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1. Introduction 

1.1 Problem statement 

Facing the challenges of mobile data traffic growth and the need for ubiquitous 
connectivity, mobile network operators (MNOs) need to continuously develop 
their radio access networks (RANs). However, considerable uncertainty exists 
as to how the RAN should evolve to provide wider coverage and higher 
capacity at lower cost and lower energy consumption.  

A large variety of RAN techniques are being developed to improve coverage 
and handle traffic growth, challenging the MNOs to choose the most 
preferable options (e.g., Clarke, 2014; 3rd Generation Partnership Project 
[3GPP], n.d.). The RAN investments can be undertaken if MNOs have a 
justified expectation of profits (Haucap, 2003). In this decision-making 
process, the expected revenues are difficult to predict, particularly for new 
services such as mobile broadband, and the costs are difficult to manage. 

The RAN evolution requires high investments while at the same time the 
operating costs need to be pushed down. The cost of RAN equipment 
dominates in the total cost of mobile networks (Reed, 1993; Zander, 1997). In 
addition to RAN investments, the energy consumption in RAN operation is a 
growing cost factor (e.g., Correia et al., 2010; Nokia Solutions and Networks, 
2013). The RAN energy consumption also contributes increasingly to the 
carbon footprint of the mobile communications and ICT industries (e.g., 
Lange, Kosiankowski, Weidmann, & Gladisch, 2011; Lambert et al., 2012; 
Global e-Sustainability Initiative [GeSI], 2012). 

Finland is a pioneering market in which MNOs need to address the 
abovementioned problems more quickly and effectively than in other markets. 
The population penetration of mobile internet subscriptions was 138%, and 
the mobile data usage per capita was 4.94 gigabytes per month at the end of 
2014, ranking Finland first among the OECD countries (Organisation for 
Economic Cooperation and Development [OECD], 2014; Finnish 
Communications Regulatory Authority [FICORA], 2015a). Furthermore, the 
government intervention aims to provide economic benefits by guiding MNOs 
to invest on RAN expansion with better energy efficiency (Gruber, Hätönen, & 
Koutroumpis, 2014). Such policies are the national broadband plan 1 
                                                             

1 The objective of the Finnish broadband plan was that more than 99% of the population are no further 
than two kilometers from a 100 Mbps fiber-optic or cable network by 2015. The European broadband plan 
aims to download data rate of 30 Mbps for all, and to at least 50% of European households subscribing to 
internet connections above 100 Mbps by 2020. 
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(Pursiainen, 2008, European Commission [EC], 2010a), the universal service2 
(Ministry of Transport and Communications [MTC], 2009, 2015), and the 
coverage obligations3 (Electronic Communications Committee [ECC], 2015a). 
The energy policies with impact on RAN evolution are the recommendation on 
energy reduction in ICT industries 4 (EC, 2009b) and the directive on the 
energy performance of buildings 5  (European Parliament, Council of the 
European Union [EPCEU], 2010). Consequently, market forces (e.g., mobile 
data traffic growth) and government intervention necessitate wider coverage, 
higher capacity and lower energy consumption in RAN.  

Previous research has focused on the aforementioned RAN evolution 
problems. First of all, several studies have evaluated the economic feasibility of 
RAN deployments using the techno-economic modeling method. Techno-
economics provide a holistic approach to decision making regarding 
investments (e.g., Katsianis et al., 2001; Park & Chang, 2004; Harno et al., 
2009; Smura, 2011; Ovando, Pérez, & Moral, 2015). The core of such studies 
contains a cost model of future RAN deployment scenarios and a revenue 
model for the services offered. The cost model usually calculates the costs 
required to set up the RAN (capital expenditures, CAPEX) and operate it 
(operating expenses, OPEX). The network equipment is quantified by network 
dimensioning based on service adoption scenarios. Several studies have also 
developed models to identify, quantify and optimize the infrastructure and 
operating costs of different RAN deployment scenarios (e.g., Johansson, 
Zander, & Furuskar, 2007a; Werner et al., 2008; Giles et al., 2004). Accurate 
knowledge about the cost evolution is important for cutting unnecessary costs 
and balancing with the limited revenue stream from mobile broadband 
(Markendahl, Mäkitalo, Werding, & Mölleryd, 2009). The revenue model 
usually forecasts the service usage and adoption, and calculates the revenues 
based on the estimated average revenue per user. Other studies have also 
examined the forecasting of mobile data traffic using extrapolation and 
diffusion models (e.g., Stordahl & Elnegaard, 2012; Madden & Tan, 2007). 

Moreover, several studies have developed models to investigate the energy 
efficiency of radio equipment and the energy consumption of RAN deployment 
scenarios. Usually, the power models are a function of the capacity utilization 
and base station power (e.g., Zeller et al., 2013; Frenger, Jading, & Turk, 
2013). Only a few studies investigate the energy consumption of RAN as a part 
of techno-economic modeling (Coomonte, Feijóo, Ramos, & Gómez-Barroso, 
2013; Ahmed, Markendahl, & Cavdar, 2014). 

Minimal research has been conducted to develop revenue and cost models 
that include the energy consumption based on the demand and supply theory 
in the context of techno-economic modeling (Wilkinson, 2005; Pindyck & 
Rubinfeld, 2009). In particular, a revenue model which estimates and 

                                                             
2 Universal service providers must provide internet access with a download data rate of at least 2 Mbps. 
3 TeliaSonera has to cover 95% of population by the end of 2016 and 99% of population by the end of 
2018, whereas DNA and Elisa have to cover 97% by the end of 2018. 
4 Direct carbon footprint reduction by 20% in ICT industry as early as 2015. 
5 All new buildings have to be nearly zero-energy buildings by 2020. 
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forecasts the market demand of mobile broadband traffic has been less in 
focus. Such model, with a determined demand function, would better quantify 
the market price and quantity of mobile broadband traffic, and therefore 
revenues. Further analysis could also provide information about the pricing 
policy. Also, a cost model with a distinction between the short-run and long-
run, as well as the fixed and variable RAN cost is missing from the literature. 
In addition, the derivation of cost curves, such as total cost, average and 
marginal cost would probably give better results in measuring and evaluating 
RAN costs. Moreover, a deeper analysis in RAN energy consumption merits 
further research to identify its fixed and variable components, and to estimate 
its cost as part of the cost model. Finally, there is need to extend techno-
economics by investigating new technical and industry architectures. Thus, the 
application of the improved models to new RAN deployment scenarios in 
Finland, taking into account the requirements from broadband and energy 
policies, would add to the existing literature. 

Lastly, this dissertation benefits those interested in understanding the 
techno-economic modeling of RAN evolution, as well as the demand and 
supply of mobile data traffic. For example, researchers, MNOs, policy makers, 
network equipment vendors and other companies acting or willing to enter in 
mobile communications industry can be assisted by this research. 

1.2 Research questions 

The dissertation examines the techno-economic modeling of RAN evolution by 
aiming for improvements in quantifying the revenues and costs. In particular, 
based on the identified research problems and the research gaps in literature, 
the research questions (RQs) are defined as follows: 

 
RQ1: “How can the demand side, especially mobile broadband revenues, and 

the supply side, especially energy consumption, be quantified more accurately 
as part of techno-economic modeling of radio access network evolution?” 

 
RQ2: “How can Finnish mobile network operators develop their radio access 

networks to provide the required wider coverage, higher capacity, lower cost, 
and lower energy consumption?” 

1.3 Research scope and objectives 

The dissertation firstly focuses on revenue (demand-side) and cost (supply-
side) modeling. The revenue modeling includes the estimation and forecast of 
the demand for mobile broadband traffic, as well as the mobile broadband 
revenue progression. The cost modeling includes the derivation of the cost for 
RAN expansion investments and operation, as well as the estimation of energy 
consumption. The dissertation secondly focuses on the model validation by 
applying the developed models to RAN deployment scenarios in the Finnish 
mobile broadband market for the period 2015-2020, taking into account the 
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requirements from broadband and energy policies. Consequently, the research 
objectives (ROs) of the dissertation are: 

 
RO1: To develop a model for forecasting mobile broadband revenues. 
 
RO2: To develop a model for estimating cost, with a focus on the energy 

consumption in radio access networks. 
 
RO3: To apply the developed models to optimally reduce the cost and energy 

consumption of the radio access network in the Finnish mobile broadband 
market. 

1.4 Research process 

Figure 1 illustrates the research process as a problem-based research cycle 
(Creswell, 2005; Ellis & Levy 2008; Wilkinson, 2005). The literature review 
supports and rationalizes all steps in the research process. Based on the 
research questions and objectives, the disciplines of telecommunications 
engineering and economics are combined into a techno-economic framework. 
Techno-economics of RAN is managerial economics, which applies the 
economic theory using quantitative methods to examine the economic 
feasibility of RAN deployments. Thus, the dissertation conducts 
interdisciplinary research and follows a quantitative approach using multiple 
methods and models (Saunders, Lewis, & Thornhill, 2009). The research 
questions and objectives assist the selection of the most appropriate methods 
used in building the models (Järvinen, 1999). The developed models are 
validated by investigating several RAN deployment scenarios in the Finnish 
mobile broadband market, including macro network enhancements, small 
cells and heterogeneous networks, as well as spectrum sharing. Finally, the 
models produce the evidence (results) which is interpreted (discussed) and 
given as answers to the research questions. 

1.5 Outline of the dissertation 

The dissertation is a compilation of five introductory chapters and six original 
publications (Figure 1). Chapter 2 contains the background and literature 
review. An overview of the Finnish mobile broadband market is provided 
including the broadband and energy policies. Also, a wide variety of RAN 
evolution options for MNOs are presented. A thorough literature review covers 
the current knowledge about RAN energy consumption, as well as revenue and 
cost modeling. Chapter 3 introduces the research methods and describes the 
developed revenue and cost models. The cost model, including the energy 
consumption, is applied to several RAN deployment scenarios which are also 
presented in this Chapter. Chapter 4 presents the revenues, costs, and energy 
results from the models when applied in the Finnish mobile broadband 
market. Chapter 5 discusses the results, contains the contributions, and 
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concludes by synthesizing answers to the research questions. The limitations 
and recommendations for future research are also included. Finally, the 
original publications are attached. 

 

 

Figure 1. Problem-based research cycle including the techno-economic modeling of radio 
access networks. 
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2. Literature review 

2.1 Mobile broadband market overview 

2.1.1 Traffic and subscriptions 

The growing number of smartphones, tablets, laptops and other devices 
connected to mobile networks, as well as the proliferation of mobile 
applications, create a large volume of mobile data traffic. Figure 2 depicts the 
mobile data traffic and the mobile data subscriptions penetration from the first 
half of 2007 to the first half of 2015 in Finland (FICORA, 2015b). The mobile 
data traffic is growing rapidly surpassing 260 thousand terabytes in the first 
half of 2015, and notably mobile data traffic increased around tenfold from the 
first half of 2011 to the first half of 2015. The penetration of mobile data 
subscriptions reached 138% of the population by the end of June 2015 (OECD, 
2014; FICORA 2015a). 
 

 

Figure 2. Mobile data traffic and subscriptions penetration in Finland. 
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The Finnish Communications Regulatory Authority (FICORA) has classified 
mobile data subscriptions into two categories: mobile broadband subscriptions 
and other mobile data transmission subscriptions. A mobile broadband 
subscription has the following characteristics: (i) the data transfer prices are 
based solely on a fixed monthly rate, and (ii) there are no limitations based on 
time or data traffic volumes (flat-rate pricing). The other mobile data 
transmission subscriptions are those charged by usage (usage-based pricing), 
and those with fixed pay-monthly contract for a certain amount of downloaded 
data traffic or usage minutes (similar to flat-rate but with limited usage). The 
mobile broadband subscriptions have outnumbered all the other mobile data 
transmission subscriptions since the second half of 2013 (FICORA, 2015b); 
Finland is the only country where the flat-rate pricing dominates in mobile 
internet. These mobile broadband subscriptions created this enormous traffic 
volume. In the first half of 2010, almost 90% of the Finnish mobile data traffic 
volume was mobile broadband traffic, mainly created by laptops using a 
mobile broadband subscription (ECC, 2011a). 

In addition, the mobile broadband subscriptions surpassed the fixed 
broadband subscriptions in the second half of 2010. At the first half of 2015, 
the penetration rate for the mobile and fixed broadband reached 80.8% and 
correspondingly 31.4% of Finnish population (FICORA, 2015b). In some cases, 
mobile broadband is used as a complementary connection to fixed broadband. 
For example, in the first quarter of 2015, around 42% of Finnish households 
with internet access use both mobile and fixed technology, up from 10% in 
2010. However, in other cases, mobile broadband substitutes a fixed 
broadband connection. For example, in the first quarter of 2015, around 28% 
of homes with internet access use mobile broadband as a primary connection, 
up from 20% in 2010 (FICORA, 2015c). 

Finally, most of the mobile data traffic, around 80%, is generated by 
subscribers indoors and is carried by outdoor base stations (Chowdhury & 
Noll, 2010). By 2016, more than half of all traffic, originally planned for 
transmission over mobile networks, will be transmitted (offloaded) to the fixed 
network by means of WiFi access points and femtocells in indoor places (Cisco, 
2015). Thus, the mobile network offloading benefits MNOs from capacity 
release in their macro networks. In Finland, around 60% of households with 
fixed broadband subscription had a WLAN in early 2011 (FICORA, 2011). 

2.1.2 Networks and spectrum availability 

There are five MNOs in the Finnish mobile communications market: DNA, 
Elisa Corporation, TeliaSonera Finland Corporation, Ukkoverkot and Ålands 
Telekommunikation. The last one operates only on the Åland Islands 
(FICORA, 2015d). 

Finland is a pioneering country in mobile communications: (i) the first 
commercial GSM network was launched in Finland by Radiolinja (forerunner 
to Elisa) in 1991. (ii) The first 3G licenses allocation was made in Finland in 
1999. However, the first commercial UMTS network was only launched in 
2004. The reason for such delay was the lack of 3G handsets in the market, as 
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a result of the regulatory restriction in bundling devices and subscriptions 
(Vesa, 2005). Nevertheless, Finland remained the most competitive mobile 
market in Europe for voice services, due to the mobile number portability 
legislation in 2003 and the new business environment kicked off by virtual 
operators (MVNO) in 2004 (Kiiski & Hämmäinen, 2004). FICORA allowed for 
device-subscription bundling, boosting the 3G handset penetration in April 
2006. (iii) The first country in Europe to allow the so-called spectrum 
refarming was Finland, i.e., the concurrent use of 900 MHz spectrum for GSM 
and UMTS services, in November 2007, and the concurrent use of 1800 MHz 
spectrum for GSM and LTE services in April 2009. A network which operates 
lower spectrum was considered an ideal solution for Finland’s large land and 
sparse population. (iv) The first commercial nationwide LTE network in the 
world using 450 MHz frequency band was launched in Finland in 2014 when 
Ukkoverkot launched TD-LTE at 450 MHz (replacing the legacy CDMA450) 
covering 99.9% of the Finnish population.  

Figure 3 illustrates the launch date of the commercial radio access data 
networks in Finland. Other remarkable pre-commercial deployments or trials 
are: (i) the trial LTE at 700 MHz by the fixed broadband operator Anvia at the 
end of 2013, (ii) the trial LTE-Advanced (LTE-A) in TDD mode at 2600 MHz 
by Ukkoverkot in January 2015. Such network with 40 MHz bandwidth and 
4x4 MIMO (multiple-input multiple-output) antenna system achieved a peak 
throughput of 507 Mbps, and (iii) the trial LTE-A with Carrier Aggregation 
(CA) by TeliaSonera in September 2015. Such network with the aggregation of 
three carriers (10 MHz in 800 MHz, 20 MHz in 1800 MHz, and 20 MHz in 
2600 MHz) achieved 375 Mbps (Global mobile Suppliers Association, 2015). 
 

 

Figure 3. First commercial radio access networks in Finland. 

The spectrum availability in Europe and Finland is presented in Figure 4 
(International Telecommunication Union [ITU], 2015a; ECC, 2015b; European 
Communications Office [ECO], n.d.a, n.d.b; FICORA, 2014a). The 
International Telecommunication Union (ITU) identifies spectrum for the 
International Mobile Telecommunications (IMT), and the European 
Conference of Postal and Telecommunications Administrations (CEPT) 
harmonizes this spectrum in European countries. Furthermore, FICORA 
allocates the spectrum to the MNOs in Finland. By the end of 2015, after the 
World Radiocommunication Conference (WRC) was held, ITU has identified 



Literature review 

28 

1272 MHz for IMT in Europe (ITU, 2015b). The amount of spectrum which has 
been harmonized by the CEPT is 1273 MHz6. FICORA has allocated 614 MHz 
of licensed bands for national coverage of mobile communications coverage. In 
addition, since the end of 2013, an example of the amount of spectrum held by 
a Finnish MNO (uplink and downlink FDD, and TDD) is 186.8 MHz, and is 
expected to increase to 251.8 by 2020 (EC, 2013a). 

 

 

Figure 4. Spectrum availability in Europe and Finland (total and MNO’s holdings example). 

Additional IMT bands, mainly above 6 GHz, will be considered in the WRC of 
2019. As decided in WRC-15, studies need to be conducted to determine the 
spectrum needs for IMT-2020 (5G) in the frequency range between 24.25 and 
86 GHz (ITU, 2015b). 

Finally, the industrial, scientific and medical (ISM) bands at 2.4 and 5 GHz 
could provide additional capacities for mobile networks. Currently, this 
spectrum is not available for MNOs. The amount of unlicensed spectrum is 
538.5 MHz7 and is expected to increase to 858.5 MHz8 (EC, 2013). 

2.2 Broadband policy 

2.2.1 Broadband plan targets 

The Digital Agenda for Europe, proposed by the European Commission (EC), 
has set three major targets for broadband communications. The first target of 
100% internet coverage with a download data rate between 512 kbps and 4 
Mbps (defined by EC as basic broadband) has been achieved across Europe at 
the end of 2013. Europe furthermore targets to download data rates of 30 
Mbps (defined by EC as fast broadband) for all of its citizens, and at least 50% 
of European households subscribing to internet connections above 100 Mbps 
(defined by EC as ultra-fast broadband) by 2020. The targets are expected to 
be achieved through the deployment of a combination of technologies 
including mobile broadband networks (EC, 2010a). The European broadband 
strategy and policy concern also Finland. The national and European 

                                                             
6 In the beginning of 2012, the Radio Spectrum Policy Programme, established by European Union (EU), 
stated that at least 1200 MHz suitable for wireless data traffic (including frequencies already in use) 
should be identified by the end of 2015 after the ITU WRC (EPCEU, 2012). The target was achieved. 
7 2400-2483.5, 5150-5350, 5470-5725 MHz 
8 Potential additional bandwidth: 5350-5470, 5725-5925 MHz 



Literature review 

29 

broadband plans are not obligations, but their coverage and capacity 
requirements indicate a desirable target. 

The Finnish government has already set ambitious targets from the first 
Finnish broadband strategy proposal, published in December 2003. The aims 
were that by the end of 2005 (i) one million broadband subscriptions (40% of 
the households) should have access to a connection speed of at least 2 Mbps, 
(ii) almost all citizens should have access to high-speed, easy-to-use and 
affordable data transfer through a fixed network (95% of the population), and 
(iii) Finland should be among the leading European countries in the use and 
availability of telecommunications connections (MTC, 2003). At the end of 
2007, additional targets were set so that (i) the broadband should cover more 
than 90% of Internet connections in Finland, and the connection speed of the 
most widespread broadband service should be at least 8 Mbps, and (ii) Finland 
should be one of the world leaders in the use of telecommunications 
connections (MTC, 2004). The aforementioned strategy relies on market 
forces emphasizing technological neutrality and promoting competition 
without government funding for broadband infrastructure investments 
(Eskelinen, Frank, & Hirvonen, 2008). Apart from the target of 8 Mbps being 
the most common connection speed in broadband connections by the end of 
2007, the aims of the original broadband strategy for 2005 have been achieved 
(MTC, 2005, 2006, 2007). 

The objective of the late Finnish broadband plan is that nearly all (more than 
99% of the population) permanent places of residence and places of business 
and public administration are no further than two kilometers from a 100 Mbps 
fiber-optic or cable network by 2015 9  (Pursiainen, 2008). The Finnish 
broadband plan covers the period 2010-2015 and targets the most sparsely 
populated areas of Finland (5% of the population). Additionally, the 
government contributes financially to investment projects. In total, the 
programs included around 800 projects and their combined costs were 
estimated to be nearly 500 million euros. The projects included plans for 
expanding the broadband network system by 40 thousand kilometres, 
enabling the provision of advanced communications services to approximately 
130 thousand users in sparsely populated areas (FICORA, 2014b). By the end 
of 2013, about 250 network projects of various sizes have been started mainly 
by local co-operatives or municipal network operators (EC, 2015b). In 2010, 
experts from industry and academia have stated that a reliable 10-20 Mbps 
broadband network is more important than a broadband network which is 
built to support maximum 100 Mbps internet connection. They last noted that 
due to data compression technology advances, such a fast infrastructure is 
needless (Finnish Committee for the future, 2010)10. 

                                                             
9 Even though these broadband plans are mainly concerned with fixed broadband providers, the MNOs 
could utilize the new mobile technology capabilities to satisfy the traffic and gain more market share in 
internet broadband market by covering the “last mile”.  
10 Regardless the correctness of this opinion, the vision of a policy maker has to be broader and more 
ambitious, allowing innovation to emerge. Nevertheless, a high speed broadband network which supports 
maximum 100 Mbps internet connection will possibly provide more reliable connections at lower speed 
rates e.g. at 10 Mbps. 
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In addition to the goals of the national broadband plan, as of 1 July 2010, 1 
Mbit internet connection was defined as a universal service. The telecom 
operators defined as universal service providers must be able to provide every 
permanent residence and permanent office of business or public 
administration body with access to a fixed or wireless high-quality connection 
with a reasonably priced and with a download data rate of at least 1 Mbps 
(MTC, 2009). In the first quarter of 2015, the Finnish Ministry of Transport 
and Communications decided to increase the universal service broadband 
speed to 2Mbps starting from November 2015. A long-term goal is to increase 
more this speed to 10 Mbps by 2021 (MTC, 2015). 

Table 1 presents the progress of Digital Agenda targets and other indicators 
in European and Finnish national level at the end of 201311 (EC, 2014; EC, 
2015a; EC, 2015c; FICORA, 2015e). The Next Generation Access (NGA) 
technologies (such as VDSL, Cable Docsis 3.0 and FTTP) which are capable of 
delivering at least 30 Mbps, are available to around 62% of households, 
whereas only 3% of the households use ultra-fast broadband. Correspondingly, 
72.1% of the Finnish households have access to fast broadband, whereas only 
10% of the Finnish households use ultra-fast broadband.  

Table 1. Digital agenda targets progress at the end of 2013 and other broadband indicators at 
the end of 2014. 

  EU 28 (%) Finland (%) 

Targets 
(2013) 

NGA broadband coverage* with at least 30 Mbps a 61.8 72.1 

NGA broadband penetration** with at least 100 Mbps a 3 10 

O
th

er
 b

ro
ad

ba
nd

 in
di

ca
to

rs
 

Overall broadband coverage a  99.4 99.8 
Fixed broadband coverage a  96.9 97 
NGA broadband coverage a  68.1 75.1 
Rural overall broadband coverage b 97.6 98.6 
Rural fixed broadband coverage b 89.6 69.2 
Rural NGA broadband coverage b 25.1 7.5 
Fixed broadband penetration a  70 61.4 
Mobile internet penetration c 72 138 
3G (UMTS-HSPA) mobile internet coverage c 97.3 99.5 
4G (LTE and DC-HSDPA) mobile internet coverage c 79.4 95 
Rural 3G (UMTS-HSPA) mobile internet coverage d 88.9 97.2 
Rural 4G (LTE and DC-HSDPA) mobile internet coverage d 27 56.3 
Mobile internet penetration c 72 138 

* Coverage is the availability of the network for those who want to subscribe to the service, as % of the population or households 
** Penetration is the number of subscribed lines per 100 inhabitants 
a. in % of households 
b. in % of rural households 
c. in % of total population 
d. in % of rural population 

 
In addition to NGA technologies, fast broadband can also be provided to lesser 
extent through mobile networks, either DC-HSDPA or LTE technologies. In 
Finland, LTE (at least for devices category 3, 100 Mbps) and DC-HSDPA (42 
Mbps) networks cover 95% of population at the end of 2014. The ultra-fast 
broadband in mobile networks can be provided only by the LTE networks with 

                                                             
11 A Broadband Performance Index has been developed as a measurement instrument to provide reliable 
measurement inputs to the policymaking process (Lemstra, Voogt, & Gorp, 2015). Also, a pan-European 
definition and methodology for measuring the mobile network coverage in a correct manner will be 
developed by FICORA (FICORA, 2014c). 
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at least 20 MHz carrier bandwidth and 2x2 MIMO antenna system. At the end 
of 2014, the mobile data transfer subscription with connection speed 100 
Mbps or more was 4% of all subscriptions (FICORA, 2015b). 

2.2.2 Coverage obligations 

The coverage obligations policy which accompanies the acquisition of new 
spectrum licenses is another government intervention12 for pushing towards 
more RAN investments. For example, in Finland, the three large MNOs 
granted the licenses for 800 MHz in October of 2013 for 20 years (MTC, 
2013a). Their coverage obligations are as follows: TeliaSonera has to cover 
95% of population in three years (end of 2016) and 99% of population in five 
years (end of 2018) with advanced technology, where the use of other 
frequency bands is also included. Meanwhile, DNA and Elisa have to cover 
97% in five years (end of 2018). In addition, there is an obligation for 
reasonable indoor coverage for all (ECC, 2015a).  

Finland is characterized by huge isolated rural regions which make the 
achievement of the coverage obligations a challenging issue. As a result, 
starting from the beginning of 2015, TeliaSonera and DNA, have agreed on 
mobile network sharing in the sparsely populated Northern and Eastern 
Finland, with the help of the frequency band of 800 MHz and the Carrier 
Aggregation technology for 300 Mbps. The joint venture “Suomen 
Yhteisverkko” allows for more efficient build out and operation of RAN in an 
area making up 50% of Finland’s total territory in which only approximately 
15% of its population (TeliaSonera, 2014). 

2.3 Energy policy 

The EU has adopted the Climate and Energy legislation package which sets 
three targets by 2020: (i) a 20% reduction in greenhouse gas emissions from 
1990 levels, (ii) a 20% share for renewable energy sources in the final energy 
consumption, and (iii) 20% savings in energy consumption by improving 
energy efficiency (EC, 2010b).  

In addition, the EU has called on the ICT industry to reduce its direct carbon 
footprint by 20% as early as 2015 (EC, 2009a; EC, 2009b). The EU aims to 
exploit the ICT industry to facilitate the achievement of the aforementioned 
targets. ICT is embedded in almost all parts of the economy and its 
contribution to energy efficiency is twofold. Firstly, it can reduce its own 
energy consumption (energy-efficient ICT), and secondly can enable energy 
efficiency in other sectors (ICT for energy efficiency). For example, globally, 
the ICT industry’s total carbon footprint amounted to 0.9 GtCO2e, or 1.9% of 
the emissions in 2011 and it is projected to rise to 1.3 GtCO2e, or 2.3% of the 
emissions by 2020. However, the ICT has the potential to decrease 16.5% of 
the world’s total emissions by 2020. This represents greenhouse gas savings of 

                                                             
12 Network sharing is another intervention option to achieve national coverage and capacity targets.  
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9.1 GtCO2e, i.e., a more than sevenfold direct greenhouse gas emissions of the 
ICT sector itself in 2020 (GeSI, 2012).  

Within ICT, the mobile communications industry is a significant sector. 
Mobile networks consume an increasing amount of energy, and contribute a 
growing fraction to the carbon footprint of ICT industry (11% and 12.6% of 
global ICT carbon footprint in 2011 and a predicted number for 2020, 
respectively [GeSI, 2012]). Hence, the EU funded the EARTH (Energy aware 
radio and network technologies) project, aiming to provide solutions that 
reduce the energy consumption of mobile broadband networks (3GPP LTE 
and LTE-A) by 50% in the period 2007-2020 (EARTH, 2010). 

Another EU’s energy policy which may have an impact on future mobile 
network deployments is in energy efficiency in buildings (EPCEU, 2010). The 
EU has set a target for all new buildings to be nearly zero-energy buildings by 
2020 (by 2018 for public buildings). This target might affect the network 
deployments, because the building insulation will likely cause high attenuation 
to the signal, creating indoor reception problems. 

In Finland, the National Energy and Climate Strategy (Ministry of 
Employment and the Economy, Energy Department [MEEED], 2013) and the 
Second National Energy Efficiency Action Plan (MEEED, 2014) include the 
policy measures to attain the aforementioned EU’s objectives for 2020 in 
national level (Table 2). The target for electricity consumption is 94 TWh, and 
the target for greenhouse gas emissions is 70.4 MtCO2e. Without new climate 
and energy policy measures (business as usual), the targets cannot be achieved 
(Official Statistics of Finland [OSF], n.d). 

Table 2. Energy consumption indicators in Finland. 

Consumption and emissions 2012 ”Business as usual” 
scenario for 2020 

Objective 
scenario for 2020 

Primary energy consumption (TWh) 381 479 429 
Final energy consumption (TWh) 308 347 310 
Electricity consumption (TWh) 85 103 94 
Renewable energy sources share of final 
energy consumption (%) 39 31 38 

Greenhouse Gas Emissions (MtCO2e) 61 88 70.4 

 
The Finnish ICT sector, including data centers, telecom and customer-
premises equipment (CPE), was responsible for 6.7 TWh or 7.4% of electricity 
consumption in 2008, and it is expected to grow to 10.2 TWh in 2015. The 
mobile networks constitute around 0.65 TWh and it is estimated around 1.3 
TWh in 2015 (Maihaniemi, 2009). 

Finally, regarding the policy about energy-efficient buildings, the Finnish 
Minister of Housing and Communications appointed a Working Group to 
investigate mobile network reception problems in low energy buildings. The 
isolation between the outdoor and indoor environment is a critical problem, 
provided that most of mobile data traffic which is served by outdoor macro 
base stations is generated indoors. Among other solutions to ensure the future 
communications in the built environment, the Working Group recommends 
the deployments of indoor small cells (MTC, 2013b). 
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2.4 Radio access network evolution 

Finnish MNOs have adopted the 3GPP family of technologies to evolve their 
mobile network, depending on the 3GPP specifications (Table 3) (3GPP, n.d.; 
Rysavy research, 2013; Holma & Toskala, 2012). Having a variety of RAN 
evolution techniques, the MNOs have to choose the most preferable strategy to 
improve the network capacity and coverage at a lower cost and energy 
consumption (Clarke, 2014; 4G Americas, 2013; Nokia Networks, 2014a, 
2014b, 2014c; Ericsson 2012). The following deployments strategies mainly 
concern the period 2015-2020. 

Table 3. 3GPP family of technologies and theoretical peak network data rates. 

Radio 
Access 
Network 

Radio Access 
Technology* Release** Theoretical peak network data rate 

GRAN 
GSM CSD Phase 1 DL/UL: 9.6 Kbps 1 TS 

GSM HSCSD 96 DL/UL: 115.2 Kbps 8 TSs 
GPRS 97 DL/UL: 171.2 Kbps 8 TSs 

GERAN 
EDGE 98 DL/UL: 473.6 Kbps 8TSs 

Evolved EDGE 7 
DL: 1.89 Mbps 32QAM, 8 TSs, dual carrier 
UL: 947 Kbps 32QAM, 8 TSs 

UTRAN 

UMTS  
(IMT-2000) 

99 
DL: 2 Mbps QPSK 
UL: 768 Kbps BPSK 

HSDPA 5 
DL: 1.8 - 14.4 Mbps 16QAM 
UL: 768 Kbps BPSK 

HSUPA 6 
DL: 1.8 - 14.4 Mbps 16QAM 
UL: 5.76 Mbps QPSK 

HSPA+ 

7 
DL: 21.6 Mbps &  
28 Mbps 

64QAM &  
16QAM, 2x2 MIMO 

UL: 11.52 Mbps 16QAM 

8 
DL: 42 Mbps 

64 QAM, 10 MHz or  
64QAM, 2x2 MIMO 

UL: 11.52 Mbps 16QAM 

9 
DL: 84 Mbps 64QAM, 2x2 MIMO, 10 MHz 
UL: 23 Mbps 16QAM, 10 MHz 

10 
DL: 168 Mbps 64QAM, 2x2 MIMO, 20 MHz 
UL: 23 Mbps 16QAM, 10 MHz 

11 
DL: 336 Mbps 

64QAM, 2x2 MIMO, 40 MHz 
or  
64QAM, 4x4 MIMO, 20 MHz 

UL: 69 Mbps 64QAM, 2x2 MIMO, 10 MHz 

E-UTRAN 

LTE 8 & 9 

DL: 172 Mbps &  
325 Mbps 

64QAM, 2x2 MIMO, 20 MHz &  
64QAM, 4x4 MIMO, 20 MHz 

UL: 58 Mbps &  
86 Mbps 

16QAM, 20 MHz &  
64QAM, 20 MHz 

LTE-A 
(IMT-Advanced) 

10 & 11 

DL: 1.2 Gbps &  
3 Gbps 

64QAM, 8x8 MIMO, 40 MHz &  
64QAM, 8x8 MIMO, 100 MHz 

UL: 568 Mbps  &  
1.5 Gbps 

64QAM, 8x8 MIMO, 40 MHz & 
64QAM, 8x8 MIMO, 100 MHz 

*ITU recommends the system performance requirements for IMT-2000 (3G) and IMT-Advanced (4G), such as peak, average and cell-

edge spectral efficiency (or data rates), spectrum flexibility, latency as well as mobility and handover interruption (ITU, 2014, 2015c).  
** Release 12 does not provide enhancements in theoretical peak data rates. Releases 13/14, known as LTE-Advanced Pro, enhance 

carrier aggregation to enable up to 32 component carriers, including the use of unlicensed spectrum (Nokia Networks, 2015a). 
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2.4.1 Macro network enhancements 

Co-location of technologies 
 
The macro network should be enhanced to provide ubiquitous mobile 
broadband coverage and high capacity, based on existing infrastructure. The 
LTE macro base stations (eNodeB) should be firstly co-sited with HSPA 
(NodeB). The 3GPP specifications for the evolution of LTE and HSPA improve 
the peak, average, and cell-edge spectral efficiency (Parkvall, Furuskar, & 
Dahlman, 2011). A site renewal and the upgrade to Multi Standard Radio 
(MSR) can make the sites more cost-efficient. Also, the antenna system, the 
radio frequency modules, the baseband unit, the multi-controller and the 
backhaul can be shared among the radio access technologies (RAT).  

Spectrum refarming 
 
Spectrum refarming provides better utilization of the available spectrum, 
eliminating the need for new sites. Low spectrum refarming provides better 
coverage, especially in rural regions, as well as in urban regions for indoor 
environments (better from-outdoor-to-indoor coverage). High spectrum 
refarming can be used for capacity increase where is needed.  

More carriers 
 
LTE Carrier Aggregation and HSPA Multicarrier technology increase capacity 
by adding spectrum and simplify traffic management (load balancing) between 
frequencies, while the aggregation of low spectrum improves the coverage.  CA 
can apply up to five component carriers in several configurations as specified 
in Release 10 to 12: intra-band (both adjacent and non-adjacent carrier 
components) and inter-band, either symmetric or asymmetric (Supplemental 
Downlink), TDD and FDD aggregation, and inter-RAT aggregation. Release 13 
and 14 enhance Carrier Aggregation to enable up to 32 component carriers. 
Regarding HSPA, the combination of Multicarrier with higher-order 
modulation and coding technique can further enhance the capacity.  

Antenna configuration and enhancements 
 
Antenna configurations and enhancements minimize interference, improve 
coverage and increase the peak, average and cell-edge spectral efficiencies. 
Advanced receivers at terminals are required for higher efficiency. The most 
cost-effective configuration is the antenna tilt optimization, either 
mechanically on-site or remotely via electrical tilt. However, the most 
important techniques for better antenna system are the higher order 
sectorization and MIMO antenna. The sectorization can be implemented 
horizontally, by adding more sectors per site (e.g., six sectors), and vertically 
via Active Antenna System (AAS). AAS integrates into the antenna the RF 
components, resulting to zero cable attenuation. Also AAS enables 
beamforming, targeting specific places or users. MIMO antennas provide 
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higher order of diversity on the receiver and/or the transmitter, using spatial 
multiplexing (multi-stream transmission with different information at the 
same frequency). Multi-user MIMO (beams on individual users) is one of the 
several MIMO techniques. 

Densification and infrastructure sharing 
 
In congested regions, the installation of few macro sites might be a quick 
solution to satisfy the demand in short-term. However, the macro network 
densification becomes a costly deployment when more macro sites are added 
to the network. Therefore, sharing network or spectrum (or both) among 
MNOs is an attractive solution. Another solution is the cooperation of MNOs 
with neutral host organizations who can offer the space for the base station 
equipment and maintenance services. 

2.4.2 Small cells and heterogeneous networks 

Small cells can be deployed both in outdoor and indoor environments to 
complement the macro cells, creating a Heterogeneous Network. Small cells 
are low-cost, low-power base stations (utilizing any RAT), that increase the 
network capacity for specific high-traffic areas, and improve cell-edge 
throughput and coverage (Damnjanovic et al., 2011; Lehr & McKnight, 2003; 
Ericsson, 2012; Nokia Networks, 2014b). Small cells might be installed to 
release capacity from the macro network. Mobile network offloading, also 
referred to wide-to-local area offloading, is the use of complementary network 
technologies to deliver data traffic originally planned for transmission over 
mobile networks (Han et al., 2011; Han, Hui, & Srinivasan, 2010). However, 
interference management techniques and self-organizing network solutions 
are required for seamless integration of macro and small cells. Also, as small 
cells complement and densify the enhanced macro network, the backhaul for 
such heterogeneous network becomes a challenge. 

Outdoor small cell deployments 
 
The macro network can be further densified by micro and pico cells to improve 
the network capacity for specific areas, and enhance the outdoor-to-indoor 
coverage. Other types of outdoor small cells are the Relays Nodes (RN) and the 
Remote Radio Heads or Units (RRH or RRU). Relays extend the coverage area 
of the macro base stations via a radio interface. Such a deployment is a quick 
solution to improve mainly coverage and cell-edge throughput, when the 
backhaul connections are not available. RRH or RRU are distributed radio 
units with fiber fronthaul to existing macro site. They can be deployed as a 
cluster, and the baseband processing can be pooled and shared (C-RAN). 
Advanced multi-cell techniques can be introduced, such as Coordinated Multi-
Point transmission/reception, dual connectivity, HSPA Downlink Multi-Flow 
Transmission. All these techniques improve the cell-edge throughput, allowing 
data transmission from more cells to users in handover areas. 
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Indoor small cell deployments 
 
The indoor small cell deployments can be classified into operator-deployed 
and user-deployed small cells (Nokia Networks, 2014c). Operator-deployed 
small cells are usually pico cells which extend the macro cell for indoor 
coverage and capacity in large indoor public and private places. Sometimes 
Distributed Antenna System (DAS) for large-sized buildings is another 
deployment, in which a network of antennas shares the same resources.  

Regarding the user-deployed small cells, the main technologies are 3GPP 
femtocells and IEEE WiFi (Chandrasekhar, Andrews, & Gatherer, 2008; Lehr 
& McKnight, 2003; Zenobio, Celidonio, Pulcini, & Rufini, 2011). They operate 
in licensed or unlicensed spectrum (or both), and utilize the user’s existing 
broadband Internet access as a backhaul link. On the one hand, WiFi has 
already been deployed widely by MNOs that have launched Fixed Mobile 
Convergence (FMC) solutions, and by other service providers. For MNOs, WiFi 
is a complementary network, offloading their macro cellular network. This 
offloaded traffic is carried by user-deployed WiFi access points which are 
connected to the fixed network (either owned by FMC MNOs or owned by 
other service providers). However, from network management point of view, 
this importantly high WiFi traffic and the widely deployed, but fragmented 
WiFi infrastructure is uncontrollable. Furthermore, a MNO could cooperate 
with other market players and utilize their existing WiFi infrastructure (other 
service provider’s networks, private LANs, municipal hot spots and 
aggregators). On the other hand, femtocell (home NodeB/eNodeB) is not 
deployed at such large scale as WiFi. A joint macro-femtocell network could 
provide macro network offloading which might be a solution to avoid macro 
network densification and reduce significantly the energy consumption of 
radio access network (Calin, Claussen, & Uzunalioglu, 2010; Saatsakis et al., 
2009; Claussen & Calin, 2009). Also, several femtocell deployment options 
exist which require new forms of cooperation among MNOs and other market 
players (Markendahl & Nilson, 2010).  

The user-deployed small cells include not only home users, but also 
corporate users, such as companies, venue owners, utility providers etc. New 
business models for public wireless local area solutions give the opportunities 
to companies from outside the mobile communications sector to enter the 
mobile market (Markendahl & Mäkitalo, 2007, 2008). The WiFi-3GPP 
integration and the 3GPP femtocell deployments are two solutions for MNOs 
to control the indoor traffic carried by user-deployed small cells, and provide 
better radio access network integration and performance.  

2.4.3 Spectrum 

First of all, MNOs need to use their licensed spectrum more efficiently. They 
can achieve better spectrum utilization by (i) investing in advanced 
technologies which increase the spectral efficiency (e.g., LTE and HSPA 
evolution), (ii) investing in technologies which bind specific spectrum (e.g. 
TDD spectrum), and (iii) applying several techniques and technologies, which 
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provide a flexible use of the spectrum (e.g., spectrum refarming, Carrier 
Aggregation and Multicarrier).  

In addition, MNOs need to acquire new spectrums: (i) Regulatory authorities 
need to allocate all the IMT bands identified by ITU for mobile 
communications in Europe (e.g., 3.5 GHz which is suitable for urban small 
cells deployments). However, some IMT bands are used by governmental, 
military or other organizations for services/applications other than mobile. 
Thus, a regulatory approach for sharing spectrum has been developed, the so-
called Authorized Shared Access (ASA)/Licensed Shared Access (LSA) (ECC, 
2013b; Ahokangas et al., 2014; Lavender, Marks, & Wongsaroj, 2013). In this 
approach, a non-mobile incumbent user (or primary licensee) can share its 
spectrum (e.g., at 2.3 GHz band) to MNOs (ASA/LSA licensees), in any given 
place, at any given time, under well-defined conditions. (ii) The WRC defines 
new spectrum for IMT. (iii) The use of unlicensed spectrum (or license-
exempt) is also a new spectrum resource. 3GPP studies the case of using LTE 
in unlicensed band (e.g., in 5 GHz), the so-called License Assisted Access 
(LAA), in releases beyond R12 (Nokia Networks, 2015b). However, the main 
concern is how this unlicensed spectrum will be fairly shared between 3GPP 
and WiFi technologies. (iv) Other dynamic spectrum management techniques 
can provide extra spectrum, such as light licensing, Co-Primary Sharing (a 
band is shared between operators) and cognitive radio (CR) (Medeisis & 
Delaere, 2011). CR aims to reduce spectrum congestion by sensing unused 
bandwidth in the existing communication standards. CR opportunistically 
maximizes the spectrum utilization for the end user increasing the network 
capacity. The CR turns the MNO’s network to a secondary network which can 
dynamically borrow and reuse the licensed spectrum allocated to other MNO 
or other wireless systems (primary operators), under the condition that no 
harmful interference is caused to the primary services. Finland’s legislation 
allows the use of cognitive radio systems in the TV bands between 470-790 
MHz, similar to the development in Europe (ECC, 2011b) and the USA 
(Federal Communications Commission, 2010). 

2.4.4 Other options 

Traffic management can improve the capacity and use more efficiently the 
network resources. Traffic analysis, shaping and steering tools allow MNOs to 
implement two main traffic policies in an intelligent, software-defined and 
self-organized network (Nokia Siemens Networks [NSN], 2013). The first 
policy is the dynamic load balancing. The traffic can be balanced more evenly 
among RAN or to meet the instantaneous traffic demand (e.g., FeICIC and 
DL/UL CoMP, 3GPP-WiFi interworking, LTE-UMTS and FDD-TDD 
interworking in LTE) and frequencies (e.g., intra-frequency, inter-frequency). 
The second policy is the service and user differentiation. The service 
differentiation could apply prioritization of, for example, real-time services 
over less demanding and other bandwidth-hungry applications, during busy 
hour in congested hotspots. The user differentiation could apply, for example, 
usage control by lowering the priority to the heavy users when they exceed 
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their monthly plan. Other technique which could reduce the traffic in a RAN, is 
the content optimization including compression, caching, content delivery 
networks (e.g., LTE broadcast – eMBMS). Finally, new pricing mechanisms 
might have a strong impact on network capacity, increasing the total data 
traffic consumption, or restricting the excess usage from users, or both. For 
example, a dynamic pricing which charge the usage based on time of day, 
speed of access, or content type, might be used. 

2.5 Energy consumption of radio access networks 

The research on energy consumption of RANs has gained increased interest 
over the past years. The energy consumption of RANs constitutes a large part 
(60-80%) of the energy consumption in mobile networks (Oh, 
Krishnamachari, Liu & Niu, 2011). Although, the RANs have improved their 
energy efficiency, their energy consumption has been notably increasing over 
the last years. This projection will continue, unless radical improvements take 
place, including replacement of the old RAN equipment. The future RAN must 
be more energy efficient leading to a total energy consumption reduction 
(Zeller et al., 2013). Energy consumption reduction and further energy 
efficiency improvements are possible, since only 15% of base station energy is 
used for data transmission (Nokia Solutions and Networks, 2013). 

Figure 5 presents an example for a Finnish MNO. The energy consumption 
increases from 28.5 to 63 GWh/year, during the period 2010-2013, while the 
carbon footprint per GB declines from 0.71 to 0.27 kgCO2 per GB for the same 
period (FICORA, 2014a, 2015f; Elisa, 2013, n.d.a). The improvements in 
energy efficiency is very important achievement, but it does not always result 
in the reduction of energy consumption. 

 

 

Figure 5. Energy (electricity) consumption of a radio access network in Finland. 
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However, a top-down calculation process in the energy consumption of a 
Finnish RAN would provide a different figure. For example, assuming that 
around 70% of the energy used for the mobile network operation is consumed 
by the base stations, the energy consumption of the RANs is calculated around 
0.46 TWh, representing roughly 0.54% of the total country’s annual electricity 
consumption in 2008 in Finland (see section 2.3 about Finnish ICT energy 
consumption). Thus, the average energy consumption of a Finnish RAN is 150 
GWh in 2008, i.e., much larger than the levels of energy consumption in 
Figure 5 (Groupe Speciale Mobile Association [GSMA], 2012; Oh, 
Krishnamachari, Liu & Niu, 2011; Maihaniemi, 2009; OSF, n.d). The 
calculation of the RAN energy efficiency and consumption is a difficult process 
leading often to inaccurate results. 

The GSMA (Groupe Speciale Mobile Association) set up a program13 called 
Mobile Energy Efficiency (MEE) to help the industry measure and manage its 
emissions. The initial results from this program showed that, despite the 
considerable growth in connections and traffic, the total network energy 
consumption increased only slightly from 2009 to 2010. Also, the energy per 
unit traffic declined by approximately 20%, whereas the energy per connection 
declined by 5% over this period (GSMA, 2012). 

Moreover, EARTH developed a methodology (Energy Efficiency Evaluation 
Framework, E3F) to quantify the overall global carbon footprint of mobile 
communications (Fehske, Fettweis, Malmodin, & Biczok, 2011). The E3F 
proposed a power model, as a function of the base station power and therefore 
its load, for various base station types and a large-scale long-term traffic 
model. One of the key findings of the E3F methodology is that the power 
consumption is largely independent of the traffic load highlighting the 
importance of improving the base stations at low load (Auer et al., 2011). The 
E3F methodology provides foundations in standardization, since several 
studies have calculated the electricity use and greenhouse gas emissions 
related to the ICT and RANs, but their results differs significantly due to the 
inconsistency in ICT definition and the methodology (e.g. Malmodin, Moberg, 
Lundén, Finnveden, & Lövehagen, 2010; Heddeghem et al., 2014; Lambert et 
al., 2012; Coomonte, Feijóo, Ramos, & Gómez-Barroso, 2013; Kilper et al., 
2011; Lange, Kosiankowski, Weidmann, & Gladisch, 2011). 

Additionally, EARTH developed key solutions to integrate hardware, 
network deployment and management efficiently, aiming to energy 
consumption reduction by more than 50% for the period 2007-2020. Better 
power amplifiers and discontinuous transmission techniques facilitate energy-
efficient operation at the component and link level (Correia et al., 2010). 
Regarding the network level, EARTH has investigated the energy efficiency of 
several network deployment scenarios. First of all, the traditional macro 
network planning is cost- and energy-efficient, when it targets to the 
maximum inter-site distance that provides the requested system performance 

                                                             
13 Prior to this program, the mobile industry aimed to reduce the related carbon emissions. The goal for 
the mobile industry is to reduce its total carbon emissions per connection by 40% by 2020 compared to 
2009 (GSMA, 2009). 
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and capacity. In regions with ultra-high traffic demand, the deployments of 
large macro with an underlay of small cells (heterogeneous networks) are more 
efficient than a densification of the macro cell deployment. Small cells, such as 
femtocells, are beneficial for indoor solutions, since the traffic offloading can 
reduce the energy consumption of macro network. Another network 
deployment scenario is the LTE on existing legacy (GSM and 3G) network. 
Due to a better cooling efficiency, the site co-location could result in the power 
consumption reduction up to around 5%. Also, relays have the potential to be 
energy-efficient, because they benefit from shorter transmission hops, and 
from the additional receive or transmit diversity. Finally, the uplink 
Cooperative Multi-Point (CoMP) is more energy-efficient than noncooperative 
system for cell edge communications and small cell deployment (Zeller et al., 
2010; Frenger, Jading, & Turk, 2013). 

Besides the EARTH project, the energy consumption of RANs has been 
widely investigated. Many studies-surveys outline the technical roadmaps of 
other several major international projects for energy-efficient RANs, and 
present how to measure the RAN energy efficiency (Feng et al., 2013; Wang, 
Vasilakos, Chen, Liu, & Kwon 2012; Li et al., 2011; Hasan, Boostanimehr, & 
Bhargava, 2011). 

At the component and network level, several studies present power 
consumption models for the base station and the future RAN, providing an 
overview of the main trade-offs among infrastructure, spectrum, and energy 
(Tombaz, Vastberg, & Zander, 2011; Chen, Yang, Zhang, Kim, & Horneman, 
2011; Han et al., 2011; Arnold, Richter, Fettweis, & Blume, 2010; Chen, Zhang, 
Xu, & Li, 2011). Regarding the energy-efficient network deployments, a 
heterogeneous deployment, using both macro and micro base stations, is a 
promising strategy improving system's capacity and reducing energy 
consumption (Fehske, Richter, & Fettweis, 2009; Richter, Fehske, & Fettweis, 
2009; Richter, & Fettweis, 2010; Richter, Fehske, Marsch, & Fettweis, 2010). 
Relevant research has been conducted also on the energy efficiency of a joint 
macro-femtocell deployment scenario (Jada, Hossain, Hamalainen, & Jäntti 
2010; Cao & Fan, 2010), as well as a distributed antenna system (Attar, Li, & 
Leung, 2011). 

Other studies present the technical advances in network resource 
management and physical layer. The future RANs need to adopt three energy 
saving techniques: macro and small base station sleep mode, femtocell and 
relaying technique, and multiple antennas (Mclaughlin et al., 2011; Ashraf, 
Boccardi, & Ho, 2011). Other techniques are a traffic-aware dynamic cell 
planning, and a soft real-time service suggesting cell size adjustments 
according to traffic load fluctuation (Niu, 2011; Niu, Wu, Gong, & Yang, 2010; 
Mancuso & Alouf, 2011). 

Finally, the design of the future 5G RANs requires novel approaches in 
optimizing energy consumption. Firstly, a new air interface, e.g., hybrid 
multiple access scheme by properly combing CDMA-OFDMA, and renewable 
energy techniques (solar, wind and fuel cells) for green base stations are 
required (Wang & Rangapillai, 2012). In addition, five key approaches need to 
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be adopted in 5G networks: design of RAN taking into account both energy 
and spectral efficiency, base station processing is moved to the Internet cloud 
(C-RAN), separation of data and control channels, large antenna arrays or 
massive MIMO, and adoption of full duplex radio (Chih-Lin I et al., 2014).  
Importantly, an energy-efficient 5G RAN requires energy-efficient backhauling 
solutions (Olsson et al., 2013). 

All in all, a techno-economic approach is missing. A deeper analysis in the 
RAN energy consumption merits further research to describe energy as 
production and cost factor, identifying its fixed and variable components. 

2.6 Revenue and cost modeling 

It has been mentioned that the MNOs have to carefully choose the most 
preferable RAN deployment strategy. Techno-economics provide a holistic 
approach to decision making regarding investments. Several studies have 
evaluated the economic feasibility of RAN deployments using the techno-
economic modeling method (e.g., Katsianis, et al., 2001; Avidor, Furman, Ling, 
& Papadias, 2003; Park & Chang, 2004; Gunasekaran, Harmantzis, & Ryan, 
2008; Harno, et al., 2009; Smura, 2011; Ovando, Pérez, & Moral, 2015). 
Overall, the techno-economic modeling method consists mainly of three 
modules: (i) inputs (market and service definition, technology definition, 
industry architecture definition), (ii) modeling (revenue modeling, cost 
modeling), and (iii) outputs (discounted cash flow analysis, sensitivity 
analysis) (Smura, 2011).  

This revenue and cost modeling is the core of the techno-economic modeling 
method. In the past techno-economic studies, the revenue model usually 
forecasts the service usage and adoption and calculates the revenues based on 
estimated average revenue per user. Other studies have focused only on the 
forecasting of mobile data traffic using extrapolation and diffusion models14 
(Bass & Gagen, 2012; Kovacs, Mogensen, Christensen, & Jarvela, 2011; 
Stordahl & Elnegaard, 2012; Madden & Tan, 2007; Ericsson, 2014). However, 
the fundamental concept in revenue modeling is the demand of the service 
offered. Remarkable research has been conducted on the estimation of the 
demand function for communication services. For example, the demand for 
mobile telephone network and its price elasticity have been estimated for 
South Korea and Japan (Ahn, 2000; Iimi, 2005; Jeong & Cho, 2007). Also, the 
demand of Voice-over-IP (VoIP) in the Korean market has been estimated, 
identifying firstly the most influential variables in VoIP call demand (Kwak & 
Lee, 2011). A thorough analysis of the factors that influence the demand is an 
important step in the demand estimation process. It should be noted that the 
main factors that influence the diffusion of fixed and mobile broadband have 
been investigated for OECD countries and countries of Central and Eastern 
Europe (Lee, Marcu, & Lee, 2011; Lin & Wu, 2013; Harald, 2001; UMTS 
Forum, 2011). Consequently, a revenue model which estimates and forecasts 
the market demand of mobile broadband traffic in Finland has been less in 
                                                             

14A summarized forecasted growth rate ranges from 8 to 80 from 2011 to 2016. 
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focus. Such model, with a determined demand function, would better quantify 
the market price and quantity of mobile broadband traffic and therefore the 
revenues. 

Again, in the past techno-economic studies, the cost model usually calculates 
the costs required to set up (CAPEX) and operate (OPEX) the RAN. The 
network equipment is quantified by network dimensioning based on service 
adoption scenarios. Early studies have focused on the cost structure of mobile 
networks, noting that the cost of the RAN equipment is the dominating factor 
(Reed, 1993; Zander, 1997). Several studies have also developed models to 
identify, quantify and optimize the infrastructure and operating costs of 
different RAN deployment scenarios (Stanley, 1996; Johansson & Furuskar, 
2005; Johansson, Zander, & Furuskar, 2007a, 2007b; Werner et al., 2008; 
Giles et al., 2004; Ahmed, Markendahl, & Cavdar, 2014). However, a cost 
model with a distinction between the short-run and long-run is missing from 
the literature. Firstly, the production and cost factors need to be identified. 
The derivation of cost curves, such as total cost, average and marginal cost 
would probably give better results in measuring the costs and evaluating RAN 
deployment scenarios. Furthermore, the energy consumption of mobile 
networks has been identified as a growing cost factor (Correia et al., 2010; 
Ericson, 2011; International Energy Agency, 2014). In mature markets, energy 
cost accounts for around 10-15% of the total network operating expenses 
(Nokia Solutions and Networks, 2013). A few studies investigate the energy 
cost of RAN as part of a broader techno-economic approach (Coomonte, 
Feijóo, Ramos, & Gómez-Barroso, 2013; Ahmed, Markendahl, & Cavdar, 
2014). Therefore, a more accurate energy cost factor has to be integrated into 
the techno-economic cost modeling.  

The revenue modeling is associated with the demand15, whereas the cost 
modeling is associated with the supply. The demand and the supply of the 
mobile broadband traffic provide essential information about its pricing. The 
price of a product tends towards a point where the demand and supply are in 
balance, i.e. demand and supply curves are intersected. At this point, the 
market is said to be at equilibrium, because there is no excess demand 
(shortage) or excess supply (surplus) (Wilkinson, 2005; Pindyck & Rubinfeld, 
2009; Reddy & Saraswathi, 2007). Several studies have discussed the pricing 
for mobile broadband services. The increasing prices for mobile broadband 
have a minor impact on increasing the revenues, whereas the cost reductions 
and new revenue sources are more promising solution against the limited 
revenue stream from mobile broadband (Markendahl, Mäkitalo, Werding, & 
Mölleryd, 2009; Werding, Markendahl, Mäkitalo, & Möllerud, 2010). Other 
studies propose a change in the pricing policy, from flat-rate to usage-based 
pricing or other new pricing models, to increase revenues. The usage-based 
pricing is advantageous both from the system perspective (reduces degree of 
overload) and individual users’ perspective (increases their perceived 
                                                             

15 The demand for mobile broadband traffic refers to the demand curve of mobile broadband traffic i.e., 
the relationship between the price of mobile broadband traffic unit and the quantity (mobile broadband 
traffic) that people are willing and able to buy at that given price. Quantity demanded (demanded mobile 
broadband traffic) refers to one particular point of the demand curve of mobile broadband traffic.  
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utilization) (Kesidis, Das, & de Veciana, 2008; Ljungberg & Bolle, 2011). On 
the other hand, some studies support the flat-rate for mobile broadband. It is 
demonstrated that the end-users prefer the flat-rate in mobile services 
(Mitomo, Tokio & Nakaba, 2009). The unlimited flat-rate with a fair-use 
clause is potentially more profitable than other usage plans. MNOs can 
possibly keep a flat-rate pricing policy, as long as they are able to handle heavy 
users and the marginal cost ranges between €0.1 and €0.2 for an additional 
GB in 2009 (Blennerud, 2009, 2010). 

Based on the literature review about revenue and cost modeling, the 
following research gap is identified: an extention in research is needed to 
improve the techno-economic modeling of revenues and costs, and update the 
existing studies about the RAN evolution with new technical and industry 
architectures in the Finnish mobile broadband market (Smura, 2011). 
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3. Research Approach 

3.1 Methods 

Empirical estimation of market demand 
 
Demand estimation methods are mainly classified into direct and indirect 
methods. The direct methods are consumer surveys and market studies, while 
the indirect method is the statistical estimation of demand using empirical 
data (Wilkinson, 2005). The direct methods require an interaction with the 
buyers. In consumer surveys the potential buyers are mainly asked how much 
of the product they would buy at different prices with alternative values for the 
factors which might affect the demand. The disadvantage of this method is the 
difficulty on choosing accurately a representative sample which reflects the 
population as a whole. Additionally, the responses given by individuals may 
reflect desires or what is socially acceptable, rather than an actual action. In 
market studies, a real life experiment is required. For example, in different 
sale places, the important controllable factors affecting demand (e.g., the 
price) vary over a period of time, and the volume of sales is recorded. 
Typically, companies conduct such market research. This experiment needs a 
long period to be completed, and might have some negative effects e.g., losing 
customers. In the indirect method, the prediction of future market behavior is 
based on a careful study and process of historical data for the market price and 
quantity. This method utilizes mathematical tools to obtain demand 
information.  

In this dissertation, the empirical estimation of market demand is applied in 
the Finnish mobile broadband market. The strength of this method is that it 
removes the time dependence from the price-quantity (demand) curve, by 
including other time-varying factors that affect the demand of mobile 
broadband traffic (Pindyck & Rubinfeld, 2009). The method consists of the 
following main stages: (i) data collection for the most relevant variables which 
affect the market demand, (ii) choice of what variables should be included in 
the demand model, (iii) choice of the mathematical form for the demand 
function, and (iv) forecasting of the demand curve. Finally, the demand curve 
is used to determine the revenues. This method is used in publication V 
(revenue model). 
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Regression analysis for forecasting 
 
Regression analysis is a statistical technique to estimate model parameters and 
make forecasts. For example, in a Cartesian coordinate system, regression 
analysis looks for a relationship between the X variable (the independent 
variable in X-axis) and the Y variable (the dependent variable in Y-axis). More 
specifically, regression analysis seeks to find the “line of best fit” through all 
the points (X, Y). The regression line is drawn to best approximate the 
relationship between the two variables. Forecasts using the regression line 
assume that the relationship which existed in the past between the two 
variables will continue in the future. Once the regression line has been 
estimated, an estimate of the future level of the independent variable, make a 
forecast of the dependent variable. In simple regression analysis, one seeks to 
measure how changes in the independent variable, X, influence changes in the 
dependent variable, Y. Regression analysis can be expanded to include more 
than one independent variable (multiple regression). One of the main pitfalls 
is that the behavior of the variable in past determines its future behavior 
(Guerard, 2013). Also, the decision regarding which variables to include in the 
model is difficult. But, even though the collection and analysis of the data for 
these variables will provide a good estimate, there will still be some 
uncertainty. In this dissertation, the regression analysis is used in empirical 
estimation of market demand method. It is also used in forecasting the level of 
traffic volume and other parameters based on the historical data in publication 
V (revenue model). 

Marginal cost analysis 
 
Often, the cost factors are more controllable than factors affecting revenues, 
and a thorough cost study based on marginal analysis is a significant 
managerial tool for optimal decision making. The unit cost curves and 
especially the marginal cost of the future network deployments need to be 
calculated. The network deployment with the lowest marginal cost is the 
optimum and cost-efficient network. Marginal cost analysis is used in 
publications IV and VI to assist in decision making for the RAN evolution (cost 
model). 

Mathematical modeling 
 
Mathematical modeling is an attempt to describe some part of the real world 
in mathematical terms (Meyer, 1984). In the publication II, III and IV, the 
power consumption of a macro and indoor base station are modeled by a 
mathematical equation. Also, the demand function is formed in mathematical 
terms in publication V (revenue and cost model). 
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Value network configuration 
 
The Value Network Configuration (VNC) is a method to represent a complex 
value system in an industry. A value system is a set of interlinked economic 
actors, roles and technical components including both a business and technical 
architecture (Casey, 2013). Business architecture is defined as a set of 
interlinked economic actors and their business interfaces (linkages among 
market actors). Technical architecture is a set of interlinked technical 
components and their technical interfaces (linkages among technical 
components). Whereas the technical architecture is often straightforward to 
depict as a figure, the visualization of business architectures can be 
challenging (Smura, 2011). The purpose of the VNC method is not only to 
illustrate the value system structure, including the linkage of elements within 
the system, but also to describe the value system dynamics and interaction of 
elements in the value system. This method is used in publication I to describe 
a new business architecture. 

Discounted cash flow 
 
The discounted cash flow (DCF) method involves estimating future cash flows 
over the period of investment adjusted for the time-value of money. The value 
of this stream of cash flows is called net present value (NPV). According to the 
NPV rule, a company should invest in a project with positive NPV. Discounted 
cash flow analysis is a family of techniques, of which the NPV method is just 
one variant. Two other DCF methods are the internal rate of return (IRR) and 
(discounted) payback period. According to the IRR rule, a company should 
invest if the IRR is greater than the minimum required rate of return (cost of 
capital). Payback period is the time it takes before the cumulative income 
equals the initial investments (Pike & Neale, 2003). Publication I uses the 
discounted cash flow method to evaluate the viability of local area network 
investments (cost model). 

Sensitivity analysis 
 
Sensitivity analysis studies how the uncertainty in the output of a model can be 
apportioned to different sources of uncertainty in the model input (Saltelli et 
al., 2008). Although, one-way sensitivity analysis is useful in demonstrating 
the impact of one varying parameter on the modeling results, it may be 
necessary to examine the relationship of two or more different parameters 
changing simultaneously. Hence, in Monte Carlo simulation (probabilistic 
sensitivity analysis) hundreds or thousands of possible scenarios, i.e. 
combinations of input variables, are generated according to predefined 
probability distributions. Monte Carlo simulation requires probability 
distributions to be specified for all the studied variables, which may often be 
difficult (Pike & Neale, 2003). The probabilistic sensitivity analysis is used in 
publication II as the main method to compare the two network deployment 
scenarios (cost model). 
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Network dimensioning 
 
The network dimensioning is a method which estimates mainly the number of 
base stations, sites and other network elements, as well as their configuration, 
subject to the requirements for coverage, capacity and quality of service 
(Holma & Toskala, 2004, 2009a). Such requirements are set by the MNO or 
policy makers or both. All, the publications, except from the publication V, use 
a network dimension model developed by the author in Microsoft Excel 
(Microsoft, n.d.) and Matlab (MathWorks, n.d.) (cost model). 

3.2 Modeling 

The dissertation develops a revenue model and a cost model including an 
energy consumption model. Prior to the identification of model inputs and the 
description of the models, it is important to define the market. The mobile 
broadband market is defined as a group of economic agents, namely MNOs 
and mobile broadband users, who interact with each other in a buyer-seller 
relationship. The MNOs (sellers) are considered as firms which compete 
nationwide and produce mobile data traffic, e.g., in gigabytes per month 
(GB/month), whereas the mobile broadband users (buyers) are considered as 
individuals who satisfy their needs via mobile broadband subscription by 
consuming GB/month. Additionally, the time frame of the modeling is 
classified into the past, the short-run and the long-run. The past concerns the 
period before the deployment of the existing RAN infrastructure, short-run is 
the time horizon over which the existing RAN capacity is fixed (i.e., until the 
existing RAN reaches its capacity limits and the network requires upgrade), 
and long-run is the period where the RAN expansion investments take place. 

3.2.1 Data collection for model inputs 

The most important model inputs are grouped to (i) market and industry, (ii) 
technology, (iii) spectrum, and iv) cost as shown in Figure 6. The identification 
and the collection of the model inputs is a crucial process. A vast amount of 
secondary data exists, which is accessible over the web. Documentary data, 
survey-based data and those compiled from multiple sources are the main 
types of secondary data used in this dissertation. Thus, the design or adoption 
of a specific collection method is not needed in this dissertation (Saunders, 
Lewis, & Thornhill, 2009). In particular, the secondary data include material 
published by researchers, companies and governmental organizations. For 
example, researchers publish information in journal and conference papers, 
doctoral dissertations, books and research projects’ deliverables. Also, 
companies and industry associations, which aim to support their operation 
and industry, publish a variety of data in special publications, studies, reports, 
coverage maps, press releases and white papers. Finally, governmental and 
intergovernmental bodies (e.g., official statistics, regulatory authorities, 
OECD) provide essential information in publications, reports and press 
releases. 
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Figure 6. The model input classification. 

3.2.2 Revenue model 

The revenue model is developed to derive the demand function for mobile 
broadband traffic and forecast the mobile broadband revenues. The future 
market prices and quantities can show the revenue progression in mobile 
broadband market. Figure 7 presents the conceptual revenue model. 

 

 

Figure 7. Conceptual techno-economic revenue model. 
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The past information about the actual market price and the quantity of mobile 
broadband traffic provides essential information for the demand forecast. The 
equilibrium quantity Qt (GB/month) is the mobile broadband traffic, 
generated by mobile broadband subscriptions, and represents around 90% of 
the mobile data traffic in Finland (FICORA, 2015b, 2015f; ECC, 2011a). The 
equilibrium price Pt (€ per GB/month) of mobile broadband traffic unit is the 
average monthly revenue per traffic unit, which is consumed via mobile 
broadband subscriptions with flat-rate. The price Pt is calculated by the 
average monthly revenues for a mobile broadband subscription (rt), and the 
number of mobile broadband subscriptions (St) as follows (FICORA, 2012, 
2015b): 

 
  (1) 

 
The quantities Qt and prices Pt are the market equilibria for the years 2007 to 
2011, since at these prices the exact quantity produced by the MNOs (supplied 
traffic) is bought by the mobile broadband subscribers (demanded traffic). 
Figure 8 illustrates the market equilibria in green circles, and their best-fitting 
line (green), derived by simple regression analysis. However, the four points 
corresponding to years 2007-2010 could be well-represented by the straight 
blue line. The point of t = 2011 seems isolated, indicating that a specific factor 
which influences the market, changed rapidly at the year 2011. The blue and 
the green lines represent the demand curves for the years 2007-2010 and 2011 
accordingly. 

 

 

Figure 8. The demand curves for the periods 2007-2010 (blue line) and 2011 (black line). 
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Other significant parameters which affect the demand are: (i) a parameter 
related to the network evolution, i.e., LTE population coverage (DNA, n.d.a; 
Elisa, n.d.b; TeliaSonera, n.d.), (ii) a parameter related to the ability of 
consumer to access broadband services, i.e., share of 3G devices (Riikonen, 
Smura, Kivi, & Töyli, 2013), (iii) a parameter expressing a substitute to mobile 
broadband, i.e., number of fixed broadband connections (FICORA, 2015b), 
and iv) a parameter corresponding to network resources, i.e., available 
(allocated) spectrum to three large MNOs for downlink (FICORA, 2014a; ECO, 
n.d.a). By inspection of these determining factors, LTE population coverage 
(At) rises suddenly in 2011. Hence, the following multiple regression is 
formulated (in € per GB/month on logarithmic scale) to represent the blue 
and black line in Figure 8: 

 
  , 

with least-square coefficients: γ = 9.42   ,   b = 0.5   ,   α = 0.18. 

(2) 

 
The LTE population coverage At is the time-varying factor which is used to 
remove the time dependence from the corresponding equilibrium points (Qt, 
Pt). Thus, the demand curve Dt(Q) can be found at any year t, simply by 
knowing the value At, as follows (in € per GB/month on a logarithmic scale): 
 
  , 

where . 

(3) 

 
The demand function in (3) show that the demand curve of mobile broadband 
traffic does not change between the years 2007 and 2010 because the LTE 
population coverage is zero or very close to zero (blue line in Figure 8). 
However, it is shifted to the left in 2011 (black line in Figure 8) due to the 
increasing LTE population coverage. Such change in demand curve is expected 
for the next years, while the LTE network is expanded. To this end, the model 
uses the information about the 3G population coverage (Smura, Kivi, & Töyli, 
2011) to forecast the LTE population coverage with regression analysis. 
Furthermore, the regression analysis is used to forecast the mobile broadband 
traffic (power regression equation). Finally, the forecast of the demand curve 
for mobile broadband traffic, the LTE population coverage and the mobile 
broadband traffic volume determine the mobile broadband revenues in future. 

3.2.3 Cost model 

The cost model is developed to investigate the short- and long-run cost16 of 
several RAN deployment scenarios, including their energy consumption and 
cost. The Figure 9 illustrates the conceptual cost model which consists of three 
main modules: (i) cost classification, (ii) average load factor, and (iii) energy 
consumption. 
                                                             

16 The costs are direct or explicit (accounting cost). The implicit costs or opportunity costs are not studied 
in the cost modelling (economic costs). Also, all the cost (curves) results denote present values. 
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Figure 9. Conceptual techno-economic cost model, including the energy consumption. 

Cost classification 
 
It is assumed that a MNO produces mobile data traffic in downlink by using 
several production factors. The cost of RANs is the total cost of production and 
it is determined by the price of the production factors.  

In the short-run, the cost is classified into fixed and variable costs. The fixed 
costs are related to the fixed production factors and do not vary as a result of 
changing the product quantity (i.e., the traffic). The variable costs are related 
to the variable production factors and fluctuate directly with the product 
quantity. The fixed cost factors in RANs can be identified by observing what 
production factors do not change while the RAN operates and none of the 
users consume traffic i.e., the network does not transmit user data traffic.  

It is not always possible to find a clear distinction between fixed and variable 
costs. For instance, the energy cost is a mixed cost or semi-variable cost having 
both fixed and variable cost components. Indeed, the electricity consumption 
is expected to vary with the level of traffic transmission (the variable energy 
consumption related to reception is omitted in this thesis). For example, 
during the busy hour the network might require more energy to transmit a 
higher traffic level to satisfy the users’ traffic needs (energy consumption while 
user traffic transmission). Also, the electricity is a production factor which 
does not vary with the level of traffic transmission. For example, during the 
night users are not active, yet the network equipment operates and consumes 
electricity (energy consumption while no-user traffic transmission). This case 
includes the energy consumption for signaling or control traffic. The 
evaluation of fixed and variable, and therefore total energy consumption of 
existing RAN infrastructure gives a complete view about how the energy is 
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consumed for any traffic volume in the short-run. The energy consumption 
curve behavior is matching to the total cost curve behavior, because part of the 
energy consumption is the only variable factor in the short-run. Finally, the 
inverse curve of the total energy consumption represents the total production 
function of the current network i.e., the maximum output (data traffic) that 
can be achieved by any specified amount of input (energy). 

Table 4 presents the RAN production and cost factors in the short-run. The 
costs are categorized into fixed and variable, as well as CAPEX and OPEX. 
Capital expenditures (CAPEX) are expenses for building the RAN (initial 
investment costs), whereas operating expenses (OPEX) are the costs resulting 
from the operating the RAN. In the cost model, the fixed and variable cost 
classification approach helps in creating the cost curves over the mobile data 
traffic and making marginal cost analysis. On the other hand, the CAPEX and 
OPEX approach is used in cash flow analysis.  

Finally, in the long-run, all the production and cost factors are variable, 
because the MNOs are able to adjust them to expand network capacity.  
Improvements in the productive efficiency (i.e., cost reduction) can give a 
competitive advantage in the long-run. 

Table 4. Classification of production and cost factors of radio access networks in short-run. 

Classification 
into CAPEX 
and OPEX 

Classification 
into fixed and 
variable cost 

Cost factors Production factors 

CAPEX 
 

Fixed 
(sunk cost) 

 

Radio access network equipment Radio access network 
equipment 

Site buildout Network implementation 
actions Installation 

Number of sites 
Sites 

OPEX 
 

Fixed 
 

Site rental 
Personnel salary Labor 

Network operation & maintenance Network operation & 
maintenance actions 

Spectrum17 Spectrum 
Energy consumption while no-user 
traffic transmission 

Electricity 
Variable Energy consumption while user 

traffic transmission 

Average load factor 
 
The average load factor of the site  is defined as the ratio of the average 
demanded downlink data traffic per site to the average site capacity. Similarly, 
the average load factor of the indoor small cell (e.g., femtocell)  is defined 
as the ratio of the average demanded downlink data traffic per femtocell to the 
average femtocell capacity (dimensionless):  

 
  (4) 

                                                             
17 Usually, the license costs are categorized under OPEX. However, the spectrum license acquisition cost 
can be deemed as CAPEX too. Nevertheless, the spectrum is considered as a fixed cost. 
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The supplied traffic S (in bps) is the regional macro network capacity in 
downlink and is calculated by multiplying the number of base stations NBS in a 
region, the number of sectors Ns and the average cell capacity (in bps). 
The average cell capacity depends on the bandwidth per cell BW and the 
spectrum efficiency of the technology SE (Holma & Toskala, 2011; Real 
Wireless, 2011): 

 
 , 

where  

 (5) 

 
The average site capacity (in bps) in a region is given by (6). Due to the fact 
that several base stations are co-located to one site, the sites-to-base stations 
ratio rsites/BS is used to determine the number of sites Nsites (dimensionless): 

 
  

where  

(6) 

 
Regarding the indoor small cell deployment scenario (e.g. femtocells), the 
indoor network capacity SIN (in bps) is the average femtocell capacity (in 
bps) multiplied by the number of femtocell Nfem: 

 
  (7) 

 
Finally, the supplied traffic of existing network could indicate the current 
demanded traffic per region. It is assumed that MNOs deploy the network so 
as to handle the demanded traffic in busy hour. Thus, a parameter which 
shares the supply traffic among regions (capacity share per region cr) is used 
also to show the demanded traffic share per region. Also, the supplied traffic S 
is converted to e.g., TB/month and TB/hour for comparison with the 
corresponding values of the demanded traffic. 

The demanded traffic D is the downlink mobile data traffic volume which is 
carried by a regional network of a MNO. The total mobile traffic volume in the 
country V and the MNO’s market share m give an approximation about the 
demanded traffic carried by MNO’s network (e.g., in TB/month). The capacity 
share per region cr splits this traffic to each region, and the uplink to downlink 
ratio rUL/DL separates the traffic to uplink and downlink traffic (Marks, Black, & 
Lewin, 2011). Furthermore, the regional demanded downlink traffic is not 
evenly distributed over time and space (geographical area). Traffic 
characteristics, such as the traffic distribution over a 24-hour period (share of 
daily traffic in busy hour TDtime) and the traffic distribution among sites18 
(share of traffic conveyed by some share of cells TDspace), are taken into account 
(Holma & Toskala, 2009b; NSN, 2010). Thus, the demanded traffic under 
these conditions (e.g., in TB in busy hour) is given by (9), and is mainly used in 
network dimensioning process. 
                                                             

18 For instance, 15% of the traffic is carried by 50% of the site in the network. 
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  (8) 

 
  (9) 

 
The demanded traffic is decomposed to indoor- and outdoor-generated traffic 
(DIN and DOUT accordingly, e.g., in TB/month), determined by the outdoor 
generated traffic factor rout (Chowdhury & Noll, 2010). 

 
 , 

where  

(10) 

 
Finally, the average demanded downlink data traffic per site and indoor cell 
(e.g., femtocell) is given (e.g., in TB/month) by:  

 
  (11) 

Energy consumption 
 
Figure 10 shows a graphical representation of the power consumption in FDD 
site (in downlink). The consumption is a sum of the input power to the main 
power supply system PINsup, the power consumption of the cooling system Pcool, 
and the power consumption of the site support system Pother19 (in W). 

 

 

Figure 10. Power consumption in a site. 

The cooling system requires power proportional to the losses between the total 
radiated power and input power PINsup to the main power supply system. The 
total radiated power depends on the antenna system efficiency α, transmission 
power of transceivers PTx, number of sectors Ns and branches of MIMO 

                                                             
19 The power consumption of the site support system Pother is not further included in the analysis. 
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transmitter M. The cooling system efficiency, c, defines the power needed for 
each one watt of heat in the site: 
 
  (12) 

 
The input power of the main supply system PINsup, incurs losses due to the 
rectifiers and other internal components with total efficiency μ. The output 
power of the main supply system POUTsup feeds the remote radio and main units 
of the site with power PRRU and PMU correspondingly. This output power is 
shared by a percentage β to the operation of the main unit (for signal 
processing, etc.) and the remaining power is consumed by the remote radio 
unit. The power needed for the remote radio unit depends on the transmission 
power of transceivers PTx, the amplifiers’ efficiency η, the number of sectors Ns 
and the branches of MIMO transmitters M: 

 
  (13) 

 
Finally, the maximum power consumption of a site Psite, with total efficiency 
μTE is given by (14). The power overhead factor (dimensionless) contains the 
efficiencies of all components in site (Katsigiannis & Hämmäinen, 2011):  

 
 , 

where  

(14) 

 
However, a site does not consume always at its maximum power. Instead, it 
consumes power (i) while user traffic transmission (variable), and (ii) while 
no-user traffic transmission (fixed, i.e., the site is at a state other than user 
traffic transmission). The average power consumption of a site  is 
the sum of a variable component, represented by  and a 
fixed component, representing by . The varied demanded data traffic is 
included in the average load factor. Thus, the average power consumption of a 
site depends on its maximum power consumption Psite, its average load factor 

, and the percentage po which determines the level of consumption while 
no-user traffic transmission (control channels are included in this parameter): 

 
  (15) 

 
Similarly, for a small cell (e.g., femtocell), the average power consumption of a 
femtocell  depends on the maximum power consumption of a 
femtocell Pfem, the average load factor of the femtocell , and the 
percentage po. However, the average load factor of a femtocell  is assumed 
to be very small, due to their enormous capacity compared to the small 
number of users they usually serve:  

 
  (16) 



Research Approach 

57 

 

3.3 Radio access network deployment scenarios 

The cost model is applied to several RAN deployment scenarios in the Finnish 
mobile broadband market. The existing RAN infrastructure and the future 
network deployment (investments) scenarios are defined by the RAN 
configurations in Table 5 and Table 6. The RAN configuration describes the 
radio access network, frequency, radio access technology, antenna system, 
maximum downlink theoretical data rate, and bandwidth. A base station 
(macro or indoor) might consist of one or more RAN configurations (e.g., LTE 
CA combines the RAN configurations 14 and 18), and a macro site might 
consist of one or more base stations (multi-RAT site). 

RAN deployment scenarios are studied in almost all publications (except 
from publication V) using different configurations mix and evolutionary paths. 
In publications III, IV and VI the future macro network is built on an existing 
network infrastructure (Table 5). More specifically, in publication III, a MNO 
has launched three regional (urban U, suburban S and rural R) macro RANs 
with maximum single-subscription download data rate of 1 Mbps at the cell 
edge in the first half of 2011. In publication IV, a MNO has launched three 
regional macro RANs in the first half of 2013. In publication VI, a MNO has 
launched a regional macro (urban) RAN in the second half of 2013. 

Table 5. Infrastructure and RAN configurations in urban (U), suburban (S) and rural (R) regions 
(publication III, IV and VI).  

RAN Configurations 
III (1H/2011) IV & VI (2013) 
U S R U S R 

1. GERAN@900, GSM/EDGE       
2. GERAN@1800, GSM/EDGE       
3. UTRAN@2100, HSDPA, R5, 3.6 Mbps       
4. UTRAN@2100, HSPA+, R7, 21 Mbps       
5. UTRAN@2100, DC-HSPA+, R8, 42 Mbps       
6. UTRAN@2100, DC-HSPA+, R9, 2x2 MIMO, 84 Mbps       
7. UTRAN@2100, QC-HSPA+, R10, 84 Mbps        
8. UTRAN@2100, QC-HSPA+, R11, 4x2 MIMO, 336 Mbps       
9. UTRAN@900, HSDPA, R5, 7.2 Mbps       
10. UTRAN@900, HSDPA, R5, 14.4 Mbps       
11. UTRAN@900, HSPA+, R7, 21 Mbps       
12. UTRAN@900, DC-HSPA+, R8, 42 Mbps       
13. UTRAN@900, DC-HSPA+, R11, 4x4 MIMO, 168 Mbps       
14. E-UTRAN@2600, LTE, 2x2 MIMO, 172 Mbps, 20 MHz       
15. E-UTRAN@2600, LTE, 2x2 MIMO, LSA@2300, 344 Mbps, 38 MHz       
16. E-UTRAN@2600, LTE, 4x2 MIMO, 325 Mbps, 20 MHz        
17. E-UTRAN@1800, LTE, 2x2 MIMO, 129 Mbps, 15 MHz       
18. E-UTRAN@1800, LTE, 2x2 MIMO, 172 Mbps, 20 MHz       
19. E-UTRAN@1800, LTE, 2x2 MIMO, LSA@2300, 344 Mbps 38 MHz       
20. E-UTRAN@1800, LTE, 4x2 MIMO, 325 Mbps, 20 MHz       
21. E-UTRAN@800, LTE, 2x2 MIMO, 86 Mbps, 10 MHz       
22. E-UTRAN@800, LTE, 4x4 MIMO, 161Mbps, 10 MHz       
23. WLAN@2400/5000,WiFi, 2x2 MIMO, 100 Mbps, 20 MHz       
24. E-UTRAN@2600, LTEfemto, 2x2 MIMO, 172 Mbps, 20 MHz       
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Besides the choice of the RAN configuration, the future RAN is based also on 
three evolutionary path goals: (i) to achieve a specific future target (coverage 
or capacity or both), (ii) to handle a specified mobile data traffic growth, and 
(iii) to handle any mobile data traffic growth. The RAN deployment scenarios 
in publications II and III aim to fulfil the targets of the Finnish national 
broadband plan for capacity and coverage by 2015 (publication III additionally 
follows a specific network rollout plan). The RAN deployment scenarios in 
publication I aim to handle a determined growth of average user data traffic 
per laptop and handset, i.e., the indoor network is built to handle these traffic 
assumptions. Finally, the RAN deployment scenarios in publications IV and VI 
aim to handle any traffic growth. In the last case, the uncertainties for demand 
progression are disregarded, as the model is indifferent how the data traffic 
changes over time (the traffic can increase because of the data user penetration 
growth or the average data usage growth per user or both).  

Finally, the networks are categorized based on (i) the type: wide area (macro) 
and local area networks (small cells), (ii) the region: nationwide, urban 
(including the Helsinki Metropolitan Area), suburban and rural, (iii) the 
serving area: outdoor and indoor (homes, offices and public places). The 
outdoor network serves an indoor environment from-outdoor-to-indoor 
propagation, unless further clarification is made for the RAN configuration in 
publications (e.g., urban outdoor network in publication III). 

3.3.1 Macro network enhancements 

The publication IV investigates several nationwide network deployment 
scenarios (Table 6) based on the existing infrastructure (Table 5). In urban 
regions the scenario U1 is a HSPA+ Multicarrier evolution. The NodeBs are 
upgraded by adding up to four adjacent carriers at 2100 MHz. The scenario U2 
is a LTE network expansion scenario using Carrier Aggregation at 1800 and 
2600 MHz. The scenario U3 is the combination of the first two scenarios. In 
suburban regions the scenario S1 is similar to U1, and the scenario S2 is 
similar to U2 (they differ only on assumptions about co-location of the 
technologies). The scenario S3 is a LTE network expansion scenario, using 
lower frequency band (800 MHz20). In rural regions, the scenario R1 is a 
HSPA+ network expansion and Multicarrier evolution. Firstly, the coverage is 
improved by installing NodeBs at 900 MHz, and secondly the capacity is 
enhanced by adding one more carrier. The scenario R2 is similar to S3. Finally, 
the GSM/EDGE base stations are replaced by the eNodeBs, however the 
GSM/EDGE service continues, thanks to LTE MSR. Also, in scenario R1 the 
900 MHz spectrum is used by DC-HSPA, and therefore the GSM/EDGE is 
gradually removed by the end of the project.  

The network investments do not follow a rollout strategy. Instead, assuming 
a constant number of macro sites, the network is evolved over any future data 
traffic increase, until the network deployment scenario reaches its deployment 

                                                             
20 The spectrum license cost is spread over the 20 years of possession even though in reality the MNOs 
usually pay this cost in several instalments determined by the regulator. 
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and capacity limit. In the short-run, the model estimates the operating cost for 
a given network size, whereas in the long-run the model presents how the costs 
evolve as the demanded mobile data traffic grows.  

The scenarios are analyzed based on the marginal cost analysis and 
assumptions about the MNO’s goals (Table 7). Two RAN evolution strategies 
are determined: Minimum-Cost strategy and LTE strategy. The Minimum-
Cost strategy sets the goal to “develop the radio access network to handle the 
future traffic, minimizing the cost”. The goal is achieved by choosing the 
scenarios with the lowest marginal cost among all the suggested future 
network deployment scenarios. The LTE strategy has the goal to “develop the 
radio access network to handle as much traffic as possible in future, 
minimizing the cost”. The goal is achieved by choosing the scenarios which 
handle the highest amount of additional traffic with the lowest marginal cost. 
Based on this preliminary analysis the RAN deployment strategies will give 
results about the overall cost and energy assessment of the RAN evolution in 
Finland. 

Table 7. Long-run radio access network strategies.  

Deployment 
Strategy Regional networks RAN configuration 

IV 

Minimum-
Cost 

Urban U2 
14. E-UTRAN@2600, LTE, 2x2 MIMO, 172 Mbps, 20 MHz 
18. E-UTRAN@1800, LTE, 2x2 MIMO, 172 Mbps, 20 MHz 

Suburban S2 
14. E-UTRAN@2600, LTE, 2x2 MIMO, 172 Mbps, 20 MHz 
18. E-UTRAN@1800, LTE, 2x2 MIMO, 172 Mbps, 20 MHz 

Rural R1 
11. UTRAN@900, HSPA+, R7, 21 Mbps 
12. UTRAN@900, DC-HSPA+, R8, 42 Mbps 

LTE 

Urban U3 
7. UTRAN@2100, QC-HSPA+, R10, 84 Mbps 
14. E-UTRAN@2600, LTE, 2x2 MIMO, 172 Mbps, 20 MHz 
18. E-UTRAN@1800, LTE, 2x2 MIMO, 172 Mbps, 20 MHz 

Suburban S2 
14. E-UTRAN@2600, LTE, 2x2 MIMO, 172 Mbps, 20 MHz 
18. E-UTRAN@1800, LTE, 2x2 MIMO, 172 Mbps, 20 MHz 

Rural R2 21. E-UTRAN@800, LTE, 2x2 MIMO, 86 Mbps, 10 MHz 

III Energy-
efficient 

Dense Urban U1 17. E-UTRAN@1800, LTE, 2x2 MIMO, 129 Mbps, 15 MHz 
Urban U2* 17. E-UTRAN@1800, LTE, 2x2 MIMO, 129 Mbps, 15 MHz 

Suburban S2 22. E-UTRAN@800, LTE, 4x4 MIMO, 161Mbps, 10 MHz 
Rural R2 22. E-UTRAN@800, LTE, 4x4 MIMO, 161Mbps, 10 MHz 

* The macro network serves only the outdoor traffic. 

3.3.2 Mobile network offloading 

The publication III investigates several nationwide network deployment 
scenarios (Table 6) based on the existing infrastructure (Table 5), aiming to 
provide maximum single-subscription download data rate of 100 Mbps at the 
cell edge, according to a specific network rollout strategy by 2015. In urban 
regions the scenario U1 is a typical macro LTE network with site densification, 
which covers both outdoor and indoor environments. The scenario U2 is a 
joint macro-femtocell LTE network, which enables wide-to-local area 
offloading. It is assumed that the indoor femtocell LTE network has been 
successfully deployed all around the study region, handling the indoor-
generated data traffic (the indoor small cell deployment is not studied in this 
publication). The macro LTE network carries only the outdoor-generated data 
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traffic. The scenario U3 is a macro LTE network, which operates at a lower 
frequency band (800 MHz). This scenario is also investigated in suburban and 
rural regions (scenarios S2 and R2). Finally, in the scenarios S1 and R1, the 
macro HSPA network is upgraded to support double carrier. Additionally, the 
legacy network is gradually taken out of service. The GSM/EDGE network will 
cover only 1% of the population in suburban and rural regions, whereas in 
urban areas the GSM/EDGE service will be provided by the LTE MSR. It is 
assumed that the new equipment is installed replacing the legacy network, and 
the power consumption of the new sites decreases about 8% compared to 
equipment installed the year before due to technological advances (Fehske et 
al., 2011). In the end, the most energy efficient network deployment strategy 
nationwide is found by combining the regional scenarios with the lower energy 
consumptions. The energy-efficient network strategy (Table 7) is the following: 
(i) in urban areas, the scenario U1 for the 7% of territory (dense urban areas), 
utilizing the existing sites infrastructure, (ii) in the rest urban area, the 
scenario U2 of a joint macro-femtocell network, and (iii) in suburban and rural 
areas, the scenario for macro-cellular LTE network at 800 MHz. Based on this 
preliminary analysis, the RAN deployment scenarios will provide information 
about the total energy savings in RANs. 

The publication II compares two network deployment scenarios in the 
Helsinki Metropolitan Area by 2015 (Table 6). The scenario U1 is a typical 
macro LTE network with site densification, which covers both outdoor and 
indoor environments. The scenario U2 is a joint macro-femtocell LTE network, 
which enables wide-to-local area offloading. It is assumed that the indoor 
femtocell LTE network has been deployed successfully all around the study 
region, handling the indoor-generated data traffic. The macro LTE network 
carries only the outdoor-generated data traffic. Thus, due to the fact that there 
is no need to consider the building penetration losses at radio link budget 
process, the range of the outdoor sites is higher resulting to less outdoor sites. 
It is estimated that seven macro sites in the scenario U1 can be replaced by one 
macro site and 521 femtocells in the scenario U2 for the same covered area 
(the scenario U2 needs 190 macro sites to cover the Helsinki Metropolitan 
Area entirely, or 85.7% less macro sites compared to scenario U1). 
Additionally, the femtocells and macro base stations operate in different 
frequency band (out-band femtocells), mitigating the interference. It is 
assumed that only new radio equipment is installed (new improved macro 
sites and femtocells with better energy efficiencies) with 100 Mbps maximum 
single-subscription data rate at the cell edge at the end of 2015. Finally, 
probabilistic sensitivity analysis method is used for the energy consumption of 
the two network scenarios (probability density functions are assigned to the 
input variables to describe their uncertainty). 
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3.3.3 Public local area networks 

The publication I investigates the local area network deployment scenario in 
public places21 from both MNOs and service application providers (SAP) point 
of view, in a metropolitan region (such as Helsinki Metropolitan Area). This 
new industry architecture is defined by the VNC method for seven different 
venue types (public places including large and small hotels, restaurants, 
cafeterias, shopping malls, retail shops, and transportation facilities). For 
example, in the case of MNO-driven VNC, the MNO is the dominant actor and 
controls the local area access provisioning (Figure 11). Three business 
scenarios are considered (Markendahl & Nilson, 2010): In the scenario A, a 
provider exclusively deploys local area network in a venue (exclusive single 
access point in the venues). The infrastructure is only used by the customers of 
the provider who deployed the networks. The scenario B is a multi-provider 
deployment, using a common single local area network. Thus, this scenario 
requires cooperation among providers (e.g. roaming or infrastructure sharing) 
to serve their customers. In the scenario C, the providers deploy their own 
local area networks in any potential venue. Regarding the technology 
architecture, the indoor small cell deployments use indoor base stations which 
support both LTE and WiFi technologies, and multiple-provider operation 
(Table 6). Finally, the model firstly calculates the break-even revenue required 
for both the venue owner and local area access providers (MNO, SAP) to cover 
costs. Then the model, using the fair revenue share between MNO and venue 
owners, calculates the corresponding revenues needed for the investments to 
be beneficial for all concerned partners (NPV = 0). 

 

 

Figure 11. Value network configuration driven by mobile network operator. 
                                                             

21 The indoor small cell deployments enable the development of new local services and new revenue 
sources, giving opportunities to other companies to enter the market. Also other value network 
configurations that could emerge in the future local area environment have been identified, but have not 
been applied in quantitative techno-economic modeling (Casey, Smura, & Sorri, 2010). 
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3.3.4 Spectrum sharing 

The Publication VI compares two nationwide network deployment scenarios in 
the region with higher traffic volume, such as urban regions, based on the 
existing infrastructure (Table 5). The scenario U1 is an implementation of LSA, 
which is a mechanism for the MNOs to obtain additional spectrum from other 
spectrum holders. The scenario U2 is the deployment of MIMO antenna 
technology, which increases the spectral efficiency. Prior to this comparison, 
an initial deployment scenario U0 includes LTE Carrier Aggregation and 
HSPA+ Multicarrier with four adjacent carriers (Table 6). The network 
investments do not follow a rollout strategy. Instead, assuming a constant 
number of macro sites, the network is evolved over any future data traffic 
increase until the network deployment scenario reaches its deployment and 
capacity limit. Therefore, the model presents how the costs evolve as the 
demanded mobile data traffic grows in the long-run. Also, the model presents 
the trade-off between the average cell spectrum and the spectral efficiency for 
constant cell density. 
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4. Results 

4.1 Mobile broadband revenues 

Based on the developed revenue model, the forecast of the demand for mobile 
broadband traffic in 2015, where the estimated LTE population coverage is 
A2015 = 49%, is given by: 
 
  (17) 

 
Figure 12 shows that the demand curve D2015(Q) for the year 2015 (red solid 
line) shifts inwards in comparison with 2011 (black solid line). Also, the 
market equilibrium for the year 2015 is depicted with black circle. The mobile 
broadband traffic in the market is estimated to increase from Q2011 = 4.8 to 
Q2015 =23 million GB/month (or from Q2011 = 54 to Q2015 = 261 PB annually)22. 

 

Figure 12. Demand forecast and market equilibrium for the mobile broadband market in 2015. 

                                                             
22 Mobile data traffic is estimated to increase from around 60 PB in 2011 to 290 PB in 2015 (according to 
the model, mobile broadband traffic constitutes the 90% of mobile data traffic). 
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Thus, the demand function (17) for the estimated equilibrium quantity Q2015 
yields the equilibrium price P2015 (the average monthly revenue per GB from 
the mobile broadband subscriptions with flat rate). The result shows that the 
market price drops during the period 2011-2015, from P2011 =3.51 to P2015 = 
1.26 € per GB/month (Table 8). In addition, under the assumption of perfect 
competition, where the price equals to the marginal cost, the marginal cost 
(supply) curves are drawn again for 2011 and 2015 in black and red dashed line 
accordingly. 

Furthermore, the developed revenue model23 forecasts the market equilibria 
for the next years by 2020 (Table 8). It is shown that the mobile broadband 
traffic increases and its price per unit decreases. However, the mobile 
broadband revenues increase. The total revenues Rt under flat-rate pricing, 
which is calculated by multiplying the equilibrium prices Pt with the 
equilibrium quantities Qt, are depicted in Figure 13 (red line). 

Table 8. Market price, quantity and revenues in mobile broadband market, while LTE population 
coverage increases (estimation for 2011, forecast for 2013, 2015, 2016, 2018 and 2020). 

Year 
Market price of 

mobile broadband 
traffic unit (€ per GB) 

Market quantity of 
mobile broadband 

traffic (PB per year) 

Annual revenues 
(million €) 

LTE population 
coverage (%) 

2011 3.51 54 200 12 

2013 1.91 134 269 30.7 

2015 1.26 261 345 49 

2016 1.06 344 384 58.8 

2018 0.79 556 464 77.5 

2020 0.63 832 546 96.2 

4.1.1 Pricing 

According to the developed revenue model and under the assumption of 
perfect competition (Pt = MCt), the Figure 13 depicts the costs Ct which are 
calculated by multiplying the equilibrium quantities Qt with MC2015 = P2015 
(blue line) and MC2017 = P2017 (green line). The revenues and cost curves cross 
at t = 2015 and t = 2017, which indicate the market equilibria (zero economic 
profits24) at years 2015 and 2017. The developed model shows that the market 
equilibrium changes from the year 2015 to 2017 resulting to higher quantity 
and lower price (similar to Figure 12). In other words, the mobile broadband 
traffic growth continues after 2015, pushing the MNOs towards more LTE 

                                                             
23 The model (built in 2011) should be checked and refined year over year. The forecast for mobile data 
traffic seems to be pessimistic: according to the regression model, the mobile data traffic is around 290 
PB in 2015. In comparison with the actual values of mobile data traffic (317 PB in 2014, Figure 2), the 
forecasted traffic volume has been exceeded. What if this forecast is higher for 2015 in the model? For 
example, assuming that the mobile data traffic is around 552 PB in 2015 (using the compound annual 
growth rate of 1.74 between 2011 and 2014 [FICORA, 2015b]), the market price will be €0.92 per GB. 
Also, the forecast for LTE coverage penetration seems to be pessimistic too: according to the regression 
model, the LTE population coverage is 49% in 2015. What if this forecast is higher for 2015 in the model? 
For example, assuming that the LTE population coverage is around 80% in 2015, the market price will be 
€1.16 per GB. Finally, using these higher values for mobile data traffic and LTE population coverage, the 
model yields a market price which equals to €0.84 per GB in 2015 (instead of €1.26 per GB, Table 8). 
24 The market price of mobile broadband traffic covers the economic cost (implicit and explicit costs).  



Results 

67 

network expansion investments. Also, the market price for the mobile 
broadband traffic drops (the average monthly revenue per GB from the mobile 
broadband subscriptions with flat rate). Thus, the new investments must lead 
to a reduced marginal cost for 2017, so as the marginal cost equals to the new 
lower market price (MC2017 = P2017). As a result, the total cost for 2017 (green 
line) would not surpass the revenues at t = 2017. Consequently, the MNOs can 
possibly keep a flat rate pricing policy, provided that they are able to reduce 
the marginal cost (However, in oligopolistic markets the market price is often 
much higher than the marginal cost, yielding more profits). 

 

Figure 13. Revenues forecast with flat-rate (red line) and usage-based pricing (after 2017, 
purple line) in mobile broadband market (publication V). 

Moreover, it is assumed that at a specific (but unknown) time, the costs cannot 
be decreased further. For example, in Figure 13, this happens directly after t = 
2017, when none of the MNOs can respond to the request of the market for 
continuous price reduction (and marginal cost reduction). Then, the marginal 
cost will be kept unchanged during 2018 (still in the green line), and given the 
increasing traffic Q2018 and the corresponding revenues R2018, the MNOs will 
face losses indicated by the level difference between green and red lines at t = 
2018. Therefore, after t = 2017, a change in pricing policy is needed (keeping 
the market price of the year t = 2017). In particular, a usage-based pricing 
should be adopted, where the price P*t per GB/month equals to the average 
cost. In this way, the new revenues Rt = P*t Qt will follow the variation of the 
increasing traffic (purple line). It worth mentioning that such change in 
pricing policy would probably have an impact on demand curve, and therefore 
the revenues might be different than the purple line for the years after the 
change in pricing policy. 
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4.2 Energy consumption of radio access networks 

4.2.1 Macro network enhancements 

Based on the developed model for the energy consumption in the short-run, 
the total energy consumption of the existing RAN infrastructure is 3.69 
GWh/month (or 44.3 GWh/year) at the maximum network capacity, i.e., 4837 
TB/month (first half of 2013). In addition, the carbon footprint of mobile data 
traffic is 0.28 kgCO2/GB. Figure 14 depicts the energy consumption for any 
data traffic level. The network needs around 3.44 GWh/month (or 41.3 
GWh/year) of energy to operate without any user data traffic transmission 
(fixed dashed line). This represents the fixed energy consumption, i.e., the 
energy consumption while no-user data transmission. While the user data 
traffic increases, the variable energy consumption increases slowly (dotted 
line). As a result, the total energy consumption slightly increases (solid line).  

 

Figure 14. Energy consumption of nationwide macro network in the short-run for a mobile 
network operator (at the end of first half of 2013, publication IV). 

Regarding the energy consumption in the long-run, the LTE Strategy is more 
energy-efficient but consumes larger amount of energy than the Minimum-
Cost Strategy (the LTE strategy requires installation of more radio equipment). 
The LTE Strategy consumes 3.474 GWh/month (or 41.7 GWh/year), whereas 
the Minimum-Cost Strategy consumes 3.334 GWh/month (or 40 GWh/year) 
at the end of the projects (end of 2016). Additionally, the carbon footprint of 
mobile data traffic for LTE Strategy is 0.08 kgC02/GB, whereas the 
corresponding value for Minimum-Cost Strategy is 0.10 kgC02/GB. Also, the 
LTE Strategy and Minimum-Cost Strategy can handle a 3.2- and a 2.5-fold 
growth in data traffic, respectively, between 2013 and 2016 (the LTE Strategy 
consumes 3.546 GWh/month or 42.55 GWh/year at a 2.5-fold growth in 
traffic). Finally, the average load factor of a site is low ( = 9.62%) indicating 
that the network resources are underutilized. 
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4.2.2 Mobile network offloading 

According to the developed model for energy consumption, the potential 
reduction of the macro network energy consumption, when the mobile 
network offloading is enabled, is around 35%. This reduction concerns only 
the electricity consumed by the MNO (the energy consumption of indoor small 
cell deployment shifts to the end-user). Figure 15 shows the biannual 
reduction of a nationwide macro network deployment between 2011 and 2014. 
Although the enabled mobile network offloading in urban regions significantly 
reduces the energy consumption, the urban regional network remains the 
most energy-consuming. 

 

 

Figure 15. Potential reduction in energy consumption of nationwide macro network deployment 
(publication III). 

Furthermore, around 50% reduction is feasible for mobile network offloading 
deployment scenario in dense urban regions, such as Helsinki Metropolitan 
Area. The results show that a macro network which serves both outdoor and 
indoor traffic consumes 3.3 GWh annually, whereas a joint macro-femtocell 
network, in which the indoor traffic is served by femtocells and the outdoor 
traffic is served by macro cells, consumes around 1.7 GWh in 2015 (0.4 GWh is 
consumed by the outdoor macro network, and 1.3 GWh is consumed by the 
indoor network). Assuming that the energy consumption of indoor network 
shifts to the end-user, the MNO consumes energy only for the outdoor network 
i.e., 0.4 GWh. The energy consumption in a joint macro-femtocell network is 
less, because the femtocell network carries the large indoor-generated traffic 
volume, while the macro network supports with fewer base station and large 
cell range. 
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Finally, the sensitivity analysis shows that a MNO can be 100% certain that 
the range of annual energy consumption in the macro network is between 1.81 
and 5.9 GWh, whereas the corresponding range in the macro network which 
serves only the outdoor-generated traffic is between 0.24 and 0.86 GWh 
(Figure 16). 
 

 

Figure 16. Energy consumption of a macro (bottom) and a joint macro-femtocell (top) network 
deployment scenarios in Helsinki Metropolitan Area in 2015 (publication II). 

4.3 Cost of radio access networks 

4.3.1 Macro network enhancements  

According to the cost model for the nationwide macro network, the cost curves 
are derived for the short- and long-run (publication IV). The top of Figure 17 
illustrates the short-run cost curves of the existing network infrastructure in 
the urban (green line), suburban (blue line) and rural (red line) regions, as 
well as nationwide (black line). The vertical dashed lines point to the traffic 
level in which the network is congested, and the dotted lines indicate the 
current data traffic levels (first half of 2013). The existing total traffic level is 
4351 TB/month and the maximum data traffic level that the total network can 
handle is a 1.11-fold higher, indicating that the network operates close to its 
capacity capabilities. However, the actual total network capacity is roughly 
tenfold higher, which is not utilized due to the traffic distribution in time and 
space (networks are often designed to satisfy the traffic demand in busy hour).  
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The total (operating) cost curves describe the cost at which the MNO can 
produce various amounts of output (TB/month) in the short-run. The cost of 
the RAN is very high for zero data traffic level (the fixed cost is 2.18 million 
€/month) and it slowly increases as data traffic increases (variable cost). At 
the maximum data traffic (full capacity) the total cost is around 2.19 million 
€/month (or 26.3 million €/year). Also, the share of energy cost is 6.67%.  

 

Figure 17. Operating (top) and unit (bottom) cost curves in the short-run (at the end of first half 
of 2013, publication IV). 

The bottom of Figure 17 presents the short-run unit cost curves, i.e., the 
average fixed cost (AFC), average variable cost (AVC) and average total cost 
(ATC) as well as marginal cost (MC). The MNO faces very high fixed costs 
compared to its variable cost, and therefore the AVC is significantly lower than 
the AFC. Once the capacity has built, the MC is lower than the ATC over the 
range of output. As a result, the ATC i.e., the cost per traffic unit, decreases as 
productivity increases. In other words, the ATC is very high at small amounts 
of data traffic, and falls as data traffic increases. At the maximum data traffic 
level, the ATC is 0.446 €/GB and the AVC is 0.002 €/GB25. The AVC is 
constant because the only variable cost is a part of the energy which increases 

                                                             
25 The AVC is actually the average variable energy cost. Taking into account the fixed part of the energy 
cost factor, the average total energy cost is ATEC = 0.03 €/GB. Indeed, ATEC comprises around the 
6.7% of ATC. 
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proportionally to data traffic. When the AVC is neither rising nor falling, the 
MC is equal to AVC. Thus, the cost of producing (transmitting) one more GB is 
AVC = MC = 0.002 €. 

Regarding the network expansion investments in long-run, the cost curves of 
Minimum-Cost and LTE strategies are depicted in Figure 18. The horizontal 
axis shows the future traffic growth rate 26 . The first graph of Figure 18 
presents the investment cost (capital expenditures). For a given traffic growth, 
the LTE strategy has higher investment cost. At the end of the projects, the 
investment costs for the LTE and Minimum-Cost strategy are €110.7 and 
€63.7 million accordingly (at the Minimum-Cost strategy’s maximum traffic 
growth level i.e., 2.5, the investment cost for LTE strategy is €73.6 million). 

 

 

Figure 18. Cost curves in long-run (publication IV). 

The second graph of Figure 18 shows the annual operating cost. The main 
parameters that make the curves differ from each other are the energy 
consumption, the maintenance cost, and mainly the spectrum license cost 
(800 MHz). The maintenance cost is proportional to the installed network 
elements, and the LTE strategy requires more equipment. Finally, the energy 
cost is 6.39% and 6.1% of total operating cost for the Minimum-Cost and LTE 
strategy respectively (at their maximum traffic level).  

The investment cost is annualized in years y, for the calculation of the total 
cost curve of the network (the total cost is the sum of the annualized 
investment cost and annual operating costs), and then the marginal and 
average cost. The parameter y indicates the project periods or the speed of 
investments (the perception on when the maximum traffic growth rate will be 
achieved). Finally, the graph of investment and operating costs are also 
informative for a cash flow analysis. For a specific traffic growth target, the 
investment cost curves give the initial outlay at year zero. For the next years 
and until the end of the project period, the operating cost curve indicates the 
single cash outflows.  

                                                             
26 The revenue model could be used to estimate the mobile data traffic in time scale, and therefore the 
horizontal axis could present time instead of quantity. 
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The third graph of Figure 18 shows the unit cost curves i.e., the marginal and 
average cost. The unit costs are shown for y = 3.5 years which corresponds to 
the end of 2016. In both strategies, the marginal costs are constant and lower 
than the average total cost. Therefore, the average costs are declining, 
indicating that economies of scale occur. The marginal cost (cost of 
transmitting an additional traffic unit) of the total network for the Minimum-
Cost Strategy is MCmin = 0.246 €, whereas for the LTE Strategy is MCLTE = 
0.286 €. (ATCmin = 0.336 €/GB and ATCLTE=0.353 €/GB). Consequently, the 
Minimum-Cost Strategy is more cost-efficient than the LTE Strategy27 

Another interesting result is the marginal product of a base station per 
region. For example, in suburban regions for the LTE strategy, the marginal 
product of eNodeB is 5.9 TB/month, i.e., the installation of an additional 
eNodeB, enhance the network to handle 5.9 more TB per month. Inversely, for 
every increase of demanded mobile data traffic by 1TB/month, 0.17 eNodeBs 
are required. According to the model, the LTE does not cover the whole 
suburban region at the end of the project. It is estimated that the coverage of 
the whole suburban area requires the installation of 0.31 eNodeBs per 1 
demanded TB/month, i.e., the speed of investments needs to increase by a 
factor of around 1.8 in the same project period (for rural regions this factor is 
around 1.45).  

In LTE Strategy, a network with at least LTE and DC-HSDPA technologies 
(advanced technologies according to the coverage obligations) covers around 
83.49% of population at the end of 2016. The network covers completely the 
population in urban regions (32.22% of total population for both technologies 
– max: 32.22% of total population live in urban regions), whereas in suburban 
and rural regions the coverage is not full (suburban: DC-HSDPA 40.71%, LTE 
30.02% with max: 52.19% and rural: DC-HSDPA 0%, LTE 10.56% with max: 
15.59%)28. Also, the mobile internet coverage with at least 100Mbps is 62.4% 
of the total population at the end of 2016. The network covers completely the 
population in urban regions, whereas in suburban and rural regions the 
coverage is not full (suburban: 30.02%, rural: 0.16%). Consequently, regarding 
the broadband policy of coverage obligations, the network investments which 
aim to handle the mobile data traffic growth as determined by the market 
(minimum speed of investments) cannot meet the coverage and capacity 
requirements29. In urban regions, the RAN investments are more intensive 
compared to suburban and rural regions. This is the reason why the regulator 
forces (by imposing coverage obligations) MNOs to invest more and faster 
than the market requests. In other words, the speed of investments is driven 
by the traffic growth in urban regions, whereas in suburban and rural regions 
it is driven by the regulator’s intervention. Finally, regarding the national 

                                                             
27 The most energy-efficient network may not always be the most cost-efficient.  
28 In Minimum-Cost Strategy, LTE and DC-HSDPA technologies covers around 86.74% of population at 
the end of 2016. The network covers completely the population in urban regions (32.22% of total 
population for both technologies), whereas in suburban and rural regions the coverage is not full 
(suburban: DC-HSDPA 40.71%, LTE 21.72% and rural: DC-HSDPA 13.81%, LTE 0.66%).  
29 Elisa has announced that the coverage obligation (97% of population by 2018) has been met on June 
2015 (Elisa, 2015).  
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broadband plan, its target could be reached, for instance with faster 
investments than those the market requests in suburban and rural regions. In 
particular, based on the LTE Strategy, the speed of investments should 
increase by a factor of 1.8 in suburban regions and by a factor of 1.45 in rural 
regions to cover the whole population. Also, in rural regions, the 100 Mbps 
mobile internet requires additional low spectrum allocation (at least 10 MHz 
from 700 MHz aggregated with the 800 MHz). However, the network would 
provide capacity which not actually demanded in the market (excess supply). 
An intervention against the surplus in the market would be the reduction of 
the market price of mobile broadband traffic unit (however, the price 
reduction should ensure that the profits remain at a reasonable level to pay for 
the investments). 

4.3.2 Spectrum sharing  

Based on the developed cost model, the capacity capabilities of macro network 
enhancements (LTE CA & HSPA QC and 4x2 MIMO) and spectrum sharing 
(LSA) are firstly estimated. Figure 19 illustrates the capacity capabilities per 
network deployment scenario (squares) and the isoquants for the mobile data 
traffic, i.e., the different combinations of average spectrum per cell and 
average spectral efficiency to mobile data traffic growth rate30.  

 

 

Figure 19. Isoquants for mobile data traffic in nationwide urban regions (at the end of second 
half of 2013, publication VI). 

                                                             
30 The third way for network capacity expansion, i.e., number of cells or cell density, is assumed as 
constant. 
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Also, the results for the cost curves of network expansion investments are 
presented in Figure 20. The horizontal axis shows the traffic growth rate. 
Firstly, the existing network is presented up to 1.11 growth rate (green lines). 
This indicates that the existing network has some capacity room to handle 
little additional traffic before investments take place. Then, the deployment 
network scenarios of LTE CA & HSPA QC are shown up to a 2.3-fold growth of 
traffic (black lines). Finally, the two cost lines represent LSA and 4x2 MIMO 
scenarios (blue lines and red lines respectively).  

The first graph of Figure 20 presents the investment cost curves (capital 
expenditures). For a given traffic growth rate above 2.3, the LSA scenario has 
higher investment cost than MIMO. At the end of the projects (first half of 
2017), the investment costs for the LSA31 and MIMO are €39.9 and €17.7 
million respectively, excluding the investment cost of the LTE CA & HSPA QC 
networks (€61.8 million).  

 

 

Figure 20. Cost results for the nationwide urban network evolution (publication VI). 

The second graph of Figure 20 shows the operating costs. The main 
parameters that make the curves to differ from each other are the energy 
consumption and the maintenance cost. The maintenance cost is proportional 
to the number of network elements, and the MIMO scenario requires more 
equipment. Regarding the energy cost, the LSA is more energy-efficient 
because it based on LTE technology. Also, it is shown that the LTE CA & HSPA 
QC network’s operating cost curve is declining due to the assumption that the 
eNodeB is more energy-efficient, in conjunction to the replacement of the 
legacy GERAN’s BTS sites.  

The third graph of Figure 20 illustrates the unit cost curves, and specifically, 
the marginal and average cost for a project period of y = 3.5 years which 
corresponds to the first half of 2017. The constant marginal costs for the initial 
investment and LSA scenario are higher than the average total cost, resulting 
to the average cost increase (diseconomies of scale). On the contrary, the 
MIMO scenario possesses a lower constant marginal cost than average cost 

                                                             
31 At the MIMO’s maximum traffic growth level i.e., 2.3, the investment cost for LSA is €29.3 million. 



Results 

76 

(economies of scale). It is derived that the MCLSA > MCMIMO over the additional 
traffic. The marginal cost (cost of producing one more GB) for LSA scenario is 
MCLSA = 0.27 €, whereas for the MIMO scenario MCMIMO = 0.166 € (ATCLSA = 
0.212 €/GB and ATCMIMO=0.19 €/GB). The MIMO scenario is more cost-
efficient than the LSA scenario (the marginal cost is higher in the LSA 
scenario).  

4.3.3 Public local area networks 

Based on the cost model for public local area networks in Helsinki 
Metropolitan Area, Figure 21 depicts the costs, revenues and profits for two 
VNCs: the one is driven by a MNO, and the other by a SAP.  

 

Figure 21. Discounted cash flows comparison between mobile network operator (top) and 
service application provider (bottom) in public local area networks (publication I). 
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The results in discounted cash flows analysis concern the “exclusive single 
access point in the venues” deployment scenario for the local area providers. 
The revenue requirements, that give NPV=0 for the MNO, result to positive 
NPV for the SAP. The assumptions for larger market share for a SAP and 
bigger initial investments from the venue owner lead to larger profits for a 
SAP. Therefore, a SAP is more profitable than a MNO. The indoor small cell 
deployments enable the development of new local services and new revenue 
sources, giving opportunities to other companies to enter the market. 
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5. Discussion and conclusions 

5.1 Summary of results 

According to the results from the developed revenue model (publication V), 
the total revenues from mobile broadband services with flat-rate pricing 
continue to increase (1.6-fold growth), but not as fast as the traffic increases 
(3.2-fold growth) for the period between 2015 and 2020. The LTE network 
coverage and capacity expansion causes a twofold decline in the market price 
of mobile broadband traffic unit (e.g., GB per month) for the same period. 
Consequently, for the same marginal cost of traffic unit, the profit margin 
shrinks over the next years. Thus, in an unregulated market with high price 
competition, the MNOs must decrease their marginal cost to be always equal 
to or less than the market price32 (i.e., the marginal cost is the minimum price 
the MNOs could charge for mobile broadband traffic unit). The cost reduction 
is an important action to keep the profitability without radical strategical 
changes (e.g., change in pricing policy). Therefore, MNOs can keep a flat-rate 
pricing policy as far as the marginal cost remains below the market price (i.e., 
profitable mobile broadband). Based on the combined results from the 
developed revenue model and cost model for nationwide macro network 
enhancements (publication IV), a Finnish MNO can be profitable offering a 
mobile broadband service with flat-rate pricing. In particular, the marginal 
cost in LTE-Advanced network is €0.286 and the market price of mobile 
broadband traffic is 1.06 €/GB, giving a profit margin of 0.774 €/GB in 2016. 
In other words, the marginal cost which allows the Finnish MNOs to keep a 
flat-rate pricing policy is less than or equal to €1.06 for an additional GB in 
2016 (€0.1-0.2 in 2010, Blennerud, 2010). The flat-rate will dominate in 
Finnish mobile broadband market until the market price of mobile broadband 
traffic drops at the level of €0.286 (even after 2020 where the forecasted price 
is €0.63, according to model results in Table 8). 

According to the results from the developed cost model for energy 
consumption of macro network enhancements in the short-run (publication 
IV), the most energy is consumed when the network does not transmit user 
data traffic (very high fixed energy consumption). It’s also noted that the user 
data traffic does not increase the energy consumption significantly (very low 

                                                             
32 In oligopoly the least cost-efficient mobile network operator (higher marginal cost) probably drives the 
market price, increasing the profitability to its competitors with lower marginal cost. 
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variable energy consumption). Two main factors cause this behavior: (i) the 
low energy efficiency of the electronic components inside the radio equipment 
and (ii) the low average load factor of a site. Indeed, the energy consumption is 
largely independent of traffic, and significant amount of energy can be saved 
by improving base stations at low load (Auer et al., 2011). Furthermore, 
according to the results from the developed cost model for the energy 
consumption of macro network enhancements in the long-run (publication 
IV), the energy consumption and efficiency can be improved. For example, the 
nationwide LTE network evolution can reduce the energy consumption by 
5.9% (2.6 GWh/year energy savings) at the end of the model period, i.e., for 
3.2-fold growth in traffic compared to the traffic level in 2013. Indeed, the site 
co-location and better energy-efficiency in radio equipment result in energy 
consumption reduction (around 5% in Zeller et al., 2010). Also, the energy 
efficiency is improved, since the carbon footprint of mobile data traffic unit 
(e.g., kgCO2/GB) is declining by 71.4% for the same period.  

Additionally, according to the results from the developed cost model for 
energy consumption of mobile network offloading in the long-run (publication 
III), the small cell network deployments cause a 35% reduction in the energy 
consumption of a macro network which provides 100Mbps single-subscription 
download data rate and covers almost all citizens (99.6% of population). The 
urban regional networks are the most energy-consuming because of the larger 
number of network equipment. The results from the developed cost model for 
the long-run energy consumption of mobile network offloading in dense urban 
regions, such as Helsinki Metropolitan Area (publication II), show that a joint 
macro-femtocell network consumes roughly 50% less energy than an only 
macro network. In other words, the small cell network deployments in dense 
urban regions can cause an 8-fold reduction in the energy consumption of the 
macro network. Also, inside the joint macro-femtocell network, the energy 
consumption of femtocell network is 3.25-fold higher than that of macro 
network. The sensitivity analysis reveals that the potential minimum energy 
consumption of an only macro network is always higher than the potential 
maximum energy consumption of the macro network of a joint macro-
femtocell network. Therefore, small cells, such as femtocells, are beneficial for 
indoor solutions, since the traffic offloading can reduce the energy 
consumption of macro network (Zeller et al., 2010; Fehske, Richter, & 
Fettweis, 2009).  

According to the results from the developed cost model in the short-run 
(publication IV), energy is the only variable cost and determines the total 
(operating) cost curve behavior. Also, the cost per traffic unit decreases as the 
traffic increases. Thus, the radio access network operates more efficiently at its 
capacity limit, where the average cost is at its minimum level. Indeed, the cost 
structure of a radio access network is characterized by high sunk, fixed costs 
and low variable costs (Haucap, 2003). Furthermore, according to the results 
from the developed cost model for nationwide macro network enhancements 
with LTE-Advanced in the long-run (publication IV), the cost per mobile data 
traffic unit continues to decline due to economies of scale.  Although the LTE-
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Advanced is not the most cost-efficient network deployment scenario, it 
provides higher capacity. Thus, the Finnish MNOs might find this more 
attractive deployment solution than the solution with lower cost per traffic 
unit but lower capacity capabilities (Johansson, Zander, & Furuskar, 2007b). 
In addition, the operating costs between the short and long-run do not differ 
significantly showing only a small decrease. The total energy cost constitutes a 
small but remarkable share (6 - 7%) of total macro network operating cost 
during the modeling period.  

In contrast to LTE-Advanced, the long-run average total cost of data traffic is 
rising with increasing network capacity (diseconomies of scale) for nationwide 
urban macro network enhancements with Licensed Shared Access (publication 
VI).  The MNOs would not prefer such deployment solution. 

Finally, according to the results from the cost model for public local area 
networks (publication I), other companies such as service application 
providers are more motivated than MNOs to deploy indoor small cell for local 
area access provisioning in public places. However, MNOs could offer local 
area solutions complementing their wide area networks for better integrated 
network performance. Thus, MNOs are likely to try to keep the competition 
low by bundling local area and wide area access, as well as content and 
location services to create entry barriers for other companies. 

In order for the Finnish MNOs to meet the requirements from the 
broadband and energy policies, they should invest more intensively in network 
coverage and capacity expansion with better energy efficiency. According to 
the results from the developed cost model for nationwide macro network 
enhancements with LTE-Advanced (publication IV), market forces which 
determine the minimum speed of investments (i.e., the network expansion 
investments have to handle at least the traffic growth) cannot meet the 
broadband and energy policy targets. In particular, (i) coverage obligation: one 
example is that the target of 95% coverage population for a network with 
advanced technologies by the end of 2016 is not reached (the results show 
around 84%). (ii) National and European broadband plans: the coverage target 
of 100Mbps internet connectivity to 99% of population is not reached by 2015 
(the results show less than 60% by 2015), whereas the European target of 30 
Mbps by 2020 33  seems to be feasible (the results show 84% population 
coverage already at the end of 2016). And (iii) the European Union’s 
recommendation for energy reduction in ICT industry: the target of 20% 
energy reduction of radio access networks is not reached (the results show 
reduction around 5%, having very small direct impact to country’s electricity 
consumption).  

However, the required targets for wider coverage and higher capacity, as well 
as lower energy consumption (as determined by the policy makers) could be 
reached with additional investments (i.e., more investments than the market 
requests) and policy actions. In particular, (i) coverage obligation: for 
example, the target of 95% coverage population by the end of 2016 could be 

                                                             
33 The target of at least 50% of households subscribing to internet connections above 100 Mbps by 2020 
was not investigated. 
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reached with additional investments in suburban and rural areas, (the results 
show the need for a 1.8-fold increase in investments for suburban regions and 
1.45-fold for rural regions, publication IV). (ii) National and European 
broadband plans: the coverage target of 100Mbps internet connectivity to 99% 
of population could be reached by 2015, for example, with faster coverage 
obligations and faster new low spectrum allocation. And (iii) European 
Union’s recommendation for energy reduction in ICT industry: the target of 
20% energy reduction of radio access networks could be reached with small 
cells network deployments in urban regions (the results show reduction 
around 35%, publication III). 

5.2 Contributions 

The overall contribution of the dissertation is the combination of 
telecommunications engineering and economics to examine multidimensional 
problems in radio access network evolution: (i) the uncertainty of mobile 
broadband revenues, (ii) the high cost, and (iii) the increasing energy 
consumption. The techno-economic modeling of radio access network 
evolution is researched using the fundamental concepts of economics: demand 
and supply (of mobile data traffic, i.e. network capacity). Thus, the dissertation 
adds in three main research topics: (i) mobile broadband revenue forecasting, 
(ii) cost of radio access networks, and (iii) energy consumption of radio access 
networks. Many other aspects are studied and brought together in the context 
of techno-economics of radio access networks: price, spectrum, network 
coverage and capacity, governmental intervention. The results provide 
essential information for decision making in radio access network evolution. 

Particularly, the major contribution is twofold: (i) improvements in revenue 
(demand-side) and cost (supply-side) modeling as part of techno-economic 
modeling, and (ii) the application of the developed models to the Finnish 
mobile broadband market. The former is referred to and answers the first 
research question, whereas the latter is referred to and answers the second 
research question (the contributions are summarized in Table 9): 

 
RQ1: “How can the demand side, especially mobile broadband revenues, and 

the supply side, especially energy consumption, be quantified more accurately 
as part of techno-economic modeling of radio access network evolution?” 

 
The dissertation contributes to techno-economic modeling by extending the 

development of revenue and cost models. It contains new ideas on how to 
model more accurately mobile broadband revenues and radio access network 
costs, especially in energy consumption. The developed models are not 
sufficiently integrated into the baseline of techno-economic modeling by 
earlier research and therefore fill a void in existing knowledge base and 
existing literature.  

In the revenue model, improvements are carried out with the empirical 
estimation of demand for mobile broadband traffic. After identifying and 
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observing the factors that influence the demand, a demand function is formed 
to quantify the future market price of mobile broadband traffic unit (e.g., GB 
per month) as a function of the market quantity and broadband network 
population coverage. A regression analysis for forecasting the market quantity 
of mobile broadband traffic and broadband network population coverage is 
included in the model. Thus, the mobile broadband market price and quantity, 
and therefore, revenue are forecasted more accurately.  

Table 9. Summary of contributions to techno-economic modeling of radio access networks in the 
Finnish mobile broadband market for the period 2015-2020. 

Modeling Research 
topics 

Improvements in revenue and 
cost modeling Application of the developed models 

Revenue 
model 

Mobile 
broadband 

revenue 
forecasting 

Empirical estimation of demand 
for mobile broadband traffic as 
part of revenue modeling 
quantifies more accurately the 
future market price and quantity 
and therefore the revenues. 

Quantifying the revenues: The mobile 
broadband revenues increase but not as 
fast as the traffic increases. 

Profitability and pricing:  

The macro network enhancements 
cause the cost and price per traffic unit 
to drop.  
The Finnish MNOs are profitable by 

offering mobile broadband with flat-rate. 
The flat-rate will dominate also beyond 

2020. 

Cost 
model 

RAN cost 

Calculation of RAN costs: The 
derivation of cost curves 
provides more accurate 
information about RAN cost, 
showing the cost at any data 
traffic level (total, average and 
marginal costs in the short-run, 
and investment, operating, 
average and marginal costs in 
the long-run). 

Evaluation of RAN investments: 
besides the discounted cash 
flows, the marginal cost analysis 
is used to identify the cost-
efficient RAN deployment. 

Quantifying the costs, especially energy 
consumption:  

Macro network enhancements can 
provide the required wider coverage, 
higher capacity, lower cost and lower 
energy consumption.  
The share of energy cost in operating 

costs remains almost at the same level 
for macro network enhancements.  

Broadband and energy policies:  

The investments are driven by the 
market (traffic growth) in urban regions, 
and by the regulator (coverage 
obligations) in suburban and rural 
regions.  
Faster coverage obligations and 

additional low spectrum allocation could 
contribute to the success of national 
broadband plan. 
Small cell deployments can meet the 

requirement of lower energy 
consumption.  

RAN energy 
consumption 

Integration of energy 
consumption into the cost model 
for individual base stations and 
radio access networks (outdoor 
and indoor). 

 
In the cost model, improvements are carried out in the calculation of radio 

access network costs and the evaluation of network expansion investments. A 
distinction is made between the short-run (existing network infrastructure) 
and the long-run (network expansion investments). The improvements in the 
calculation of radio access network costs concern the derivation of cost curves, 
showing the cost at any data traffic level in short- and long-run. In the short-
run, the fixed and variable costs are identified and the curves of the operating 
cost, as well as average and marginal costs are obtained. In the long-run the 
curves of the investment and operating costs, as well as the average and 
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marginal costs are derived. The improvements in the evaluation of network 
expansion investments concern the method of comparing the future radio 
access network deployment scenarios. Besides the discounted cash flow 
analysis method, the cost model relies on the cost curves, such as marginal 
cost curve, to identify the most cost-efficient deployment.  

In addition, the cost model is extended with the integration of a thorough 
energy consumption analysis. The energy consumption is estimated for an 
individual base station and several radio access network deployment 
scenarios. In the short-run, the energy is identified as mixed cost factor that 
contains both fixed and variable components. The variable part of energy 
determines the slope of the total (operating) cost curve. In the long-run, the 
evolution of the total energy consumption (and its cost) is tracked to compare 
several radio access network deployment scenarios. 

Finally, the most important outputs (market price and marginal cost) from 
the revenue and cost models provide information about the profitability in 
mobile broadband market. On the one hand, the developed revenue model, 
which follows a top-down approach, results in the future market price of 
mobile broadband traffic, using the knowledge about the past market 
conditions to improve the perception of what is happening empirically in the 
reality and. On the other hand, the developed cost model, which follows a 
bottom-up approach, results in the marginal cost of mobile broadband traffic 
synthesizing components related to radio access networks34. 

 
RQ2: “How can Finnish mobile network operators develop their radio access 

networks to provide the required wider coverage, higher capacity, lower cost, 
and lower energy consumption?” 

 
The dissertation contributes by applying the developed and improved 

techno-economic revenue and cost models to new technical and industry 
architectures in the Finnish mobile broadband market for the period 2015-
2020. It contains new findings on how Finnish mobile network operators can 
develop their radio access networks to provide the required wider coverage, 
higher capacity, lower cost, and lower energy consumption, while taking also 
into account the requirements from broadband and energy policies.  

Firstly, the revenue model is applied to the Finnish mobile broadband 
market to forecast the market prices and quantities of mobile broadband 
traffic. Also, the evolution of revenues from mobile broadband service with 
flat-rate and its analysis give an overall figure about the pricing strategy. 
Secondly, the cost model is applied to several network deployment scenarios to 
estimate and compare their cost as well as energy consumption based on three 
different goals: (i) to achieve a specific future target, (ii) to handle a specified 
mobile data traffic growth, and (iii) to handle any mobile data traffic growth. A 
large variety of network deployment scenarios are investigated, including 
macro network enhancements (LTE, LTE-Advanced, HSPA+), small cells and 
heterogeneous networks (LTE femtocell for mobile network offloading, 
                                                             

34 The synthesis of complex industry architecture is facilitated by the value network configuration method.  
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LTE/WiFi for public local area access networks), as well as spectrum sharing 
(LSA), in different regions (nationwide and regional) and serving areas (indoor 
and outdoor). Finally, both the revenue and cost models provide information 
about the profitability in mobile broadband market with nationwide macro 
networks. 

In conclusion, the macro network evolution provides the technical solution 
to meet the requirements of wider coverage, higher capacity, lower cost and 
lower energy consumption in Finland for the period 2015-2020. The macro 
network enhancements have to take place on the existing site infrastructure in 
three main ways: (i) more efficient use of available licensed spectrum (i.e., 
refarming, LTE Carrier Aggregation, HSPA Multicarrier), (ii) additional 
spectrum (e.g., unused allocated spectrum, new auctions), and (iii) better 
spectral-efficient technologies (e.g. antenna enhancements with downlink 
four-branch MIMO). A commercial Licensed Shared Access (LSA) network at 
2300 MHz (and later at 1400 MHz) is likely to be deployed in regions with 
higher mobile data traffic growth, after the macro network enhancements with 
four-branch MIMO and when new dedicated spectrum is not available. The 
small cells are not going to be widely deployed during the period 2015-2020. 
There is no market need for excessive indoor small cell deployments, provided 
that the macro network evolution can handle this growth. Thus, the macro 
base stations continue to serve the indoor traffic, in association with few small 
cells, as today. Also, the Finnish mobile network operators can reduce the 
energy consumption of macro networks with the improved energy efficiency of 
new equipment and the replacement of legacy equipment. However, the share 
of energy cost in operating costs remains at the same level. Finally, regarding 
the requirements for cost reduction in radio access networks (as mainly 
determined by the market and competition), the Finnish mobile network 
operators are able to develop more efficient macro radio access network 
leading to lower cost and therefore price per traffic unit. Based on such macro 
network evolution, the Finnish mobile network operators can profitably offer 
mobile broadband service with flat-rate. The mobile broadband revenues 
increase for the study period 2015-2020, and the flat-rate will dominate also 
beyond 2020 in Finland. 

The aforementioned macro network enhancements can meet the required 
wider coverage and higher capacity as determined by market forces with 
minimum speed of investments (i.e., network expansion investments to handle 
the traffic growth). However, much wider coverage and higher capacity, as well 
as lower energy consumption are required by government intervention. Some 
of these policies are obligations (e.g., license coverage obligation) and others 
are directive or recommendation (e.g., national and European broadband 
plans, European Union’s recommendation for energy reduction in ICT 
industry). The macro network enhancements could meet these requirements 
with more intensive investments than the market requests. In particular, (i) 
coverage obligation: Finnish mobile network operators are obliged to invest 
more in suburban and rural regions to meet the targets for coverage and 
capacity. Therefore, the speed of investments is driven by the traffic growth in 
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urban regions (minimum speed of investments), whereas in suburban and 
rural regions it is driven by the regulator’s intervention. (ii) National and 
European broadband plans: Finnish mobile network operators are not obliged 
for intensive investments to meet such ambitious coverage and capacity 
requirements and therefore the goals are not achieved. Nevertheless, the 
macro network enhancements could contribute to the success of national 
broadband plan with faster coverage obligations and additional low spectrum 
allocation. And (iii) the European Union’s recommendation for energy 
reduction in ICT industry: the small cell deployments could reduce more the 
energy consumption so as to reach this requirement, however the reduction of 
energy consumption is not a strong driver towards small cell network 
deployments before 2020. In overall, compared to the country’s level of 
electricity consumption, the direct energy savings from radio access networks 
are low but important. 

5.3 Limitations 

The research has several limitations. First of all, the quantitative results are 
based on models which are simplifications, and never an accurate 
representation of the reality. The main limitation is the lack of detailed 
historical data about the parameter values used as inputs to the models. More 
specifically, the Publication V about empirical (statistical) estimation of 
demand is limited by the lack of historical data. This method requires a large 
amount of accurate data. However, the presented demand model uses less data 
and omits many variables because the mobile broadband market evolves 
rapidly and is far from mature (Dunn & Clark, 2009). In addition, some input 
parameters are confidential to operators and therefore just approximated. 
Another general limitation is the time frame. The dissertation covers only the 
near future, giving only a relatively short-term view for the radio access 
network evolution. Macroeconomic parameters are also ignored; investments 
are adjusted accordingly if the macroeconomic environment changes in a way 
that might influence the demand of mobile broadband traffic. Furthermore, 
the competition is not included in the developed models to explain how a 
mobile network operator would respond to other operator’s strategy. Finally, 
the dissertation is a compilation of publications written during a long period of 
doctoral studies. Several network scenarios are studied in different points in 
time, which makes it challenging to present an aggregated techno-economic 
model. 

5.4 Future research 

Addressing some of the aforementioned limitations comprise a first group of 
future research suggestions. First of all, the radio access network evolution 
needs to be investigated also in a longer-term perspective. To this end, firstly, 
the studied deployment scenarios, especially small cells, need to be updated, 
and secondly, new deployment scenarios need to be analyzed (e.g. coordinated 
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multipoint [eCOMP] and baseband pooling for outdoor small cell 
deployments, indoor cognitive radio access networks, LTE-Advanced Pro, 5G 
technologies). Also, topics that are not specific to radio technologies need to be 
studied (e.g., traffic management, dynamic pricing). Moreover, extend in 
research is needed to include competition in the modeling. This can be 
achieved through multi-operator techno-economics using game theory or 
system dynamics or both. For example, such a model can investigate the 
outcome of a two-player (mobile network operators) game with three 
strategies: (i) deploy indoor small cell network with open access (serve all 
mobile users), (ii) deploy indoor small cell network with close access (serve 
only own mobile users), (iii) enhance outdoor macro network. This game could 
give answers on how the indoor traffic is going to be served or how a mobile 
network operator benefits from “offloading” a competitor’s macro network. 
Other future research suggestion is the performance of a similar research for 
other countries, based on the same models. Such research could also analyze 
the difference of telecommunications histories between Finland and other 
countries and explain what makes Finland a leading country in mobile 
technologies and services. Another qualitative future research could include 
the interview method with experts from industry and academia. Such research 
could probably provide useful qualitative information such as opinions and 
intentions about the future commercial radio access networks. Finally, 
regarding energy consumption of radio access networks, an interesting future 
research suggestion is the impact of infrastructure sharing on network energy 
consumption. And finally, the modeling power consumption as a function of 
time could show more accurately where, when and how energy is consumed.  
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