any equipment (BSs, antennas, and
inverters, among others). In this way, Ni,t represents the total
of type i equipment to be repaired in year t , thus allowing the

computation of CoFM failure management costs as follows:

CoFM =
∑
t

∑
i

((MTTRi + 2T Tr )NtechSt

+PrEqi,t )AFRiNi,t + Penaltyt , (38)

where MTTRi denotes the average repair time for equipment
of type i and PrEqi,t represents the respective purchase price
for replacing the damaged equipment. Additionally, AFRi
denotes the annualized failure rate of type i equipment, while
the termPenaltyt quantifies the eventual payment of fines that
the operator must bear when service interruptions are higher
than a maximum threshold defined by the network’s SLA.
Thus, we express by TUnt the network downtime in year t
[hours]. If TUnt is higher than a maximum threshold TUnMax,t
(TUnt > TUnMax,t ), the operator is subject to a financial fine,
modelled as follows:

Penaltyt = PrPenaltyt (TUnt − T
Un
Max,t ), (39)

where PrPenaltyt refers to the financial penalty per hour for the
downtime in year t [$/h].

Finally, the total CAPEX expenses of the network are
expressed by CAPEX = CoEq+CoInfra, while the total costs
of OPEX are expressed by OPEX = CoEn + CoSL + CoM +
CoFS + CoFM . Consequently, the TCO considered in this
framework is based on the sum of the presented costs of all
the items.

10) TECHNICAL-ECONOMIC FEASIBILITY MODULE
From all inputs, this framework module seeks to assess the
financial viability of the network deployment project. With
this module, it is possible to make long-term investment
decisions to assist in the evaluation of the project’s financial
return. Hence, it is possible to evaluate the profitability of
the project and make it more attractive to network operators.
To this end, one of the metrics used in this module is based
on the use of the net present value (NPV) of the network
implementation project. The NPV is a method that consists
of bringing to zero the date (t = 0), all the cash flows
of an investment project and adding them to the value of
the initial investment. This method also considers the use
of the minimum rate of attractiveness of return (MARR) for
the project, which is a factor that estimates the present value
of future cash flow, considering the value of revenues and
the risk or uncertainties of these future revenues. In this way,
the network’s NPV can be obtained as follows:

NPV =
∑
t

CFt
(1+MARR)t

, (40)

whereCFt represents the network’s cash flow in year t , where
CFt = TCOt − F inct . Potential financial benefits should
be assessed not only from the perspective of the network
operator but also from the point of view of the population.
The relationship between the average income per capita of
the local population and the ARPU can be used to assess the
feasibility of implantation from a socioeconomic perspective
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to potentially contribute to the reduction of social inequali-
ties and human development in these regions [3]. Thus, this
module seeks to evaluate the SIt socioeconomic index on an
annual basis, according to Eq. (41):

SIt =
ARPUuser

t

PCIt
. (41)

where the term ARPUuser
t represents the average revenue per

user considering only the number of conventional mobile
users in the network, i.e., the number of terminals based on
IoT/M2M applications is disregarded. The PCIt parameter
denotes the average income per capita of the local population
in year t. Assuming that PCIt ≥ ARPUt , the lower the value
of SIt , the lower the estimated financial impact of the cost of
telecommunications on the population’s income, which tends
to facilitate the process of adopting such technologies and the
consequent use of pent-up demand from these regions.

V. CASE STUDY
This section describes a case study that demonstrates how
our techno-economic framework can be applied to dimension
the network’s TCO by assessing a) the feasibility of the
implementation and b) any associated socioeconomic effects
during an analytical period of 10 years (t ∈ [0, 9]).

A. SOCIOECONOMICS OF THE MUNICIPALITY
With regard to the choice of municipality, we adopt a real-
istic geographic model that takes into account the territorial
dynamics that often prevail in rural and remote regions of
developing countries. To achieve this objective, we examine
the municipality of Faro (Brazil), located in the Amazon
Regional Complex in South America (as shown in Fig. 5).
This municipality is selected because of its demographic and
socioeconomic characteristics, in addition to the fact that it
has limited broadband services. In terms of the instruments
employed for the classification and characterization of rural
and urban spaces, the Brazilian Institute of Geography and
Statistics (IBGE) categorizes Faro as a rural-remote munici-

FIGURE 5. Cartographic representation of Faro (Brazil).

pality on account of its demographic density and its limited
accessibility to large nearby urban centers [77].

Faro has a territorial area of approximately 11,771 km2

and a total population of 8,177 inhabitants. Approximately
94.78% of the population is under the age of 65, while 75%
of this population lives in the towns with the highest degree
of urbanization in the municipality: municipal headquarters,
Ubim and Nova Maracanã [78], [79]. These three locations
have electricity supply from a local concessionaire, with
continuity of supply indexes at IAD = 15.02h and IAF =
9.12 [80]. The Human Development Index (MHDI) of Faro
is 0.563, which places this municipality in the range of low
human development (MHDI between 0.500 and 0.599). The
economically active region of Faro corresponds to approxi-
mately 56.01% of the population (Iwp = 0.56) and consists
of largely informal workers ( [81].

Faro has a ratio of 1 public employee to every 12.88
inhabitants, and approximately 48% of these employees work
in the municipal health system [82]. Although Faro’s average
per capita income grew by 136.46% between 1990 and 2010,
it is currently projected at R$ 522.50 (approximately US $
100.67 per person), which means that at least 30.39% of the
population is living in extreme poverty. In the Gini index,
an instrument used to measure the degree of concentration
of income, Faro has a value of 0.56. In addition, Faro has a
school-age population of 38%, although it only has one public
school located at the municipal headquarters [78].

B. TRAFFIC FORECAST
For the dimensioning of the traffic forecasting of the localities
of the municipality, we adopt a rate of active users of 16%
(αn = 0.16), applied to conventional network users [65].
When defining the average data rate generated by mobile ter-
minals (rj,t ) and the fraction of mobile users (sj), we adopt the
definitions provided by [56]. We assume that the proportion
of the rural population that was able to gain access to the
network or had the necessary skills to use mobile devices
θi is 0.65 (the range of the population of Faro between the
ages of 15 and 65). To define the Gompertz curve ξt (Eq. 5),
we consider that the parametersµ, β and σ assume the values
0.8, 5.0 and 0.55, respectively [17]. Thus, we find that there
was a moderate growth rate for mobile users, which tended
to intensify more sharply in the second half of the period of
analysis.

With regard to government services based on IoT and
M2M applications, we adopt the application profile displayed
in Table 3. These applications are categorized into types of
services so that the parameters used in the Gompertz curve are
specified for each type of application, as well as the required
data rate (rz) [Mbps]. For the definition of the term Nn,z,
which represents the number of potential terminals using the
z application, we draw on demographic and socioeconomic
data for Faro, and thus, Nn,z takes on specific values for each
type of application according to the data for each location.

According to Table 3, in the case of e-health applications,
the values ofNn,z are estimated from the total population over
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TABLE 3. Data for government applications collected from [78], [79], [81]–[85].

the age of 65 and the estimated number of doctors and other
existing health professionals in each location. With regard to
e-learning applications, estimates are used for the number of
students and teachers, in addition to the number of potential
students in distance education. Data such as the number of
civil servants and the total number of street crossings in
each location are used to estimate e-government applications,
while in the case of e-finance applications, the estimates are
based on the total number of informal workers or even the
number of available ATMs. Finally, with regard to smart city
applications, the numbers of homes and motor vehicles in
each location are used to estimate the term Nn,z.

C. NETWORK DIMENSIONING
From the survey data of the existing network infrastructure,
it can be seen that the municipal headquarters has three
MBSs installed, one with a 3G interface and two with a 2G
interface [86], while Ubim and Nova Maracanã do not have
any telecommunications systems. Thus, for municipal head-
quarters, the radio dimensioning module of the framework
might make infrastructure upgrades for later generations,
such as LTE-A (Release-10), LTE-A Pro (Release-13) and
5G-NR (Release-16). In the case of technologies based on
5G, we assume a maturation time of 5 years (ζi = 4 due to
the set of challenges listed in Section III.

For the dimensioning of the traffic capacity expansion
τn,exp,t , we assume a reserve service margin of 20% (ϕRM =
0.2). We also adopt two strategies for the installation of the
radio network: homogeneous (using only MBSs) and hetero-
geneous (using macro and micro BSs to provide coverage
and SBSs to provide indoor capacity; HetNet). With regard to
positioning an SBS (and its respective antenna), we assume
that it is possible to install it on the premises of municipal

sites, such as schools and hospitals, to reduce the installation
costs. When making the estimates of coverage, energy con-
sumption and service capacity of BSs, we use the parameters
shown in [61], [63], [73], [87].

On the basis of the cartographic, geographic and electricity
data of the locations, the dimensioning module of the trans-
port network defines the topology that will be used in Faro.
The dimensioning carried out proves the existence of two
high capacity MW links, which create a LOS tree topology,
to connect Ubim to Nova Maracanã (1.35 km) and the lat-
ter to the headquarters (15.65 km), where CO is installed.
When estimating the distances of the links and the attenuation
models by precipitation of the ITU-R P.530 [67], the mod-
ule suggests that these links can operate in the range of
6-13 GHz, with 60 cm disks, to attain a precipitation rate of
75.9 mm/h. For low capacity links, we decide to use links in
the 15-42 GHz band with 30 or 60 cm discs.

In the case of the automated network sizing module,
we assume the implementation of modular µDCs with a use-
ful installation capacity of 42 Us each. Each of the µDCs has
cooling infrastructure services, electrical management, and
remote monitoring and fault control tools. X64 processors
are used for the characterization of the physical servers [72];
on a conservative estimate, each physical server is capable of
supporting amaximum of 10 virtual instances simultaneously
(NVS

PS = 10).We estimate that each physical server and aggre-
gation switch occupy a space of 2U and 1U, respectively.

D. PHOTOVOLTAIC SYSTEM
The PVS sizing module requires the use of an on-grid sys-
tem in each location in such a way that each system is
dimensioned for the energy demand of the network devices
installed in the location. The battery bank is dimensioned on
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the basis of the Faro energy availability indicators and the
maximum limits established for the Municipality IMaxAD = 21,
IMaxAF = 35, ϕEn = 0.4 and ϕSB = 0.2. On the question of
harnessing solar energy radiation, we assume annual average
values of 4.651 Wh/m2.day [88] and 5.0 hours of peak sun
[89], values compatible with the region where Faro is located.
When dimensioning the battery bank, we assume that each
stationary battery has a capacity of 2.64 kWh (CSB

rated = 2.64),
a maximum discharge depth of 60.0% (PDoD = 0.6) and an
overall efficiency of 80% (ESB). For the installation site of the
photovoltaic devices, we assume that they are located close to
the main BS of each location so that they can make use of part
of the existing infrastructure. Each solar panel has an area of
1.91 m2, while the inverter can share the cabin together with
the BS. The other parameters required for dimensioning the
PVS are the same as those adopted in our previous study [73].

E. MARKET AND BUSINESS
On the basis of the information about the existing network
system in Faro, we believe there are at least two network
operators, so the module market is expressed as λt = 0.5.
In a complementary way, in the business module, we adopt
two implementation approaches: greenfield and brownfield.
In the case of the greenfield scenario, we disregard the
potential existence of a legacy infrastructure and require the
immediate installation of infrastructure. In brownfield scenar-
ios, if the location already has a pre-existing infrastructure,
the network is expanded on it. The business module includes
the implementation of 5G technology to decide whether to
take into account the technology maturation time (ζi). On the
basis of this assumption, we list four deployment scenarios,
which are described in detail below:

• BF+5GS scenario: the brownfield implementation strat-
egy and maturation time for the implementation of 5G
technology. If the location does not have any type of
legacy infrastructure, we adopt a greenfield deployment
approach;

• GF+5GS scenario: the greenfield implementation strat-
egy and maturation time for the implementation
of 5G technology. Although the location has a partial
pre-existing infrastructure, these resources are disre-
garded when evaluating a deployment method based on
LTE-A BSs;

• BF+5GF scenario: the brownfield deployment strategy
and immediate 5G deployment, i.e., when there is a need
to expand the network’s service capacity, the existing
BSs are upgraded directly to 5G-based technologies;

• GF+5GS scenario: a greenfield deployment strategy
and immediate 5G technology deployment.

F. TECHNICAL-ECONOMICAL FEASIBILITY
In the case of the cost module, we assume that equipment
acquisition expenses have a readjustment coefficient of -7%
per year (χ = −0.07), while other expenses, such as rent,
penalties, and human resources, have a readjustment factor

that increases by 3% per year (χ = 0.03). We assume that
the minimum network availability time corresponds to 90%
of the total network operation time in one year TUnMax,t =
7, 884h, according to data on the regulation of telecommu-
nications services in Brazilian territory [90]. Based on data
from existing network operators in Faro, we can infer that
the average network availability is 8, 320h (94.97%). Thus,
the expenses for Faro related to the payment of penalties have
not been calculated (Penaltyt = 0).
The TCO sizing module involved standardizing the cost

parameters in monetary units, as shown in Table 4. In this
context, we assume that the financial value related to the
update of a BS radio interface is based on a percentage of
the purchase value of the new BS, since its potential use is a
part of the infrastructure. Thus, for all cases of technological
updating (when possible), we assume the application of a
base percentage of 40%. That is, when upgrading a BS to a
newer radio interface, we include only 40% of the purchase
price of this new BS (PrBSb ). We assume an annualized failure
rate (AFR) of 0.0584 for any network device, while the other
parameters related to the network installation, maintenance
and operational procedures are summarized in Table 5.

TABLE 4. Standardized cost parameters.

With regard to the module of the techno-economic feasibil-
ity framework, we assume a minimum rate of return of 10%
(MARR = 0.1) [52], while we adopt Eq. (21) to predict the
evolution of the value of average income per capita during
the period of analysis by including an update factor of 5%
per year (χ = 0.05).

G. NUMERICAL RESULTS
Traffic Forecasting and Network Installation: Fig. 6 shows
the results of the traffic demand forecasts for Faro and their
effect on radio network dimensioning. With regard to this,
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FIGURE 6. Forecasts of the traffic demand and radio network dimensioning for the locations of Faro.

Fig. 6a demonstrates the evolution of the types of signatures
included in system modelling, and we can see that the traffic
demand for government applications is initially lower than
the demand for conventional users because of the low adop-
tion rate of IoT/M2M applications in the first years of the
analysis time. However, owing to the parameters included in
the traffic demand module, the traffic of IoT/M2M applica-
tions progressively increases with an approximate CAGR of
123.60% to meet the traffic demands of conventional users.
This trend corresponds to the traffic expectations predicted
for the coming years, caused by the advent of 5G networks
and IoT/M2M technologies [43], [91].

Figures 6b and 6c show the dimensioning of the radio
network in the installation of GF+5GS for Nova Maracanã
(Fig. 6b) and Ubim (Fig. 6c). Since these locations do not
have a pre-existing network infrastructure, the framework
infers that it is impossible to apply brownfield scenarios, and
thus, the BF+5GS and GF+5GS scenarios have the same

results for both locations. Thus, for convenience, we show
only the results of the GF+5GS scenario, although when
examining the consolidated results for Faro, we use data from
all the scenarios and locations described in the case study. The
radio network sizing module foresees the installation of an
outdoor BS LTE-A in both locations for the provision of basic
coverage in year 0. That is, the implementation of anMBS for
the macro-only approach and an MiBS for HetNet approach
in both locations. For Nova Maracanã (Fig. 6b), the specialist
system predicts that this single BS will be able to meet
the traffic demand until Year 4. The upgrade of the radio
interface is evaluated for the macro-only strategy, and once
the upgrade to LTE-A Pro is no longer sufficient to carry out
the service in the locality, the upgrade to 5G-NR is performed,
without the need for any future upgrade or deployment in this
scenario. The HetNet approach allows the upgrade of MiBS
to 5G-NR in Year 4 and subsequently the implementation of
an SBS 5G-NR in Year 8. In a complementary way, (Fig. 6c),
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TABLE 5. Network installation, maintenance and operation parameters.

the BS outdoor design is upgraded for Ubim to an LTE-A Pro
interface in Year 4, and no future updates or deployments are
required for Ubim. Thus, from the standpoint of meeting the
traffic demand, it is not necessary to implement technologies
based on 5G or any other additional BS, whether MBS or
SBS. For this reason, the macro-only and HetNet curves
overlap in Fig. 6c.

Figures 6d and 6e show the application of the BF+5GS
and GF+5GS scenarios for the Faro Municipal Headquar-
ters. In the case of the BF+5GS scenario, the framework
takes into account the existing network infrastructure at the
headquarters. Between years 0 and 3, the three existing BSs
are progressively updated, and at the end of year 3, they all
have an LTE-A Pro interface. From Year 4 onwards, it is
necessary to implement new BSs to expand the service capac-
ity. The macro-only approach implements three more 5G-NR
MBSs until the end of the analysis period, while the HetNet
approach provides for the additional deployment of four 5G-
NR SBSs. On the other hand, although the GF+5GS scenario
(Fig. 6e) disregards the pre-existing network infrastructure,
it is also expected to implement a total of three LTE-A Pro
MBSs by Year 3 through the macro-only approach, as well as
in the BF+5GS scenario. In the case of the HetNet approach
in GF+5GS (Fig. 6e), the implementation of SBSs only
occurs from Year 3; however, this is the scenario that is most
expected to be implemented by SBSs until the end of the
reporting analysis period.

The application of the GF+5GF scenario for Nova Mara-
canã is shown in Fig. 6f. In this scenario, a single MBS
5G-NR is deployed in Year 0 to provide basic coverage in the
locality and adopts both radio installation approaches (macro-
only and HetNet). Owing to the high service capacity of the
BS that is implemented, no further upgrade or installationwill
be necessary for the following years. Since the application
of the GF+5GF scenario for Ubim behaves in a way that is
similar to that observed in Nova Maracanã, for purposes of

convenience, we will confine this study to examining only
one of the forecasts. Again, we would like to point out that
these locations do not have a pre-existing network infrastruc-
ture, so there is no possibility of applying brownfield sce-
narios. In view of this, the BF+5GF and GF+5GF scenarios
provide the same results for Ubim and Nova Maracanã.

Figures 6g and 6h show the application of the BF+5GF and
GF+5GF scenarios at the municipal headquarters of Faro.
In the case of the BF+5GF scenario, successive updates are
made to the radio interface of the existing MBSs, and it is
not necessary to implement new BSs in any of the radio
installation approaches, which again explains the overlapping
curves in Fig. 6g. On the other hand, in scenario 6h, both
the macro-only and HetNet approaches start with the imple-
mentation of an outdoor MBS 5G-NR, which should meet
the traffic demand until Year 4. As a result, both strategies
carry out the implementation of a different number of BSs but
culminate by attaining the same service capacity in Year 8.

Fig. 6i compares the scenarios that are displayed to high-
light the differences between the traffic handling capacities
of scenarios that seek the deployment of 5G technologies
only after a period of maturation (BF+5GS and GF+5GS)
and scenarios that carry out this installation immediately
(BF+5GF and GF+5GF). We examine the average service
capacity between each pair of scenarios to understand the
different types of radio installation (macro-only and HetNet).
As shown in Fig. 6i, in the 5GS scenarios, there is a smaller
difference between the capacity of the radio network and
the required traffic demand, with a special emphasis on the
first years of the analysis time. In particular, with regard
to the HetNet 5GS scenario, greater granularity in terms of
types of BS and service capabilities should bring about a
greater adherence to the traffic demand curve. On the other
hand, the distance observed in the 5GF scenarios is explained
mainly by the implementation of 5G technologies in Ubim
and Nova Maracanã. In light of the relatively low traffic
demand, even with the adoption of IoT/M2M applications,
the service capacity ends up being significantly higher than
the required traffic demand, as represented by Fig. 6f.
Total Cost of Property and Technical-Economical Feasi-

bility: Figures 7a and 7b show the total cost of ownership
of the network for each of the alternative scenarios under
consideration. In particular, Fig. 7a demonstrates the TCO
of the network without taking note of the application of the
PVS, while Fig. 7b shows the effects of the installation of the
PVS in the network. With regard to Fig. 7a, it should first be
pointed out that all the approaches based on the implemen-
tation of macro-only radio have a significantly higher TCO
value than those based onHetNet. However, there is an excep-
tion in the specific case of the BF+5GF scenarios, which
have the same levels of TCO for the macro-only and HetNet
strategies because the set of BSs existing at the headquarters
(when updated directly to 5G-NR) can meet the entire traffic
demand from this location without the need to implement
a new BS (whether an MBS or SBS). In the Nova Mara-
canã and Ubim, a single outdoor BS is required to provide
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FIGURE 7. Representation of TCO, NPV, CF and the evolving pattern of TCO for the scenarios examined in this study.

capacity and coverage in each of these locations. We find
a difference of 110% between the most expensive scenario
(Macro GF+5GS) and the scenarios with the lowest TCO
levels (Macro and HetNet BF+5GF). Thus, although all the
scenarios are capable ofmeeting the projected traffic demand,
there are significant differences between the observed TCO
values.

When applying PVS to the network (Fig. 7b), there is a
considerable reduction in the TCO of the network, according
to the data shown in Fig. 7a. The average reduction observed
is approximately 18.97% for all the scenarios but ranges
between 16.05 and 21.87% since each scenario has a different
energy demand, which directly influences the PVS dimen-
sioning and the TCO network. It should be noted that after the
application of PVS, the composition of the TCO undergoes a

significant change. While in the results in Fig. 7a, in general,
there is a greater proportion of OPEX expenses in all the
scenarios, from the application of PVS, there is a noticeable
reduction in OPEX costs and an increase in CAPEX expen-
diture (average of 7.1%) resulting from the installation of the
PVS components. In addition to the above, Figures 7c and 7d
verify the results achieved by the framework, as they show the
percentage composition of the TCO for scenarios without and
with the application of PVS, respectively. From the results
obtained, the cost elements that are included are infrastructure
(Infra.), equipment/hardware (Equip.), installation expenses
(Instl.), energy (En.), maintenance (Mnt.), rent of physical
space and spectrum (FS&SL), and fault management (FM).
In particular, in the case of Fig. 7d, the energy component
(En.) refers to the mandatory cost of the minimum electricity
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supply rate of the local concessionaire, although the energy
consumed by the network is generated entirely by the PVS of
the network.

Fig. 7e shows the NPV of the network for all scenarios.
Most of these scenarios are not profitable from the stand-
point of the network operator because of the negative NPV
obtained from a discounted cash flow (MARR = 10%).
This behaviour corresponds to the difficulties discussed in
the literature regarding the installation of telecommunica-
tions services in rural and remote areas. It should also be
noted that themacro-only scenarios aremuch less satisfactory
than the HetNet deployment scenarios. Although the HetNet
BF+5GF scenario is profitable from the operator’s financial
perspective, the immediate deployment of 5G technology
may not be technically feasible because of the low penetra-
tion of compatible devices. Thus, Fig. 7f shows the NPV,
which includes the application of PVS in the network. In this
case, the HetNet BF+5GS scenario will be profitable for
the network operator since there is a significant reduction in
energy expenses. This trend may show that the application of
alternative technologies applied to the reduction of network
expenses could be a key factor that makes the process of tech-
nical and economic installation viable for network operators
in rural and remote regions.

It is worth noting that the accumulated TCO of the HetNet
BF+5GS and GF+5GS approaches (Fig. 7b) entails approx-
imately the same level of investment even though only the
BF+5GS scenario shows a positive NPV in Fig. 7f. This
behaviour suggests that the dimensioning of the TCO alone
is not sufficient to assess the feasibility of installing the net-
work. In this case, the project’s cash flow arrangement and the
joint effect of the MARR may be factors in decision-making
when undertaking the project. Although the TCO accumu-
lated over the analysis period is approximately the same for
the HetNet BF+5GS and GF+5GS approaches, the cash flow
of the brownfield approach (BF+5GS) is less pronounced
than that observed in the greenfield approach (GF+5GS).
This observation is based on the lower degree of invest-
ment in implementation at the beginning of the analysis time
(Fig. 7g), with regard to the cash flow observed in Fig. 7h.
This time difference at the time of the investment application,
combined with a discounted cash flow, is sufficient to cause
a positive NPV for the HetNet BF+5GS approach, as seen
in Fig. 7f.

Fig. 7i shows the evolving pattern of TCO during the
analysis period in comparison with the network operator’s
gross revenue for the BF+5GS together with the PVS sce-
nario. Although a large amount of investment is required
during the analysis period in this scenario (with a special
emphasis on the first years of the installation of the network),
it has been noted that the gross revenue becomes significantly
higher than the expenses incurred for the implementation and
operation of the network beginning in Year 5. Although the
framework has technical and economic significance for the
network operator, the views of the local community must also
be taken into account. To this end, we adopt the SI term,

which defines the relationship between the average per capita
income of the population (PCI) and the average revenue per
user (ARPU) of the operator, in terms of Eq. 41. Based on data
from [33], it has been suggested that ARPU represents only
5% of the PCI of developed countries (SI = 0.05), while for
developing countries, this level is in the range of 20% (SI =
0.2). In the case of rural and remote regions, this behaviour
can be attributed to the need for the network operator to
maximize NPV or at least make it positive by increasing the
tariffs charged to end users.
A Socio-Economic Perspective: On the basis of the results

of the application of the framework in the context of the
municipality of Faro and the value of the subscription fees
outlined in Table 1, the SI term has an approximate value
of 16.07% (SI = 0.1607). This result can be considered
promising since Faro is located in a region of low human
development, where the SI should be at the level of 20%.
Although still far below the level of developed countries, this
difference may represent a decisive factor in the implemen-
tation and take advantage of the suppressed demand from
users in these regions. A significant reduction in end-user
subscription fees or an excessive increase in the rate of gov-
ernment applications may be unrealistic or even financially
unsustainable for the network operator.

Fig. 8 shows the variation of the monthly subscription fees
of conventional users, together with theNPV forecast for each
case in the scenario involving HetNet BF+5GS with PVS.
In this context, it should be noted that the reduction in the
subscription fee means better IS values, although the NPV
begins to assume negative values, which makes the instal-
lation project impracticable. On the other hand, if the sub-
scription fee of users increases by 35%, despite the NPV
assuming a positive value, the SI term assumes values above
20%, which tends to be undesirable from the perspective of
end users and hampers the expansion of traffic demand during
the analysis period.

FIGURE 8. Representation of variations in users subscription rates and
their implications for the NPV of the network.
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FIGURE 9. Representation of variations in subscription rates of
government agencies and the estimated payback time for the network.

Fig. 9 shows the relationship between the variation in the
subscription rate of government applications and the esti-
mated payback time of the network, again with regard to
the HetNet BF+5GS scenario with PVS. If this subscrip-
tion fee suffers any negative adjustment, the NPV tends to
assume negative values, which makes the deployment project
unattractive to the network operator. In these cases, there is
no payback since the network’s sources of revenue are unable
to offset previous investment in implementation. These cases
are denoted by the negative column in the representation of
the payback in Fig. 9. On the other hand, by increasing the
subscription fee to 35% or more, the payback time is reduced
by approximately 2 years, and the NPV increases by approx-
imately 1.665%. Thus, in view of the set of assumptions and
opportunities offered, funding strategies by government enti-
ties can be important for the installation of network services
in rural and remote regions.

H. LIMITATIONS OF THE STUDY
Some aspects could be improved in the future when planning
a technical-economic feasibility study of broadband services
for rural and remote areas.

First, we worked with several assumptions for traf-
fic demand forecasting and cost analysis. Although these
assumptions reflect real data collected from the Brazilian
government’s official information sources, there is a need to
develop strategies to incorporate uncertainty variables inher-
ent in the forecasting process. Moreover, to the best of our
knowledge, the parameter costs are compatible with rural and
remote regions in the Brazilian Amazon. Other areas might
have different cost drivers, which could lead to different
conclusions.

Second, in the study case, we parametrized the proposed
models with real static data related to the reality in the
municipality. To improve this input process and make the
proposed approach more extendable, the development of a
data layer can include online queries of public databases,
such as those on electricity availability in a specific region,
population density, and other information.

Finally, the proposed framework does not consider specific
technical issues related to the deployment of links under
LOS conditions. While globally, there is an extensive adop-
tion of wireless (microwave/millimeter-wave)-based tech-
nologies, we assume that the related technical challenges of
deploying these technologies are quite difficult to overcome
and hence have not been explicitly considered in this work.

VI. CONCLUSION AND FUTURE WORK
This work has established a comprehensive techno-economic
framework that is capable of scaling the deployment and/or
expansion of network infrastructure through the adoption of
ICT services adapted to the demographic, socioeconomic and
geographical characteristics of rural and remote regions. This
scheme has the capacity for generalization and can potentially
be applied to any scenario of rural and remote areas in devel-
oping countries.

With regard to gaining access to networks, the framework
includes fiber and wireless connections, with the latter being
employed particularly in remote regions where the former
does not exist - a typical scenario in the Brazilian Amazon.
The connection topology is defined bymeans of graph theory,
which makes use of the existence of infrastructural facilities
(mainly energy). A specialist system based on fuzzy rules
assists in the decision about how to install the technology and
takes into account technical and socioeconomic factors. The
network design takes note of trends in virtualized (NFV and
SDN) and shared (neutral host) networks to reduce CAPEX
and OPEX costs.

In this way, by being based on current technological con-
cepts, the framework is able to efficiently evaluate the poten-
tial use of existing telecommunications systems and adopt
approaches for the installation of homogeneous and heteroge-
neous networks, in addition to implementing a photovoltaic
system to reduce operating costs. This work included a case
study of the installation of communication networks in a
municipality in the Brazilian Amazon region. It was shown
that the application of brownfield scenarios, the implemen-
tation of HetNets and the use of technologies based on 5G
after a period of technological maturation are practicable
alternatives that are technically and economically viable for
network operators.

With regard to the population of Faro, there is a rea-
sonable relationship between the average income per capita
and the average revenue per user envisaged by the operator,
which is below the average of developing countries. This
shows how the choice of technologies, business models and
low-cost strategies adapted to these regions are important for
planning rural connectivity. In view of this, the framework
offers promising results, as it is able to balance the degree of
financial investment necessary for the network operator with
the requirements of end users and may lead to the reduction
of subscription costs or better data franchise business plans.

Finally, future research work should include the definition
of geomorphological models. They are also an exciting area
to examine to provide proper LOS condition analysis and
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a sensitivity analysis study in traffic forecasting models to
weigh uncertainties. Furthermore, currently planned future
work includes examining supply-side costs, market segmen-
tation parameters, service penetration per customer segment,
and new deployment strategies. This future work will add
more detail on network costs and improve the proposed
model’s adherence to the reality of these rural and remote
regions.
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