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Abstract 

Mobile penetration rates have already exceeded 100% in many countries. Nowadays, 

mobile phones are part of our daily lives not only for voice or short text messages but for a 

plethora of multimedia services they provide via their internet connection. Thus, mobile 

broadband has become the main driver for the evolution of mobile networks and it is 

estimated that until 2018 the mobile broadband traffic will exceed the level of 15 exabytes. 

This estimation is a threat to the current mobile networks which have to significantly improve 

their capacity performance. Furthermore, another important aspect is the fact that 80% of the 

mobile broadband demand comes from indoor environments which add to the signal 

propagation the burden of building penetration loss. Keeping these facts in mind, there are 

many potential solutions that can solve the problem of the increasing indoor mobile 

broadband demand. In general, there are two approaches; improve the existing macro-cellular 

networks by for example enhancing them with carrier aggregation or enter the buildings and 

deploy small cell solutions such as femtocells or WiFi APs. 

Both the academia and the industry have already shown interest in these two approaches 

demonstrating the importance of the problem. Various research papers and reports have been 

produced describing the technologies and presenting their capability to satisfy the perpetual 

increase in mobile broadband demand. However, according to the best of our knowledge, no 

research has been done so far that compares the two different approaches with a techno-

economic perspective. 

Hence, the contribution of this thesis project is a holistic techno-economic study of the two 

approaches (macrocells with carrier aggregation and small cells) to encounter the tremendous 

growth of indoor mobile broadband demand. In order to achieve this goal, an indoor 

deployment scenario is presented and the different indoor and outdoor solutions are applied 

and studied in terms of radio performance (capacity) as well as total cost of ownership. The 

final result of the project is a comparison of the two approaches as well as a proposed strategy 

to deal with the problem. The result will help network operators to plan the evolution of their 

networks, vendors to focus their production as well as regulatory bodies to set the rules and 

supervise operators’ deployments. 

The simulations have shown that all the examined technologies are capable of supporting 

the mobile broadband demand of the studied scenario but macrocells enhanced with carrier 

aggregation is the most cost effective solution. However, if the requirements for guaranteed 

data rate and thus the QoS provided increase then eventually MNOs will have to abandon 

outdoor solutions and extend their infrastructure inside the buildings where the mobile data 

traffic is mainly generated. 

 

 

 

Keywords: Mobile broadband, indoor environment, femtocells, WiFi APs, carrier 

aggregation, capacity. 
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Sammanfattning 

Graden av mobilpenetration har redan nått över 100% i många länder. Nuförtiden är 

mobiltelefoner en del av vårt dagliga liv inte bara för röstsamtal eller korta textmeddelanden 

men också för en lång rad multimediatjänster som de tillhandahåller via sin 

Internetuppkoppling. På grund av detta har mobilt bredband blivit den huvudsakliga 

drivkraften för utvecklingen av mobila nätverk och det uppskattas att fram till 2018 kommer 

den mobila bredbandstrafiken överstiga 15 exabyte. Denna uppskattning är ett hot mot de 

nuvarande mobila nätverken som måste öka sin kapacitet avsevärt. Utöver det är en annan 

viktig aspekt det faktum att 80% av efterfrågan på mobilt bredband kommer från 

inomhusmiljöer vilket ger spridningen av radiosignaler problem med minskad 

penetrationsförmåga orsakad av byggnaden. Med hänsyn till dessa faktorer finns det många 

potentiella lösningar som kan åtgärda problemet med den ökande efterfrågan på bredband i 

inomhusmiljöer. Generellt sett finns två tillvägagångssätt; förbättra de existerande makrocells-

baserade nätverken exempelvis genom att förstärka dem med carrier aggregation alternativt att 

i byggnader installera lösningar baserade på små celler som femtoceller eller WiFi-

accesspunkter. 

Både den akademiska världen och industrin har redan visat intresse för dessa två 

tillvägagångssätt vilket visar att detta är ett viktigt problem. Ett antal forskningsartiklar och 

rapporter har producerats vilka beskriver teknologierna och deras förmåga att tillfredställa den 

ständigt ökande efterfrågan på mobilt bredband. Med det sagt, enligt vår kunskap i dagsläget 

har dock ingen forskning hittills utförts som jämför dessa två tillvägagångssätt från ett 

teknoekonomiskt perspektiv. 

Följaktligen är det bidrag denna uppsats ger en holistisk teknoekonomisk studie av de två 

metoderna (makroceller med carrier aggregation och lösningar baserade på små celler) för att 

möta den mycket stora ökningen av efterfrågan på mobilt bredband inomhus. För att uppnå 

detta mål presenteras ett scenario med installation i inomhusmiljö och de olika lösningarna för 

inomhus- och utomhusmiljöer appliceras och studeras med hänsyn till radioprestanda 

(kapacitet) och även total ägandekostnad. Projektets slutgiltiga resultat är en jämförelse 

mellan de två metoderna och ett förslag på en strategi som kommer hjälpa nätverksoperatörer 

att planera utvecklingen av sina nätverk, leverantörer att fokusera sin tillverkning och 

tillsynsmyndigheter att upprätta regler samt övervaka att dessa efterföljs. 

Simuleringarna har visat att alla de granskade teknikerna klarar av att uppfylla efterfrågan 

på mobilt bredband i de studerade scenariona men att makroceller med carrier aggregation är 

den mest kostnadseffektiva lösningen. Men om kraven på garanterad datahastighet, och med 

det den QoS som tillhandahålls, ökar så kommer MNOs till slut att behöva överge 

utomhuslösningar och utöka deras infrastruktur inuti byggnader där den mobila datatrafiken i 

huvudsak genereras. 

Nyckelord: mobilt bredband, inomhusmiljö, femotceller, WiFi APs, carrier aggregation, 

kapacitet. 
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1 Introduction 

1.1 Background 

The past 30 years we have been witnesses of a rapid growth in mobile technologies. Since 

the early 1990’s when the Global System for Mobile Communications (GSM) was introduced, 

mobile communication services have gradually become an important component of our daily 

lives. Penetration rates have already exceeded 100% in almost all the western world and it is 

forecasted that by 2020 also the global penetration rate will reach that level [1] [2]. The 

current trend and driver to the further evolution of mobile networks is mobile broadband. 

According to Chetan Sharma, on 2009 the global monthly data traffic exceeded the global 

voice traffic [3] [4]. The introduction of the  Universal Mobile Telecommunications System 

(UMTS) and Long Term Evolution (LTE) networks as well as the launch of powerful 

handheld devices (i.e. smartphones, tablets) have resulted in an enormous increase in the 

volume of data traffic consumed. Additionally, the use of wireless broadband for laptop 

computers via dongle connections as a complement or substitution to the wired broadband and 

the flat-rate pricing policies contributes significantly to this increase.  

 
 

Figure 1.1: Cisco and Ericsson forecast a 10-fold increase of Mobile Data Traffic. 

 Projecting into the future, the Telecommunications industry has forecasted a rapid increase 

in both the number of mobile subscribers and the demand for mobile broadband which leads 

to a tremendous increase of mobile broadband traffic. Specifically, Cisco estimates that global 

mobile data traffic reached 1.5 exabytes per month at the end of 2013 increased by 81% from 

the previous year [5]. The same research paper comes in agreement with Ericsson’s mobility 

report and forecasts, as can be seen from Figure 1.1, that by 2018 there will be a 10 fold 

increase in the total mobile data traffic volume which will exceed the level of 15 exabytes per 

month [2]. This enormous increase is caused by bandwidth consuming services such as video 

streaming, video conferencing and possibly in the near future live gaming and augmented 

reality. Additionally, Ericsson puts in the big picture also the internet of things and envisions 

that by 2020 there will be 50 billion connected devices following the idea that “Everything 

that benefits from a network connection will have one” [6].  
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Furthermore, another important factor is the origin of data traffic. Analysys Mason 

estimates that 74% of the mobile data traffic will originate from indoor environments by 2015 

for the developed regions [7]. Nokia Siemens Networks is more optimistic and estimates that 

already more than 80% of data traffic is generated indoors with the trend, as it can be seen 

from Figure 1.2, going upwards [8]. This trend can be explained by the fact that data-hungry 

applications such as video and file sharing are not used on the move. Hence, it is important to 

keep in mind that the mobile broadband demand moves indoors which applies to the signal 

the burden of building penetration loss.  

 

Figure 1.2: Indoor data traffic growth over the years 

Many mobile operators have foreseen that future growth in mobile broadband demand will 

be a problem that their networks have to deal with in the near future or in some cases they are 

dealing with it now. In order to successfully overcome the problem and in parallel preserve 

the required coverage, capacity and Quality of Service (QoS) but on the other hand maintain a 

reasonable return of investment (ROI), various potential solutions have been proposed. Some 

of them are listed below: 

 Acquire more spectrum from the regulatory authorities 

 Increase the number of macrocells / small cells and reduce their coverage area 

 Deploy more data oriented networks (e.g. LTE-Advanced) 

 Invest in indoor licensed-spectrum technology (e.g. femtocells, DAS) for offloading 

 Invest in unlicensed-spectrum technology (e.g. WiFi) for offloading 

 Invest in carrier aggregation technology 

The above mentioned approaches have different impact on the deployment costs (e.g cost 

of hardware, building costs) as well as on operation costs (e.g power consumption, leasing 

backhaul lines). In the rest of this section, some of the approaches above that address the 

problem of the rapid increase in mobile broadband demand are briefly described.  

Spectrum acquisition 

Spectrum is a finite resource that is regulated by authorities such as the International 

Telecommunication Union (ITU-R) and the Swedish Post and Telecom Authority (PTS) [9], 
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[10]. The spectrum is divided into two main categories: licensed which is acquired from a 

local regulatory authority and unlicensed the utilization of which is free. In order to acquire 

new spectrum resources for providing wireless services:  

 The regulatory authorities may allocate unused frequency bands and distribute it via 

auctions according to laws and procedures of the area that the authority is responsible 

for. 

 Utilize more efficiently the spectrum allocated for other technologies (i.e. TV white 

spaces). 

 Utilize more efficiently the already allocated spectrum by, for instance, investing on 

carrier aggregation technology 

According to Shannon’s formula below, the theoretical upper limit of the channel’s 

capacity is proportional to the available amount of spectrum [11]. Thus, increasing the 

available spectrum we increase the capacity of our system and the maximum rates it can 

achieve. 

2log 1
S

C W
N I

 
  

 
 (1) 

 

Where C is the channel’s capacity, W is the bandwidth of the spectrum, S is the signal 

strength, N the power of noise and I is the interference power. 

Network densification 

When the available spectrum is not enough for the area that the operator wants to cover 

with communication services then one solution is to densify the network. This can be achieve 

by either increasing the number of base stations and in parallel reduce their corresponding 

coverage range or by increasing the number of sectors. In both the two cases the available 

spectrum is utilized for a smaller area and thus it is shared between a smaller number of users. 

Spectrum efficient technologies 

Spectral efficiency is defined as the information rate that can be transmitted over a given 

bandwidth for a specific system (unit: bps per Hz) [12]. As the research in the Radio Access 

Technologies (RAT) advances, new technologies are introduced that achieve improved 

spectrum efficiency. For example, High Speed Packet Access (HSPA), an extension to 

UMTS, achieves spectral efficiency of 0.67 bps per Hz whereas future releases of LTE 

achieve an average of 1.67 bps per Hz. This increase results in improved performance and 

thus improved capacity [13]. 

Data offloading 

Data offloading is a technique to deliver data that are originally targeted to cellular 

networks by most of the times utilizing the fixed infrastructure of the area where it is used. 

The technologies that perform data offloading are used to complement the existing cellular 



4 

infrastructure where there is no coverage or the capacity is poor. Some examples of such 

technologies are WiFi Access Points (APs), Distributed Antenna Systems (DAS) and 

femtocells [14]. Data offloading is a “win-win” situation since the user benefits from data 

service cost control and higher bandwidth whereas the operator can ease the network’s 

congestion and for indoor environments overcome the building penetration loss. 

Carrier aggregation 

Carrier aggregation or spectrum aggregation is another approach that increases the capacity 

of a communication system by combining discrete contiguous or non-contiguous narrow 

bands [15]. In this way, a virtual wideband channel is created that is able to provide high 

transmission broadband rates. Future mobile systems, such as LTE-Advanced (Release 10) 

and IEEE 802.16m (WiMAX), have been standardized to support carrier aggregation in order 

to achieve high data rates as required by ITU-R for the IMT-A standards [16]. This 

technology is able to provide mobile networks with the required bandwidth to support the 

requirements of the future demand by increasing the network’s RAT capabilities and thus 

improve the offered capacity. 

1.2 Related work and research gap 

The perpetual increase in mobile broadband demand has become a driver for research in 

both the academia and the industry. Many technologies or techniques have been proposed that 

address potential solutions to the problem. These technologies have different approaches and 

thus different performance in terms of coverage, capacity and Total Cost of Ownership 

(TCO). In this section various research papers will be briefly presented and the research gap 

of the thesis will be addressed. 

As discussed in the paper [17], spectrum plays a crucial role in the capacity of a network. 

Actually, the authors show that capacity is proportional to the available spectrum. However, 

the available spectrum is most likely to be fragmented into narrow bands of 5 MHz. The 

solution to the spectrum’s fragmentation problem is carrier aggregation which is also 

recommended by regulatory authorities such as the British Ofcom [18]. This technique is 

introduced in many future mobile wireless networks with the most popular representatives 

being LTE-Advanced [19] and WiMAX [20]. Furthermore, there are EU-funded consortiums 

that investigate the carrier aggregation techniques such as SAMURAI [21]. There are also 

many other research papers that investigate carrier aggregation mainly from a technical 

perspective. The conference paper [22] provides an overview of the carrier aggregation 

technology whereas [23] and [24] describe different deployment techniques along with some 

technical challenges of the technologies. Moreover, there are also papers reporting the results 

of simulations such as [25] which demonstrates how carrier aggregation technology can 

enhance the throughput, fairness and performance of a LTE-advanced network and [26] which 

presents the impact of carrier aggregation in heterogeneous cellular networks . Finally, in [27] 

the authors perform an interesting investigation of the economic impact of carrier aggregation 

technology on wireless broadband network deployments including impacts on capacity, 

coverage and equipment as well as they discuss its effect on the spectrum’s value.  
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Another approach is to reduce the cell size [28] and extend the fixed mobile network inside 

the buildings where as mentioned in previous sections the main volume of mobile broadband 

traffic originates from by deploying indoor small cells (picocells, DAS, femtocells or WiFi 

APs). A lot of research has been done in the field and many technical papers have been 

produced. The authors in the paper [29] discuss the major challenges and especially 

interference that come up when integrating macrocell and femtocell networks. Furthermore, 

there are many papers that compare different types of networks. From a technical point of 

view, [30] and [31] compare the performance of macrocell and femtocell networks. 

Additionally, Fujitsu performs a comparison of picocell and femtocell networks for indoor 

environments concluding that femtocells are generally a better candidate for high-capacity in-

building solutions [32]. Aptilo, with its report, introduces seamless WiFi offloading into the 

big picture which reduces significantly the required investments and the need for more 

licensed spectrum [33]. In this context, a comparison between WiFi and femtocell networks is 

performed in terms of architecture, operation and standards by the authors of the paper [34]. 

Finally, small cell deployment is extensively described from a techno-economic point of view 

by the authors of the papers [13], [35] for both the radio access network as well as the 

backhaul infrastructure.  

As it can be observed, there are potential solutions to overcome the mobile broadband 

demand problem. A lot of research has been done on this field but researchers mainly focus on 

one specific approach. However, according to the best of our knowledge, no research has be 

done so far that compares different approaches such as carrier aggregation on a macro-cellular 

network with indoor small cell deployment solutions (e.g. femtocells, WiFi) in order to satisfy 

the increasing indoor demand with a techno-economic approach. 

The motivation behind this choice is that these two approaches try to address the same 

problem from different perspectives, outdoor and indoor. Carrier aggregation technology can 

be applied on the existing mobile network infrastructure that operators might already have 

deployed and thus, with small investments, they can improve their network capacity, increase 

the achieved data rates and overcome spectrum limitations such as band fragmentation. 

However, it is not clear what the performance of carrier aggregation in indoor environments is 

and if it is able to support the future demand. On the other hand, another approach is to 

improve the quality of the services where it is actually needed and in the contexts of our 

problem this is inside the buildings. Femtocells and WiFi APs are the most promising 

candidates due to their low cost, low power consumption, short range and high capacity 

properties. Femtocells are closer to regular base stations of mobile networks since they utilize 

the same frequency bands, same protocols and in general from the user equipment perspective 

the differences are transparent. WiFi APs have their own benefits; user experience, unlicensed 

spectrum, high data rates, low cost and power consumption are some of them. Furthermore, 

femtocells and WiFi APs share the same backhaul IP infrastructure and they both require 

specific upgrades to the operator’s core network in order to be aggregated into it. Hence, it is 

considered interesting to compare these three technologies in terms of radio performance as 

well as TCO. 
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1.3 Contribution and research questions 

Homogeneous macrocells with carrier aggregation and indoor small cells are two 

promising approaches to encounter the addressed problem and satisfy the demand for indoor 

mobile broadband for the time period its growth is forecasted. Consequently, the goal and thus 

the contribution of this thesis project is a holistic techno-economic study of the two 

aforementioned approaches (macrocells with carrier aggregation and indoor small cells) for 

satisfying the estimated indoor mobile broadband demand. Specifically, an indoor deployment 

scenario of a greenfield enterprise area will be presented and then macrocells with carrier 

aggregation as well as small cells will be studied in terms of capacity and cost (CapEx/OpEx) 

for the increasing demand over a specific period of time (2015-2025). The final result of the 

study will be a comparison of the two approaches regarding their capacity and cost 

performance as well as the best potential strategy will be suggested for the corresponding 

indoor scenario. Figure 1.3 presents the technologies compared along with the core aspects of 

comparison.  

According to the discussion on the problem area and the research gap identified previously, 

the main research questions that this thesis project will try to answer are as follows: 

1. How can the cost effectiveness be estimated for different indoor small cell and outdoor 

macro-cellular solutions? 

2. How can the indoor mobile broadband demand be provisioned in a cost effective 

manner? 

 

 

 

 

 

 

 

 

  

 

Figure 1.3: Main components of the thesis project 

 

Capacity 

  TCO 

Enhanced             

Macrocells 

    WiFi Femtocells 



7 

1.4 Delimitations 

Apart from the suggested technologies, there are other options that could contribute in 

increasing the capacity of the studied scenario. Multi-RAT heterogeneous networks are the 

implementation of efficient joint radio resource management mechanisms through the 

coexistence of a variety of radio access technologies with different, but also complementary, 

technical characteristics and performance. Thus, the Multi-RAT heterogeneous networks 

achieve improved performance in terms of capacity, blocking probability, load balancing and 

interference management as well as provide improved utilization of fragmented licensed 

spectrum. However, in the scope of this thesis project we want to investigate and compare the 

performance of the deferent technologies that consist potential solutions to the problem in 

question. 

Another popular solution, especially for indoor environments, is the Distributed Antenna 

Systems (DAS). DAS is a network of spatially separated antennas that receive their waves 

from one central antenna covering with wireless services a geographic area or structure. This 

is also another promising option, but it is considered relatively complex since it is hard to 

design, deploy and maintain. It consists of many electronic components and requires 

dedicated network resources. Hence, we limit our research to femtocells and WiFi APs that 

are more flexible for indoor deployment. 

Finally, it should be noted that carrier aggregation is considered only for the macrocell 

base stations and not for the indoor femtocells. The reasoning behind this choice is that, due to 

the small range of femtocells, a small number of users share the spectrum resources of each 

femtocell device. Furthermore, the devices that are currently launched on the market do not 

support such a technique. Therefore, within the scope of this study carrier aggregation for 

femtocells is not considered. 

1.5 Structure of this thesis 

The current chapter was an introduction to the problem area of this thesis work by 

presenting the conducted literature review, the identification of the research gap, motivation 

and contribution. The rest of this thesis report is structured as follows: Chapter 2 presents the 

research methodology used for answering the research questions defined as well as some 

theoretical models that were utilized for performing the network dimensioning, capacity and 

cost analysis. Chapter 3 provides an overview of the examined networks by describing their 

functionality, advantages and disadvantages as well as some deployment challenges whereas 

Chapter 4 contains the capacity and cost analysis of the networks supported with results from 

the simulations. Subsequently, Chapter 5 provides a comparison of the addressed networks 

and the best deployment strategy for the corresponding scenario is suggested. Finally, Chapter 

6 concludes the thesis report by providing answers to the addressed research questions as well 

as it realizes some further work that could be done in the field. 
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2 Methodology and theoretical models 

This thesis project performs a cost-capacity study of an indoor scenario that is described in 

the following Section 2.1. Thus, the quantitative methodology is considered the most 

appropriate since the study depends on numerical data derived from simulations of the 

examined technologies. Input to the simulations is acquired from the literature study phase or 

is assumed in order to be close to reality. Furthermore, a bottom-up approach is utilized as the 

mobile broadband demand is the starting point of the research [36]. Hence, the network is 

dimensioned in order to support the increasing mobile broadband demand according to the 

available statistical data. The studied technologies are a LTE-Advanced macro-cellular 

network enhanced with carrier aggregation and two types of indoor small cells (femtocells and 

WiFi APs) that belong to the same operator.  

The thesis procedure follows the listed phases: 

 Literature study of the different technologies 

 Simulation of their capacity performance and network dimensioning 

 Cost evaluation of the technologies 

The first phase, the literature study, consists of studying and reviewing material in the field 

of the project such as white papers, conference presentations, articles, reports and other online 

documents. The purpose of the literature study is to learn the actors of the studied field, gain 

the required knowledge over the corresponding technologies and find numerical data that will 

be utilized in the next phase. The result of this phase is an overall understanding of the 

potential solutions to the problem of perpetually increasing demand for indoor mobile 

broadband. 

In the second phase, the studied technologies are simulated according to a specific indoor 

scenario. The simulation tool was developed for the scope of this thesis in Matlab by utilizing 

some of the functions provided by RUNE. The purpose of the simulation is to acquire 

numerical data that are used for dimensioning the network and understand what the required 

coverage-capacity characteristics are, what the limits of each technology are and how many 

access points are eventually required to provide the needed coverage and capacity.  

After acquiring the simulation data, cost analysis is performed in both Capital Expenditure 

(CapEx) and Operating Expenditure (OpEx) for all the studied technologies. The main result 

of this step is a TCO comparison between the different technologies taking into account its 

variation through the years (2015-2025) according to the users’ mobile broadband demand. 

Subsequently, the best technology for the corresponding scenario is pointed out. This will be 

helpful for the actors in the field to map their strategies for similar situations that might come 

up in the future. The process of the thesis project is graphically represented as a block diagram 

in Figure 2.1. 
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Figure 2.1: Block diagram of the thesis project 

2.1 Scenario description 

The scenario used for this thesis study is similar to the one in the paper [13]. Thus, it is 

assumed that a Mobile Network Operator (MNO) wants to provide mobile broadband services 

to a newly build office area of 1 km
2
 where there are 10 five-floor buildings with 1000 people 

each. As mentioned before, the technologies that will be compared in terms of indoor capacity 

and cost (CapEx and OpEx) are a macro-cellular network enhanced with carrier aggregation, 

an indoor femtocell network and an indoor WiFi hotspot network. The study will take into 

account the state of the art of these technologies, namely aggregation of up to five spectrum 

blocks for the macro-cellular network, femtocells with 16 concurrent users and 802.11ac 

capable WiFi APs. It is considered important to study the latest advancements in the 

corresponding technologies since they might change the TCO trade-offs of obsolete releases.  

When it comes to user demand, the data from UMTS Forum Report 44 [37] will be 

utilized. The goal here is to introduce into the study the rapid increase in mobile broadband 

demand and propose the technology that is cost efficient not only by the time that the network 

is designed but will continue to be the best option until the time that data are available. 

Therefore, it is assumed that the scenario is deployed in the hypothetical “Representative 

Western European Country” of the report where the monthly mobile traffic per Mobile 

Broadband subscriptions is forecasted according to the Table 2.1 below. Furthermore, it is 

assumed that all the data are consumed during the working days and hours inside the 

enterprise buildings via high-end smartphones. Thus, the total capacity demand for the area of 

our scenario is 2083 Mbps. Figure 2.2 visualizes the increase of demanded capacity over the 

years. 
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Table 2.1 Monthly mobile traffic 

Monthly mobile traffic per subscription 2010 2015 2020 2025 

Data Volume-Smartphones (MB per month) 300 4650 8820 15000 

Average Data Rate-Smartphones (Mbps) 0.00416 0.0646 0.1225 0.2083 

 

 
 

 Figure 2.2: Demanded capacity over the years 

Forecasting the mobile broadband demand is a difficult task to perform. Alcatel-Lucent 

admits that multiple studies report similar short-term estimations but the long-term forecasts 

vary considerably [38]. This can be explained by the fact that trends change in time as 

technology advances. Furthermore, in the years to come it is estimated that 5G is going to be 

launched which will boost the mobile broadband demand even further. Hence, for some 

countries that are pioneers in cutting edge technology such as Sweden, the forecasts of the 

“Western European Country” presented previously might seem too conservative.  

In order to provision such cases, a brief sensitivity analysis is introduced for 2025 when the 

forecasted data available are blurry. The “Western European Country” model will be used as a 

basis to the study and for the final year additional results will be provided assuming higher 

demand. A combination of the reports from Alcatel-Lucent [38] and Cisco [39] result in data 

demand that can reach up to 40GB (Sweden) per month per user for 2025. Thus, two levels of 

data volume are assumed, 30 GB and a more extreme 60GB which corresponds to 13 full HD 

movies. Note that according to the conversion used to calculate the minimum data rate 

required per subscription, 30 GB monthly consumption volume requires 0.416 Mbps whereas 

60 GB reach 0.833 Mbps. 

2.2 Propagation and interference models 

According to the described scenario, there are two cases that have to be examined. The first 

involves providing indoor broadband services from base station (BS) antennas that are located 

outdoors (Macrocells) whereas the second includes in-building propagation with both the BS 

and user equipment (UE) located indoors. In the former case, building penetration loss will 
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play the dominant role in the propagation of the signal. In the latter case, building penetration 

loss is overcome and, due to the short ranges, line of sight propagation can be assumed. 

However, this depends on the deployment of the APs since for sparse deployments wall and 

floor losses have to be taken into account as a single AP might cover a bigger area than a 

single room.  

These two propagation scenarios are well described by the Winner II project with the 

codenames C4 – Urban macro outdoor to indoor and A1 – Indoor office respectively [40]. The 

path loss formulas provided by the Winner II project are derived from statistical distributions 

extracted from channel measurements which improve the accuracy of the calculations. The 

environments covered are found in urban areas of European and North American countries. 

Moreover, it is assumed that all floors of the examined buildings are identical and the 

penetration loss of floors and outer walls is high enough to consider each floor isolated from 

the others. The carrier bandwidth as well as the frequency range of the models is scalable with 

channel width of up to 100 MHz and RF bands of the ranges 1.7-2.1, 2.0-2.7, 3.2-4.0 and 5.1-

5.9 GHz. These ranges cover all the technologies investigated for the scope of this thesis 

project. More specifically, (2.1) is the general path loss formula of the Winner II project. The 

parameters feeding the formula for each scenario are included in Table 2.2. 
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Table 2.2: Winner II path loss models 

Scenario Path loss [dB] Applicability range 
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Furthermore, it should be mentioned that for the simulation of path loss, shadow fading 

was not considered. This choice can be motivated by the fact that wall losses are modelled 

explicitly by the propagation models discussed. Additionally, ignoring shadow fading 

simplifies the model making the impact of parameters such as wall loss or distance clearer. 
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Similarly, Rayleigh fading was not considered because it is assumed that mobile devices are 

stationary while transmitting data. 

Another important factor that is taken into consideration is interference. Interference has 

major impact to the SINR of the communication links especially in dense network 

deployments such as the presented networks. Although it might not change the range of the 

cells, especially the small cells since their concurrent user limitations play the dominant role 

for it, interference affects considerably the achieved data rate. Thus, in order to acquire more 

realistic data it is considered interesting to take interference into account for the network 

simulations. Following this reasoning, it is assumed that for each BS or AP there is one tier of 

interferers around it. The motivation behind the only one tier of interferers is that for the small 

cell case the transmit power is very small and for the macrocells the impact of the second tier 

is negligible in comparison to the first. Furthermore, for the small cell case, interference from 

other floors is neglected since the thickness of the floors and thus the attenuation they impose 

to the signal is high enough to consider that each floor is isolated from the others. 

2.3 Network dimensioning 

The studied networks of this thesis project are dimensioned in order to provide ubiquitous 

coverage inside the buildings as well as guarantee a minimum data rate demanded by the users 

as described in Section 2.1. Users are assumed to be uniformly distributed inside the buildings 

and consequently are uniformly allocated to access points. Furthermore, it is assumed that the 

offered services are equally shared by the users of the network in a “best effort” manner. For 

example, if a femtocell is capable to provide 10 Mbps capacity and within its coverage there 

are 5 users transmitting concurrently, each user will receive 2 Mbps assuming they have the 

same distance from it.  

The required number of access points needed in order to meet the coverage and capacity 

demand of the studied area, depend on the coverage and capacity constraints imposed by the 

network type utilized. Regarding the outdoor approach and the dimensioning of the macrocell 

network, there are a number of parameters that define the required number of BS needed to 

support the demand in terms of capacity and coverage. These parameters are the allocated 

spectrum, the number of transmission antennas per BS, the number of users sharing the 

resources of the BS, the average generated data traffic per user as well as the propagation and 

interference constraints discussed in the previous section. Hence, in order to calculate the 

number of required access points, the worst case scenario is taken into consideration; the 

deployed macrocells must be capable of satisfying the capacity requirements for full 

propagation inside the building for all the floors and especially the ground floor which 

imposes the worst attenuation. 

On the other hand, small cells have similar constraints when it comes to the calculation of 

the required number of access points. One additional factor that plays significant role in the 

dimensioning of small cell networks is the maximum number of concurrent users served by a 

single access point. This is an important limitation factor imposed by the limited computing 

power of such devices. The maximum number of concurrent users and the fact that users are 



14 

uniformly distributed inside the buildings results in a maximum cell range and thus a 

minimum demanded number of access points. Additionally, the worst case scenario for the 

small cell deployment is to have all the users allocated to one access point demanding services 

at the cell edge. This will shrink even further the cell radius and consequently will increase the 

number of the needed small cells. 

The Radio Access Networks (RAN) discussed above require connection with the MNO’s 

core network. Thus, a backhaul network supporting this connection is considered essential. 

However, the link needs to be upgraded in order to be capable of transferring all the generated 

data traffic served by RAN. Hence, for the outdoor macrocell network, optical fibre 

backhauling is considered which includes a number of components such as optical splitters, 

OLT Access Modules, Optical Network Units as well as line leasing. For the scope of this 

thesis, optical fibre backhauling will be considered as one unit connecting one Macrocell BS 

to the core network of the MNO via leased fibre lines of a fibre operator. The bandwidth of 

the leased lines is considered adjustable to the data traffic generated from the RAN. Similarly, 

small cells also require a backhauling network. However, due to the fact that the scenario 

takes place in an industrial area, it is assumed that the mobile traffic is routed to the internet 

via the enterprise Ethernet network of the companies hosted in these buildings. Thus, only the 

Gigabit Ethernet switches will be considered as backhauling for the indoor small cell network, 

the number of which depends on the Ethernet ports of each switch assuming each port is 

allocated for one access point.  

2.4 Cost model 

After the network dimensioning, cost analysis of the corresponding technologies is 

performed. The analysis is annualized meaning that costs are calculated per year. However, in 

order to simplify the simulation, dimensioning iterations are performed every five years 

considering the densification required for supporting the increasing demands of data traffic. 

Thus, new capital investments for new equipment are designed for a five year period.  

For the calculation of the Total Cost of Ownership (TCO) both Capital Expenditure 

(CapEx) and Operational Expenditure (OpEx) for the three types of deployment are taken into 

consideration. The elements that constitute CapEx are the investments in radio equipment, 

namely BSs or APs, aggregation nodes as well as work for planning, installation and 

commissioning. The cost for these elements tends to decrease with the years and thus annual 

erosion factor of 5% is applied [41]. On the other hand, the elements of OpEx are costs 

required for operating the networks. These costs comprise of annual operation and 

maintenance activities, cost for electrical power, site rent (applicable for macrocells) as well 

as expenses for leasing backhaul lines. The annual TCO is the summation of the annual 

CapEx and annual OpEx of the examined network.  

However, before making the decision to proceed with a certain investment project, it is 

crucial to evaluate the future cash flows associated with the project. Given the different 

investment alternatives (opportunity cost) that exist, it is important to allocate the available 

capital in profitable and value creating projects.  
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Thus, in order to compare the examined technologies, Net Present Value (NPV) method is 

utilized assuming a discount rate of 10%. NPV is a central tool in discounted cash flow (DCF) 

analysis that takes into consideration the time value of money and is indicative of the financial 

viability of an investment. According to definition, both positive and negative projected cash 

flows are first discounted by a specific discount rate, and then the cost of the project is 

subtracted from the sum of positive inflows in order to determine the NPV of the project. A 

positive NPV means that the company should implement the investment plan whereas a 

negative NPV is indicative of an unprofitable project. As a result, NPV provides the means to 

compare the present value of money today to the present value of money in the future, taking 

inflation and returns into account. NPV is given from the equation (2.3) below: 

 0

NPV = 
1

T
t

t
t

TCO

r 
  (2.3) 

where TCO is the Total Cost of Ownership at the t year as discussed above, r is the 

discount rate and T is the number of years in the examined period. 

2.5 Power consumption model 

Power consumption is an important figure of radio network infrastructure. It not only has 

an impact to the CO2 emissions of the network but also plays an important role to the 

expenses for operating the network. The total power consumption of the radio access points 

(macrocells, femtocells, WiFi APs) can be divided into two parts. The first part is fixed and is 

used for the components of the AP that are not related to the RF. The second part is dynamic 

and depends on the traffic load of the AP. Power consumed by the backhauling is not included 

in the calculations because it is assumed that the backhaul grid (optical fibre) already exists 

and is leased by the MNO. 

For the scope of this thesis project, the power model proposed by the EARTH project is 

utilized [42]. This power model provides an estimation of the total power consumption of BS 

with various sizes. As it can be observed from Formula 2.2, the total consumed power ( inP ) 

depends on the number of transceivers per BS ( TRXN ), a fixed part ( 0P ) and a dynamic part 

which is a linear function of the maximum transmitted power ( maxP ). 

 0 max,        0in TRX P out outP N P P P P      (2.2) 

The EARTH project has provided estimations of 0P , maxP and P which are included in 

Table 2.3. 

Table 2.3: Power model parameters [42] 

 maxP [W] 0P [W] P  

Macro 20 130 4.7 

Femto 0.05 4.8 8 
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However, in this thesis study the maximum range of the cells is calculated and as a result 

the FAPs or BS always transmit at the maximum power. Similarly, WiFi AP can be fitted to 

the above model. Hence, according to the literature study and the data sheets of well-

established vendors [43][44], it is assumed that the average maximum transmitted power is 

0.16 W and the fixed part for powering the device is 15.5 W. As it can be observed, the total 

power consumption of WiFi is approximately three times more than femtocells but yet 15 

times less than the macrocell BSs. 
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3 Overview of studied wireless networks 

The current chapter is dedicated to the description of the three candidate networks that are 

studied in this thesis project; Macro-cellular networks enhanced with carrier aggregation, 

indoor femtocell networks and indoor WiFi Hotspot networks. More specifically, the 

functionality of each technology is presented focusing of the state of the art releases along 

with some definitions useful for understanding the systems. Furthermore, the advantages and 

disadvantages of each technology are discussed demonstrating their ability to address the 

investigated problem of the increasing mobile broadband demand. However, introducing new 

technological advancements in the existing mobile network ecosystem is not a trivial issue. 

Hence, a number of challenges for the deployment of each network are briefly described as 

well.  

3.1 Enhanced Macro-cellular networks 

The first approach to address the rapid increase in the mobile broadband demand is to 

improve the performance of the already existing macrocell infrastructure and utilize the LTE 

Advanced technology.  According to the International Mobile Telecommunications-Advanced 

(IMT-Advanced) requirements issued by ITU-R department of the International 

Telecommunication Union (ITU) for the LTE Advanced (LTE-A), this technology is able to 

provide high data rates up to 1 Gbps and link spectral efficiency of 15 bits/Hz. Thus, LTE-A 

is a promising solution to the problem in question [45]. 

However, in order to achieve such high performance, the 20 MHz channel bandwidths 

regulated for LTE are not enough. Specifically, around 67 MHz are required for achieving 1 

Gbps downlink data rate. Furthermore, in real case scenarios, MNOs do not own the required 

contiguous licenced spectrum for supporting such requirements. Their acquired blocks of 

spectrum are fragmented as it is shown in Figure 3.1. As a result, in order to achieve IMT-A 

requirements, carrier aggregation technology must be integrated to the existing macrocell 

infrastructure. 

 

Figure 3.1: Spectrum fragments for broadband [27] 

 The concept of carrier aggregation consists of exploiting multiple spectrum fragments 

simultaneously to create virtual wideband channels capable of providing broadband 

connection of high capacity and peak data rates. Figure 3.2 presents the carrier aggregation 



18 

technique where bands of 1.4, 3, 5, 10, 15 or 20 MHz can be trunked into wider channels. 

Carrier aggregation could be explained with the analogy of highways. Aggregating spectrum 

bands is like adding extra lanes to the highway; one extra band is an extra lane. In a multilane 

highway, cars can reach higher speeds and even overtake other slow moving cars. Similarly in 

carrier aggregation, mobile devices can increase their peak data rate as well as utilize more 

efficiently the available resources than other lower end devices. Hence, due to trunking, the 

overall capacity can be more than the total sum of the capacity provided by the individual 

carriers supporting, in this way, the bursty data traffic generated by smartphones. 

 

Figure 3.2: Carrier Aggregation [46] 

3.1.1 Functionality and definitions 

Carrier aggregation (CA) was firstly introduced in 3GPP Release 10 [47]. According to the 

specifications of the release, it is possible to aggregate up to 5 carriers of the Releases 8/9 

(1.4, 3, 5, 10, 15 or 20 MHz) for both downlink and uplink. Hence, CA enables the MNOs to 

create virtual wideband channels up to 100 MHz. However, until now only 2 carriers were 

aggregated having 40 MHz as an upper limit. The fact that the aggregated carriers are those 

from 3GPP Releases 8/9 makes the system backwards compatible to older mobile devices that 

do not support the CA features [46].  

The different Release 8/9 carriers that consist the wideband channel are defined as 

Component Carriers (CC). These component carriers can be of different bandwidths and they 

can be allocated asymmetrically for downlink and uplink but with the limitation that the 

number of CCs for the uplink must be less than or equal to the number of the downlink. 

Furthermore, due to fragmentation caused by the regulators’ spectrum allocation, there are 3 

scenarios of the relation between the CCs. As it is presented in Figure 3.3, the first scenario, 

intra-band contiguous mode, consists of adjacent CCs belonging in the same frequency band. 

In the second, intra-band non-contiguous, the CCs are again in the same frequency band but 
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they are not adjacent. Finally, in the third scenario, inter-band non-contiguous, the CCs 

belong to different frequency bands.  More information about CC and the carrier aggregation 

configurations defined by the 3GPP releases can be found in Appendix 1. 

 

Figure 3.3: Carrier Aggregation modes [46] 

From the group of the CCs both for downlink and uplink, one carrier is defined as the 

primary component carrier (PCC) and the rest as secondary component carriers (SCC). The 

purpose of this distinction is that the PCC has the extra burden of handling all the signalling 

between the mobile device and the BS and is changed only at handover. On the other hand, 

the secondary component carriers are only responsible for transferring data and can be added 

or removed according to the load or signal strength of the carrier. 

Different frequencies, as can be seen from Figure 3.4, experience different path loss. This 

is an issue that occurs especially for the inter-band configurations and can cause problems in 

the deployments of macro-cellular networks enhanced with carrier aggregation. Low 

frequency bands experience less path loss and the signal can propagate further than higher 

frequencies. Furthermore, the same applies when the signal penetrates buildings with the 

lower frequency bands to perform better in such scenarios. However, higher frequency bands 

are capable for providing better bit rates. As a result, the focus of the primary serving cell 

(PSC) which is most of the times created by the PCC is coverage whereas the secondary 

serving cells aim for capacity. 

 

Figure 3.4: Component Carriers [46] 
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Finally, the role of guard bands in carrier aggregation is considered interesting to be 

defined. Guard band is a segment of the carrier’s actual bandwidth that is not used for 

transmission but is utilized to reduce the power at the end of the channel and thus separate it 

from adjacent channels. The use of guard bands reduces the usable bandwidth by 

approximately 10% of the total [27]. However, according to 3GPP, the guard band for two 

contiguous aggregated carriers can be reduced to 5% of the total bandwidth since the 

contiguous carriers are handled as one wideband carrier. This is not an option for non-

contiguous configurations where each carrier is handled individually. As a result, for 

aggregated channel bandwidth of 40MHz of contiguous carriers, 38MHz is the actual 

aggregated transmission bandwidth whereas for the same non-contiguous block the actual 

bandwidth is 36 MHz. Table 3.1 presents the relation between channel bandwidth and actual 

bandwidth for data transmission. 

Table 3.1: Relation between channel bandwidth and available bandwidth [48] 

Channel bandwidth 

(MHz) 

Maximum number of 

Resource Blocks 

Maximum Bandwidth for 

data transmission (MHz) 

1.4 6 1.08 

3 15 2.7 

5 25 4.5 

10 50 9 

15 75 13.5 

20 100 18 

 

3.1.2 Benefits and challenges 

Carrier aggregation is an important feature of 3GPP Release 10 of LTE Advanced because 

it increases significantly its performance and makes it capable of supporting the requirements 

of IMT-A standards. Furthermore, CA provides a series of benefits to all the actors of mobile 

cellular networks. As stated before, it gives MNOs the opportunity to utilize more efficiently 

their licenced spectrum which may lie in different frequency bands in small fragments 

(sometimes even unpaired) that alone are unable to provide significant capacity. As a result, 

CA gives MNOs the capability to aggregate all these spectrum fragments and create virtual 

wideband channels with the potential of providing significant capacity and high data rates. 

Furthermore, CA is also important for regulators since it saves them time and money from 

performing extensive frequency refarming. Frequency refarming regards abolition of existing 

band allocations in the radio spectrum and reallocation of them to the wireless communication 

technologies as well as to MNOs through auctions. The whole procedure is time consuming 

and costly for all the interested actors.  

Additionally, today’s MNOs do not own large amounts of spectrum. It is very rare for an 

MNO to have acquired licences for spectrum bands that aggregate in a total of 100 MHz. In 

this way, CA can enable spectrum sharing between competing MNOs for leveraging the 

performance of their networks. This fact can also result in re-evaluation of spectrum’s value in 

auctions. 
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Finally, another important benefit of CA is that it can utilize the existing infrastructure of 

LTE. The new features of CA can mainly be integrated into the existing network with 

software upgrades requiring minimum investments. When it comes to the user equipment, CA 

will increase the cost of the handsets but that cost is relatively small and will be absorbed by 

the market. 

However, in order to implement CA in macro-cellular networks, there are some technical 

challenges that have to be addressed [27]. One important challenge is the design of the 

antennas. LTE carriers are spread across the frequency spectrum and there are bands that are 

largely separated. Thus, inter-band CA might impose significant challenges for the antenna 

design (Physical layer) as well as on the MAC layer since extra control channels might be 

required. 

Moreover, aggregating many CCs increases the complexity of the system and imposes 

challenges in the synchronization of the carriers. Thus, handling the transmission in up to five 

CCs and performing handovers of primary and secondary cells for moving devices might 

require more signalling between the mobile device and the network. This might affect the 

complexity of the mobile device and thus its cost as well as increase the overhead for control 

channels which can negatively affect the spectral efficiency of the network. 

3.2 Indoor femtocell networks 

As discussed in the first Chapter, mobile broadband data traffic moves indoors. This 

imposes an extra problem to the MNO’s, namely building penetration loss which degrades the 

signal strength and thus in building coverage and capacity. This fact is the driver to the idea of 

moving also the wireless networks inside the buildings. Many indoor solutions have been 

proposed; Femtocells, WiFi APs, DAS, repeaters are some of them. This Section focuses on 

femtocells as a potential solution to the mobile broadband explosion of the future. 

According to the Small Cell forum, femtocells are low-power, short range, self-contained 

wireless access points that operate in licenced spectrum to connect standard mobile devices to 

a mobile operator’s network using local DSL or cable broadband connections [49]. In other 

words, femtocells are compact devices that include all the functionality of regular mobile base 

stations (NodeB or ENodeB) in a small package with the size of a home WiFi AP. Thus, they 

are also referred to as Home NodeB or Home ENodeB when they are UMTS or LTE capable 

respectively. Figure 3.5 is an example of a regular femtocell. 

 

Figure 3.5: Femtocell from Alcatel-Lucent (model 9362 Enterprise Cell v2.2) [50] 
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Depending on the purpose of the femtocell, as it can be seen from Figure 3.6, there are 

three main types; domestic, enterprise or metro femtocells. The first category, as its name 

indicates, is targeted for home use. They are small in size, can support 4-8 concurrent users 

and aim in improving the indoor coverage where the signal from the outdoor macro/micro 

BSs is poor. The second type is slightly larger than the first and more powerful. The devices 

can currently support up to 32 concurrent users and the focus is not only improving coverage 

but also capacity. The final category is for outdoor use, supports more concurrent users and 

aims in creating hotspots where demand for data traffic is high as well as offload traffic from 

the umbrella macrocell BS. Hence, it becomes obvious that femtocells will play an important 

role for the heterogeneous deployments (HetNets) of the future and there are research reports, 

like ARCchart’s, forecasting that annual small cell unit shipments of femtocells will reach 5 

million by 2017 [51]. Currently, femtocells have been deployed by 39 Mobile Network 

Operators (MNO) in 23 countries [52]. 

 

Figure 3.6: Types of femtocells [53] 

3.2.1 Functionality of femtocells 

For the mobile user, femtocells look exactly like they are regular mobile wireless BSs. 

They communicate using the same frequency bands, same signalling and protocols with the 

rest of the BSs of the network. The main components of a femtocell network consist of the 

actual femtocell access point (FAP), a router that connects the femtocell to ISP’s IP network 

and through that to MNO’s core network.  

Inside the building that the femtocell is deployed it creates a cell with a range of 

approximately a room (about 10 meters). Being a Self-Organizing Network (SON) 

technology, the femtocell is a “plug and play” device that requires minimum or no planning 

and provides interference management and mobility management techniques. All the data are 

directed to a modem/router which modulates the signal and routes it to the core network. The 

femtocell can also be powered via the router using its Power over Ethernet (PoE) capabilities. 

Furthermore, due to the evolution of the femtocells, hybrid devices have been launched to the 

market that have both functionalities (Home NodeB and router).  
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Femtocells, as can be seen from Figure 3.7, have three modes of operation depending on 

the group of subscribers they are going to serve. The first mode is Closed Access where a 

Closed Subscriber Group (CSG) is defined either by the owner of the infrastructure or the 

MNO and only the members of that group will be able to connect to the corresponding 

femtocell. This mode of operation is mainly used for residential femtocells of small offices. 

The second mode in the Figure is Open Access. In this mode, there is not a predefined 

group of users that can associate with the femtocell but all the subscribers of the MNO can 

share its radio resources if they are within range. This mode may occur outdoors for covering 

holes of coverage or support heavy demand in specific spots as well as indoors in public 

buildings such as airports, shopping malls, hotels and university campuses. 

The third mode is a hybrid of the previous two and is called Hybrid Access. Here, there is a 

CSG that has access to the femtocell but also other non-CSG subscribers can access it as well 

according to roaming agreements. Additionally, these groups can be differentiated by 

implying different QoS policies for their sessions. For example, the guaranteed data rate of a 

CSG member shall be higher than that of a non-CSG subscriber.  

 

Figure 3.7: Femtocell access control [54] 

3.2.2 Benefits and challenges 

It is forecasted that femtocell deployments will be common place in the future since they 

benefit both the customer of mobile services as well as the MNO. To begin with, it is a fact 

that mobile broadband traffic moves indoors. This can create holes of coverage or areas with 

poor QoS. As it can be observed from Figure 3.8, macrocells are unable to provide “5 bar” 

indoor coverage. Femtocells can fill that gap and in parallel increase the achieved data rates 

since the resources of each FAP are utilized by a limited number of customers.  

Following the migration of the data traffic, gives the MNOs the opportunity to efficiently 

extend their networks inside the building with small investments and increase the total 

capacity provided while, in parallel, offload the existing macrocell infrastructure. 

Furthermore, as mentioned before, femtocells are SON devices meaning that they require 

minimum or no radio frequency planning which reduces the deployment cost even further. 

Additionally, they transmit on the same licenced frequency bands as the macrocells and thus 

no unexpected interference from other technologies occurs as well as regular mobile devices 

are supported. 
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Figure 3.8: Macro/microcell vs Pico/femtocell [54] 

Finally, it should also be mentioned that femtocells can operate as an advanced locator 

since their place is known to the MNO and their small range can provide very precise location 

information of the subscriber connected to it. This feature can unlock a lot of location based 

services like navigation inside airports, shopping malls or railway stations. Additionally, 

MNOs can also locate their subscribers and provide personalized services like reduced prices 

at home or advertisements of the nearby shops. 

On the other hand, deployment of femtocells has a number of challenges that have to be 

taken into consideration. The major challenge is that of interference. Figure 3.6 shows that 

almost all of the times femtocells are deployed under the umbrella of a macrocell BS. This 

fact can cause severe cross layer interference both for the femtocell and the macrocell users. 

Additionally, in dense deployments of femtocells mainly in enterprise configurations where 

continuity of coverage is important, co-layer interference of adjacent femtocells can also be an 

important issue. In both the two situations interference degrades the SINR achieved by the 

mobile equipment and thus the QoS experienced will be poor in terms of voice and data rate. 

 Another important challenge is the handovers. Currently, only handovers from femtocells 

to macrocells are allowed for calls in progress and not the other way which can potentially 

cause problems when moving into building with poor macrocell coverage. Furthermore, if this 

problem is fixed, due to the small range of the femtocells a “ping pong” phenomenon may 

occur with the mobile device changing BS frequently (macro or femto) causing extra 

signalling burden to the network.  

Finally, a third challenge that requires attention is the location of the femtocell. They are 

very small portable devices that can easily be transferred. This can be an issue since the MNO 

must know their exact location for mitigating interference or providing services demanded by 

the regulator authorities such as emergency calls. 
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3.3 Indoor WiFi Access Points 

Another wireless technology that faced enormous increase in its penetration rates to the 

consumers during the last decade is the WLAN or WiFi. The standard for WiFi, IEEE 802.11 

was created by Institute of Electrical and Electronics Engineers (IEEE) to provide a common 

method for implementing WLAN systems by device manufacturers, hardware vendors, and 

software creators. Since the original standard was defined in 1997 [55] new revisions or sub-

standards have been continuously developed and are typically named with a pattern such as 

IEEE 802.11xx where x is a letter (or two) of the alphabet [56]. This evolution of the standard 

has allowed the technology to improve so that today it supports higher peak data rates, 

different encodings, varying transmission methods, and encryption standards – all without 

requiring a complete redesign of the protocol.  

What initially inspired the protocol was mainly the need for a standardized method of 

wireless communication between devices, similar to a wireless version of Ethernet, the most 

successful link layer protocol for wired networks. Currently, WiFi is a mature technology 

preferred from the majority of the consumers for their wireless communications globally due 

to its high speed and low cost. As can be seen from the Figure 3.9 below the data transmitted 

with WiFi is considerably more than that transmitted with the various cellular technologies. 

The Figure shows that the ratio between cellular and WiFi in the markets of UK and USA 

ranges from 10 to 60% in favour to WiFi [57]. This means that in mature markets, 

smartphones consume on average 3 to 4 Gbytes of data per month per user through WiFi and 

less than 1 Gbyte through 3G or LTE.  However, MNOs do not have control of these data 

volumes and are not able to have revenues over them. Thus, WiFi is a new business 

opportunity for MNOs since it is a way to inject capacity in their mobile networks, cut down 

CapEx and gain access to revenues from a new field [33]. In order to achieve this it is 

important to integrate WiFi into their already existing mobile cellular networks. 

 
 

Figure 3.9: Cellular and WiFi data traffic distribution 

3.3.1 Functionality of the WiFi standard 

The main difference of WiFi from the other two technologies described in the previous 

sections is its air interface. WiFi uses the 2.4 GHz (band 9 UHF) and 5 GHz (band 10 SHF) 

frequency bands. These frequencies provide high data rates as well as good signal coverage in 

a local area. Frequencies are further divided into channels. In the case of IEEE 802.11 variants 

that operate on the 2.4 GHz band, the frequency spectrum is divided into 13 separate channels 
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with a distance of 5 MHz [56]. The number of channels depends upon local regulations. 

Additionally, these channels overlap because in reality transmissions are done in a wider 

frequency range than 5 MHz so they “bleed over” into the adjacent channels. The result is that 

for example channel 11 overlaps with 9, 10, 12 and 13. In most cases, this is not a problem 

since the overlapping signal is weaker than the central frequency of the neighbouring channel 

and thus the system can overcome the interference. However, the reality is that if an area has a 

high density of wireless devices communicating via IEEE 802.11, it is possible that the 

interference becomes high enough to affect performance even if all the devices are spread 

evenly over the channels.  

Early versions of the protocol supported speeds of up to 54 Mbit/s (IEEE 802.11a) but a 

more recent version titled IEEE 802.11ac claims to provide speeds that exceed 1 Gbit/s [44]. 

In a few words, IEEE 802.11ac includes many advancements in its radio interface and it is 

backwards compatible to its predecessor 802.11n being able to support already existing 

devices. Specifically, it supports wider bandwidth which optionally reaches 160 MHz leading 

to significantly increased throughput (802.11n supports 40 MHz). The MIMO spatial streams 

have been increased up to eight and up to four of them can be allocated to the same client 

which can be translated into aggregated throughput at the level of Gbps. Furthermore, this 

version of WiFi transmits only on the 5 GHz band which has the advantage of providing high 

data rates but on the other hand it lacks in coverage range. The latter, is not a problem for 

dense scenarios since such configurations aim to provide depth of coverage into the area or in 

other words high capacity. Additionally, the 5 GHz band consists of more channels than the 

2.4 GHz band. Specifically, as it can be seen from Figure 3.10, 802.11ac can provide up to 19 

non-overlapping channels of 20 MHz which is an important feature for dense deployments 

since interference can be eliminated.  

 
Figure 3.10: Number of non-overlapping channels for 5 GHz band [59] 

3.3.2 Benefits and challenges 

WiFi is a technology that has gained its well-deserved position among the most widely 

used communication technologies due to its numerous benefits. Thus, it is a possible 

candidate for easing the capacity explosion by offloading the perpetually increasing mobile 

data traffic in indoor environments [33]. However, WiFi has also some drawbacks that require 

attention in order to adjust this technology to the needs of MNOs. 



27 

WiFi is a mature technology that already has 17 years of existence and has been revised 

and improved through the different versions launched during its lifetime. One of WiFi’s 

merits is its popularity. Nowadays almost all the handheld devices and laptops include a WiFi 

interface and people have gained experience over the technology since it gradually became an 

important component of the household internet modem-routers and smartphones. In order to 

provide a feeling of its penetration in people’s daily lives, Cisco estimates that by 2018 there 

will be 7 billion WiFi capable active smartphones [5].  

Furthermore, another important merit of WiFi is the fact that it transmits in unlicensed 

frequency bands; specifically at 2.4GHz (band 9 UHF) and 5GHz (band 10 SHF). This is a 

crucial advantage over the 3GPP technologies since the operators do not have to spend 

significant amounts of money for acquiring licences in order to use the required spectrum. On 

the contrary, they can utilize the whole unlicensed bands defined by the standard which reach 

600MHz in total [60]. Combining this with the fact that WiFi APs have short ranges and the 

Shannon’s law for capacity it can easily be understood that a WiFi network in an enterprise 

building can provide enormous capacity figures. 

On the other hand, the last argument can also be considered as a drawback. The fact that 

the spectrum utilized by WiFi technology is unlicensed means that it can be used 

simultaneously by many users. Thus, interference issues might occur especially in places with 

dense deployments. Moreover, during its years on the market, some security issues have 

appeared. The initial WEP security protocol is considered insecure but it quickly was replaced 

with WPA/WPA2 protocols which with the right passphrase are unbreakable. 

Another drawback of WiFi technology is caused from its design. It uses the Carrier Sense 

Multiple Access with Collision Avoidance (CSMA/CA) technique for serving multiple users 

which reduces the utilization of resources. The most important problem caused by CSMA/CA 

is the “hidden node” effect which leads to collisions of transmitted packets and waste of the 

wireless resources which might occur frequently in dense deployments. Additionally, WiFi 

was initially designed for wireless data transmission and not for multimedia services that were 

not popular at the end of the 90s. Thus, the standard does not provide guaranties for QoS that 

is important for multimedia services such as live video streaming and VoIP.  

Finally, another disadvantage of WiFi in its current state is the fact that it is not fully 

integrated with the mobile networks. The limited integration that has been achieved is in the 

authentication via SIM cards but there is a long way to go since WiFi becomes just another 

RAT fully controlled by the MNO. After overcoming this obstacle, the MNOs will be able to 

have full control of the offloaded traffic which currently is lost after entering the WiFi 

network, apply charging rates to it, improve the security of the data transmitted and last but 

not least provide mobility by supporting handovers between WiFi APs. More information 

regarding the future of WiFi and the challenges that MNOs face trying to integrate the 

technology to their networks are briefly discussed in Appendix II. 
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4 Capacity and cost analysis 

In the current Chapter, capacity and cost analysis is performed for the technologies 

described previously. For the analysis, a simulation tool was developed in Matlab utilizing 

some of the functions provided by RUNE. More specifically, for each of the studied networks 

a summary of the technical assumptions is provided and subsequently the results of the 

capacity are presented and discussed. The simulations are conducted in a per 5 years basis 

assuming that every 5 years there is a dimensioning iteration. Finally, after acquiring the data 

from the capacity analysis, cost analysis is performed where the TCO required for the 

deployment of each network is calculated along with the cost breakdown of the components 

comprising CapEx and OpEx. 

4.1 Enhanced Macro-cellular networks 

Macro-cellular networks enhanced with carrier aggregation are a promising approach for 

supporting the mobile broadband demand of the future. In this Section, technical specification 

of CA will be briefly presented as well as some assumptions used for the simulations. Table 

4.1 includes a summary of the technical specifications along with a summary of the selected 

configuration. 

In order to achieve backwards compatibility with older mobile devices, CA supports CCs 

of Release 8/9. Thus, all the legacy spectrum bands can be utilized for CA. 3GPP has also 

defined some suggested groups of spectrum bands for aggregation. Detailed tables of these 

groups can be found in Appendix I. However, until Release 11 only two CC were allowed for 

aggregation whereas in Release 12 one more carrier is added to the aggregated group. Newer 

Releases will add even more carriers reaching the initial goal of five CCs. For the scope of 

this thesis project, since the study is performed over a scenario of the future, it is assumed that 

up to five CCs are available.  

For the studied scenario, the selected frequency bands are Band 1 with downlink central 

frequency 2140 MHz and total bandwidth of 60 MHz, Band 3 with downlink central 

frequency 1842,5 MHz and total bandwidth of 75 MHz, Band 7 with downlink central 

frequency 2655 MHz and total bandwidth of 70 MHz, Band 32 (unpaired) with downlink 

central frequency 1474 MHz and total bandwidth of 44 MHz and the Band 22 with downlink 

central frequency 3550 MHz and total bandwidth of 80 MHz that is going to be released in the 

coming years [61]. The motivation behind these choices is that they are all regulated for use in 

Europe and they are exploited by MNOs to provide capacity (Coverage is provided by lower 

spectrum bands due to better propagation properties). 

Moreover, it should be noted that there are three different CA scenarios as described in 

Section 3.1.1. The first scenario is of an operator that owns one contiguous block of 100 MHz 

in one band. This is not a realistic scenario because operators do not own such a huge amount 

of spectrum and especially contiguous in one band. However, it could become a reality when 

two operators share their fragments. The second scenario consists of an operator that has 

licence for intra-band non-contiguous blocks of spectrum. Again this scenario can be realised 
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with spectrum sharing. Finally, the third scenario consists of one operator that owns licences 

for 5 spectrum fragments of 20 MHz each over five different frequency bands. For the scope 

of this thesis project, only the third scenario will be considered because it is more likely to be 

achieved by one MNO in the future as well as it is the scenario that has the most difficult 

propagation characteristics. 

Table 4.1: Carrier Aggregation characteristics and selected configuration 

 Characteristics Selected configuration 

Frequency Band 

All the LTE supported bands. 

Proposed configurations  

[62], [47] 

1.474, 1.8425, 2.14, 

2.655, 3.55 GHz 

Channel Widths 
1.4, 3, 5, 10, 15, 20 MHz 

 
20 MHz per carrier 

Effective bandwidth 
90% of actual bandwidth for non-contiguous and 95% for 

contiguous CC 

Transmit power Up to 100W 20 W 

Antenna gain ~18 dBi 18 dBi [63] 

Number of Spatial 

Streams 
1 to 12  [64] 2 

MIMO gain 
1.8 or 3.6 dB for 2x2 and 4x4 MIMO 

respectively 
1.8 dB 

Multi-user MIMO Supported Supported 

 

4.1.1 Capacity calculations 

The transmission range of a macrocell spans from 1 to 20 km. This fact implies that the 

whole area of interest could be within the coverage of a single BS. However, serving all the 

users of the area with the required data rates of the scenario described in Section 2.1 causes 

heavy utilization of the BS’s resources which, as the demanded capacity increases, are not 

enough. 

The distance from the buildings where the data traffic is generated plays significant role in 

the propagation of the signal. The capacity performance of the macrocell BSs is negatively 

affected when the distance increases. Thus, as it can be observed in Figure 4.1, due to the 

distance, more macrocell BSs are required to provide coverage as well as increase the offered 

capacity inside the buildings. The worst case scenario is to cover the first floor of the 

buildings when they are 500 m away from the BS. In this case, 21 BSs transmitting in 3.55 

GHz band with 20 MHz channel bandwidth are needed in total for 2025. On the other hand, 

for 50 m distance only 6 BSs of the same type are required to support the demand for mobile 

broadband of year 2025. Hence, in order to make the examined scenario more realistic, it is 

assumed that the distance between a building and its serving BS is 250m. Note that the 

distance between a building and its serving BS is assumed stable in order to simplify the 

calculations.  
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Figure 4.1: Impact of distance to the number of required BSs 

 Following the scenario discussed in Section 2.1, as can be seen from Figure 4.2, for the 

first year of the studied period, three legacy LTE macro BSs with one band of 20 MHz 

bandwidth are required to support all the demanded capacity. After five years, this number 

needs to be doubled and three more BSs are required. Finally, a total of eleven macro BSs are 

expected to be needed on 2025. On the other hand by utilizing CA, the number of required 

BSs for supporting the demanded data rates can be significantly reduced. Thus, it can be 

observed that by aggregating two bands of 20 MHz only two BSs are required for the initial 

year and a total of 5 BSs by the end of the studied period. When increasing the number of 

aggregated CCs, the number of BSs required drops down to two BSs for the case of 5 CCs. 

 
Figure 4.2: Number of macrocells required 

According to simulations, a network of eleven macro BSs using one band of 20 MHz 

bandwidth is capable to provide 241.313 Mbps average building capacity and an average peak 

data rate of 80.613 Mbps for uniformly distributed users inside the buildings with an average 
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spectral efficiency of 1.67 bps/hz. For the calculation of these values, only the downlink 

transmission is taken into consideration since downlink is most of the times more heavily 

utilized than uplink. As it can be observed from Figure 4.3, aggregating frequency bands to 

the network can significantly increase the above mentioned numbers or alternatively reduce 

the number of required BSs. Following the latter approach, a network of five macro BS with 

CA of two non-contiguous inter-band CC is capable to provide 231.181 Mbps cell edge data 

rate, 75.174 Mbps average peak data rate and 3.76 bps/hz average spectral efficiency. 

Similarly, adding a component carrier increases the overall performance of the network and in 

the case of three, four or five carriers it reduces significantly the need for installing new BSs.  

Summary Table 4.2 at the end of this Section contains the absolute data rate values presented 

in Figure 4.3. 

 

Figure 4.3: Comparison of the data traffic demand and offered capacity with CA 

Table 4.2: Simulation results summary for year 2025 

Bands 1 2 3 4 5 

Number of BS 11 5 3 3 2 

Total capacity 

provided (Mbps) 
2413.13 2311.81 2111.68 3215.89 2867.34 

Average spectral 

efficiency (bps/hz) 
1.67 3.76 6.28 6.35 12.95 

Average peak data 

rate (Mbps) 
80.613 75.174 67.768 91.485 82.851 

Capacity per 

building (Mbps) 
241.313 231.181 211.168 321.589 286.734 

 

Finally, it should be stated that the simulations have been performed with non-contiguous 

inter-band frequency bands. The motivation behind this choice is that, due to the gradual 

regulatory allocations, the frequency spectrum is fragmented in small blocks and rarely MNOs 
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have licences of contiguous spectrum of significant size. As Figure 4.4 presents, contiguous 

and non-contiguous CCs have different impact on the capacity provided from a macrocell BS 

that can reach the order of 8 Mbps per building when aggregating five CCs. For 

configurations with less CCs the impact is less significant. The reason of this difference is 

that, when aggregating non-contiguous bands, 10% of the total bandwidth is devoted to the 

guard bands as explained previously in Section 3.1.1. In contiguous CC the size of guard 

bands is smaller and thus this type of CA provides better capacity figures. 

 

Figure 4.4: Impact of guard bands on capacity 

4.1.2 Techno-economic analysis 

Aggregating multiple carriers requires both software and hardware upgrades on the 

macrocell BS. The major cost impact of CA is observed on the radio equipment and especially 

on the transceivers [27]. The transceivers of CA enabled macrocell BSs are of two types; 

Multi-band and Wideband. The first type consists of multiple parallel transceivers whereas the 

latter achieves aggregation by broadening the processing over the entire frequency spectrum 

(for example from 700 MHz up to 2.6 GHz). 

Except for the transceiver, a LTE cell site also includes other components that increase the 

cost of the required investments. One part of these investments is devoted to developing the 

needed infrastructure including components like macrocell BS, TRX antennas, fibre backhaul 

connections, planning and installation as well as for operating the network such as electrical 

power, real estate, leased lines, operation and maintenance. Table 4.3 summarizes the cost of 

these components. According to the research paper [27], it is assumed that enabling CA on a 

macrocell is expected to introduce a 20% increase to the cost of BS and antennas. 
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Table 4.3: Cost assumptions 

CapEx Cost (in euros) 

 

OpEx Cost (in euros) 

Macrocell BS  10.000 Electricity 0.1 kW per h 

TRX Antenna 5.000 Real estate 8.000 

Optical fibre 

backhauling 
42.000 

Annual Fiber Optic 

Lease Line 

80 (per 100 Mbps 

per month) 

Planning, 

Installation, 

Commissioning 

 

75.000 

Operation & 

Maintenance  
10% of total CapEx 

Table 4.4 below includes the investments required to provide macrocell coverage inside the 

buildings and in parallel to satisfy the capacity requirements of the scenario. For the 

calculation of the CapEx values, erosion factor of 5% per year was taken into consideration. 

Thus, it can be observed that introducing CA reduces the total capital investments required 

since, as discussed before, the required number of macrocell BSs is reduced. However, a 

slight increase in the CapEx can be observed for more than 3 CCs because at that point very 

few BSs are used and thus their number cannot be reduced any further and, on the other hand, 

additional antennas are introduced to support the inter-band transmission. Another important 

issue is that increasing the number of CCs results in an increase in the OpEx figures. This is 

reasonable since, in order to enable inter-band CA on a macrocell BS, extra power amplifiers 

(PA) and antenna TRX elements are required which consume extra electricity.  

Table 4.4: Required investments per year (euros) 

 
Number of CC 

1 2 3 4 5 

2

0

1

5 

CapEx 411.000 282.000 147.000 153.000 159.000 

OpEx 72.078 51.092 29.549 30.192 30.835 

2

0

2

0 

CapEx 318.020 109.100 113.750 118.390 123.030 

OpEx 92.798 47.648 40.113 40.663 41.213 

2

0

2

5 

CapEx 410.130 168.840 88.014 91.607 0 

OpEx 150.120 77.474 53.348 53.837 36.590 

 

As it can be seen from the values of Table 4.4, the required investments are spread over the 

years. In order to evaluate the required investments as a whole, the total amount of 

investments must be estimated before the decision to proceed is taken. Net Present Value 

(NPV) analysis over the examined period (2015-2025) can provide such estimation. The NPV 
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calculations assuming a discount rate of 10% estimates a TCO of 1.433.325,07, 797.292,18, 

521.896,88, 536.298,96 and 493.854,05 euros for 1, 2, 3, 4 or 5 CCs respectively. As it can be 

observed, CA significantly reduces the NPV of TCO which for 3 or more CCs stabilizes at 

around 500.000 euros. The histogram of Figure 4.5 presents the TCO of each network as well 

as shows the balance between NPV CapEx and NPV OpEx for each number of CCs. The 

absolute values of NPV CapEx and NPV OpEx can be found in Table 4.5. 

 
Figure 4.5: Required NPV CapEx and OpEx for different CC combinations 

 

Table 4.5: Absolute NPV values for Macrocell BS with CA 

Number of CC 1 2 3 4 5 

NPV CapEx (euros) 766.588,2 414.837,7 251.563 261.829,3 235.392 

NPV OpEx (euros) 666.736,8 382.454,5 270.333,9 274.469,6 258.462,1 

TCO (euros) 1.433.325,07 797.292,18 521.896,88 536.298,96 493.854,05 

 

In the following Figures 4.6 and 4.7, the CapEx and OpEx of the macrocell network are 

partitioned to their main components. In the first Figure, the dominant role in the CapEx of a 

macro-cellular network is played by the work for planning and installation of the equipment 

which consumes approximately 53-58% of the capital expenses. However, increasing number 

of CC reduces the planning and installation costs from 693.627,1 euros for the legacy 

eNodeBs reaching 159.640,29 euros (~77% reduction) of the total CapEx in a five CC 

configuration since less BS are required for supporting the mobile broadband demand. For the 

same reason, also the expenses for fibre backhauling, which requires the 25-30% of the 

CapEx, as well as for the actual macrocell BS equipment follow a descending trend.  
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Figure 4.6: CapEx breakdown 

When it comes to the OpEx figures, in 2025, with the exception of power consumption, 

which has a few fluctuations but always remains in low values, all the components play 

significant role. For one carrier configurations real estate and operation and maintenance play 

the dominant role since the deployment requires many base stations. The trend for this two 

component figures is decreasing due to the reduction of the required BS when increasing the 

number of aggregated CCs. Finally, the expenses for leased lines, in absolute values, remain 

stable since the traffic defined from the scenario is stable for 2025 regardless of the capacity 

provided by the network but its share in the total OpEx increases due to the reduction of the 

cost for O&M and real estate. 

 

Figure 4.7: OpEx breakdown (2025) 
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Mobile broadband is the driver of today’s mobile networks which have to evolve in order 

to support the demanded capacity. Hence, in order to guarantee higher data rates than these 

requested from the scenario, one approach is to increase the aggregated CCs of the network. 

However, spectrum is a limited and expensive resource which leads to the second approach of 

densifying the network even by adding extra macrocell BSs. This approach though causes a 

rapid increase of the required investments. Figure 4.8, depicts the increase in the required 

investments that occurs for guaranteeing cell edge data rates up to 2.5 Mbps when every user 

transmits concurrently. For the calculation of the maximum limit, it was assumed that in the 

area it is reasonable to deploy up to 25 macrocell BSs. Thus, it can be observed that 

macrocells without CA require excessive investments just to guarantee 0.5 Mbps cell edge 

capacity. The trend which verifies our intuition is that for the same level of guaranteed data 

rate, the more CCs that are utilized, the less BSs are required to be deployed which implies 

less expenses. 

 

Figure 4.8: Cost for incremental guaranteed data rate per user 

From the range of guaranteed data rate, two specific numbers are pointed out; 0.4166 and 

0.8333 Mbps. These numbers correspond to a consumption of 30 GB and 60 GB of data per 

month respectively and are likely to occur in countries with higher broadband penetration 

rates such as Sweden at the end of the studied period. Thus, in order to cover such extreme 

cases, the TCO and its components (CapEx and OpEx) for different CC configurations are 

presented in Figure 4.9 along with the data volume initially assumed for comparison.  

Observing the histogram, three facts can be pointed out. First, doubling the demanded data 

volume leads into approximately doubling the required number of serving BS and thus the 

required investments. This is a fact that occurs for all configurations regardless the number of 

CCs. Second, it can be observed that for 60 GB there are only four columns in the histogram. 

This is caused by the fact that legacy macrocells are not capable to provide the required 

capacity taking into account the limitation of 25 macrocell BSs per square kilometer discussed 

previously.  Last but not least, as the number of CCs increases, the number of required BS 
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saturates. This fact verifies that the trend observed in Figure 4.5 still holds for higher data 

volumes. 

 
Figure 4.9: CapEx and OpEx values of macrocells with different CCs 

Finally, CA does not only affect the cost of macrocells, it has an impact on the user 

equipment (UE) as well. CA capable mobile phones need additional RF chains; i.e. additional 

RF transceivers, a combiner and multiple baseband processing [27]. There are many websites 

like gizmodo.com or techinsights.com that break down phones to their components and 

analyze their costs. Hence, the cost of RF components and baseband processors is 

approximately 15$ or 10% of the cost for a mid-range smartphone. In order to enable CA on 

smartphones, it is estimated that the cost of the RF components will increase by 50% for two 

CCs and the processor chip by 25%. However, this is a small increase in the cost of the 

hardware which can be easily absorbed by the market.  

4.2 Indoor femtocell networks 

The first femtocell standard was defined by the three-way cooperation between the Femto 

Forum, 3GPP, and the Broadband Forum on April 2009 as a part or 3GPP’s Release 8 [65]. In 

this way, vendors were enabled to begin the production of standardised femtocells and 

femtocell gateways. In this Section, technical specification of femtocells will be briefly 

presented as well as some assumptions used for the simulations. 

As mentioned before, femtocells have the same functionality as normal BSs. Hence, they 

utilize the same frequency bands (1 - 44) and channel bandwidths (1.4, 3, 5, 10, 15, 20 MHz). 

For the purpose of this thesis project, the experiment simulations are carried out on the 

2.14GHz band for 10 MHz channel bandwidth. Furthermore, it is assumed that there is no 

cross-layer interference experienced between femtocells and another outdoor network 

transmitting on the same frequency bands. The motivation behind this assumption is that we 

want to examine the performance of a femtocell network in an isolated environment such as a 
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greenfield industrial area described from the scenario. Additionally, this assumption is not far 

from reality since femtocells, with their interference management and mitigation techniques, 

are capable of significantly limiting the cross-layer interference experienced from the 

umbrella macrocell BS and vice versa. 

Moreover, the transmit power Tx of the femtocells is lower that a normal WiFi AP and 

ranges between 5 and 100 mW. This is not an issue for the SINR since the range FAPs cover 

is mainly in the range of a room and the minimum required SINR (-5 dB) [64] can easily be 

achieved. Thus, femtocells are low power devices that can even be power by the Ethernet 

cable which connects them to the local area network (LAN). However, being low power 

devices limits their capabilities of processing many concurrent users. Hence, the concurrently 

supported active users are limited up to 32 users which most of the times is enough 

considering the small range of the femtocell. The following Table 4.6 summarizes the 

characteristics discussed above as well as provides a list of the selected configuration for the 

simulations.  

Table 4.6: Femtocell characteristics and selected configuration 

 Characteristics Selected configuration 

Frequency Band 
All the LTE supported bands 

[66] 
2.14 GHz 

Channel Widths 
1.4, 3, 5, 10, 15, 20 MHz 

 
10 MHz 

Number of Spatial Streams 1, 2, 4 2 

Transmit power Up to 100mW 50mW 

Multi-user MIMO Supported Supported 

Concurrent users 4 – 32 16 

 

4.2.1 Capacity calculations 

Following the scenario of Section 2.1, the proposed configuration of femtocells consists of 

13 APs per floor serving 16 concurrent users each supporting a cell radius of 8.6 m. Hence, 65 

femtocells are required per building and 650 APs for covering the whole area of interest. 

According to simulations, each femtocell is capable to provide 10.518 Mbps cell edge data 

rate and an average peak data rate of 40.839 Mbps for uniformly distributed users with an 

average spectral efficiency of 4.56 bps/hz. For the calculation of these values, only the 

downlink transmission is taken into consideration since downlink is most of the times more 

heavily utilized than uplink. Figure 4.10 presents the total capacity provided for different cell 

ranges. It can be observed that the capacity saturates around 10.5 Mbps. The reasoning behind 

this observation is that while the path loss increases when increasing the cell radius, it reduces 

the interference experienced from the adjacent femtocells. Thus, the SINR and consequently 

the capacity remain stable. As a result, the range of the cell is adjustable according to the total 

aggregated capacity required having as an upper limit the 16 concurrent users. 
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Figure 4.10: Total capacity in respect to the distance 

These data rate values mean that in the worst case when all the users served by an AP are 

located at the cell edge and transmit at the same time can achieve data rates of 0.657 Mbps 

which is three times more than the required rate of the scenario even for 2025, the last year of 

the study. In this way the investments for covering the area with femtocells during the first 

year of operation, will be enough for serving the demand until the end of the examined period. 

Figure 4.11 presents the huge difference between the demanded and offered capacity for the 

total area of the examined scenario whereas Table 4.7 provides a summary of the results. 

 
Figure 4.11: Demanded and offered capacity 

Table 4.7: Simulation results summary 

 Value 

Total number of APs 650 

Total capacity provided (Mbps) 6836.7 

Average spectral efficiency (bps/hz) 4.56 

Average data rate (Mbps) 40.839 
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4.2.2 Techno-economic analysis 

As mentioned in the previous Section, the investments required to provide femtocell 

coverage in the area of the scenario are enough for satisfying also the mobile broadband 

demand for all the years of the study. Thus, it is expected to have all the CapEx in the first 

year and the OpEx is expected to be almost stable since the number of FAPs will not change 

in time. Table 4.8 provide the cost assumptions considered for the study. 

Table 4.8: Cost assumptions 

CapEx Cost (in euros) 

 

OpEx Cost (in euros) 

Femtocell AP  300 Leased lines (annual) 960 for 100Mbps 

Ethernet Switch 

24 ports 
350 Electricity 0.1 kW per h 

Planning, 

Installation, 

Commissioning 

 

300 

Operation & 

Maintenance  
10% of total CapEx 

Figure 4.12 below shows the investments required to provide femtocell coverage inside the 

buildings and, in parallel, satisfy the capacity requirements of the scenario. In absolute values, 

in the first year, 399.800 euros of CapEx for the whole area of interest are required to 

purchase and install all the equipment.  The OpEx for the year 2015 is 47.997,92 euros which 

corresponds to 12 % of the CapEx. By the end of the studied period (2025), OpEx will 

increase by 28 % and will reach 61.437,92 euros. This increase is caused by the increase in 

the data traffic which will require leasing lines of higher data rate.  

 

 

Figure 4.12: CapEx and OpEx for the years 2015-2025 

As it can be seen from the previous Figure, the OpEx is spread over the years. In order to 

evaluate the required investments as a whole, the total amount of investments must be 

estimated before the decision to proceed is taken. Net Present Value (NPV) analysis over the 

examined period (2015-2025) can provide such estimation. The NPV calculations assuming a 

discount rate of 10% estimates a TCO of 775.498,18 euros. This number is divided in 399.800 

euros of CapEx and 375.698,18 euros of NPV OpEx. The pie chart of Figure 4.13 gives a 
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graphical representation of the size of the two values.  The meaning behind these numbers is 

that 52% of the total investment will be required in the first year and the rest 48% is spread 

through the 10 years of the studied period. 

 
Figure 4.13: NPV of CapEx and OpEx 

In the following Figure 4.14 and 4.15, the CapEx and OpEx of the femtocell network are 

partitioned to their main components. On the left hand side, CapEx consists of 49% or 

195.000 euros for femtocell equipment, 49% or 195.000 euros for planning, installation and 

commissioning, which plays the dominant role in the total CapEx, and 2% or  9.800 euros for 

the 10 Gbit Ethernet Switches.  On the other hand, OpEx consist of 2% or 1.297,9 euros for 

electricity, 65% or 39.980 euros for operation and maintenance expenses of the network and 

33% or 20.160 euros for leasing lines which depends on the generated data traffic. 

 
Figure 4.14: CapEx breakdown 

 
Figure 4.15: OpEx breakdown (2025) 

As stated in the previous section, the capacity provided per femtocell in a dense 

deployment like the studied scenario remains stable regardless the radius of the cell. Hence in 

order to guarantee higher data rates than the requested from the scenario, one approach is to 

densify the network even further by adding extra femtocells. However, this approach is 

translated in a rapid increase of the required investments. Figure 4.16, depicts the increase in 
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the required investments that occurs for guaranteeing cell edge data rates up to 3.5 Mbps 

when every user transmits concurrently.  

 

Figure 4.16: Cost for incremental guaranteed data rate per user 

As discussed before, from the range of guaranteed data rate, two specific numbers are 

pointed out; 0.4166 and 0.8333 Mbps. These numbers correspond to a consumption of 30 GB 

and 60 GB of data per month respectively and are likely to occur in countries with higher 

broadband penetration rates such as Sweden at the end of the studied period. Thus, in order to 

cover such extreme cases, the TCO and its components (CapEx and OpEx) are presented in 

Figure 4.17 along with the data volume initially assumed for comparison.  

Observing the histogram in Figure 4.17, two major facts can be pointed out. The first point 

is that the suggested configuration to provide coverage for the whole building is capable to 

support data volumes of up to 30 GB per user per month. This number is quite high and it 

satisfies the forecasted numbers of most of the technologically advanced countries. However, 

the deployment discussed in Section 4.2.1 is not enough for supporting 60 GB per month per 

user. Thus, densification of the network is required which results to adding new femtocells per 

flour. In order to support such high traffic a significant number of new femtocells is required, 

specifically 10 femtocells more per flour, which has major impact to the required CapEx and 

subsequently to the required per year OpEx. 
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Figure 4.17: CapEx and OpEx values of femtocells for different data volumes 

4.3 Indoor WiFi Access Points 

As mentioned in Section 3.3, throughout the years IEEE has defined many 802.11 

standards. Successful mobile data offloading requires a standard that can be utilized by mobile 

devices and in parallel is capable of providing significant capacity. The most promising 

candidate of the 802.11 variants is the latest release, IEEE 802.11ac [9]. The standard was 

released on 2013 and the first 802.11ac capable devices are gradually entering the market. 

IEEE 802.11ac includes many advancements in its radio interface. To begin with, it 

supports wider bandwidth which optionally reaches 160 MHz leading to significantly 

increased throughput (802.11n supports 40 MHz). Furthermore, as discussed in Section 3.3.1, 

this version of WiFi transmits only on the 5 GHz band which has the advantage of providing 

high data rates along with an increased number of non-overlapping channels. Taking these 

characteristics into account, the standard needs to be configured in a way that has the best 

performance for a network of APs. Thus, the selected configuration of the standard consists of 

9 non-overlapping channels of 40 MHz each. The motivation behind this choice is that the 

WLAN of IEEE 802.11ac enabled APs has enough non-overlapping channels to eliminate 

interference as well as provide the highest possible channel bandwidth. Table 4.9 summarizes 

the characteristics of IEEE 802.11ac as well as includes the configuration that will be used for 

the simulation. 

Table 4.9: IEEE 802.11ac characteristics and selected configuration 

 Characteristics Selected configuration 

Frequency Band 5 GHz 5 GHz 

Channel Widths 20, 40, 80, 160 MHz 40 MHz 

Number of Spatial Streams 1 to 8 (up to 4 per client) 1 

Transmit power Up to 160mW 160mW 

Multi-user MIMO Supported Supported 
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As stated above IEEE 802.11ac achieves very high data rates. Table 4.10 below gives some 

examples of possible configurations and their theoretical data rates. It should be noted that for 

these values 256QAM with 5/6 coding rate is chosen. 

Table 4.10: Data rates for different channel widths [9]. Values in Mbps. 

Spatial streams  

Channel width (MHz) 
1x1 2x2 3x3 4x4 8x8 

40 200 400 600 - - 

80 433  867 1300 - 3470 

160 867 1730 2600 3470 6930 

It should also be stated that there are some limitation factors which increase the number of 

required APs. Airtime is the resource that is shared between the client devices when 

communicating with the AP. Thus, due to protocol overhead for signalling, framing headers 

or interframe spacing, the rule of thumb is to consider only 50% of the advertised data rate as 

the actual TCP/IP throughput. A second rule of thumb that is considered for the simulation is 

that the APs can support 25 concurrent users. This limitation factor is imposed due to the fact 

that APs have limited processing power for routing more than 25 concurrent users. Finally, 

the client devices (smartphones) that are 802.11ac capable do not support MIMO so only one 

stream per device is transmitted. 

4.3.1 Capacity calculations 

Following the scenario of Section 2.1, the proposed configuration of WiFi per floor 

consists of 8 APs serving 25 concurrent users each supporting a cell radius of 11 m. The fact 

that the APs transmit in the 5 GHz band gives the opportunity to utilize non-overlapping 

channels per AP and thus completely eliminate interference among the cells. According to 

Figure 3.10, there are enough non-overlapping channels with 40 MHz for this deployment 

which can provide improved data rate performance compared to the 20 MHz channels. Hence, 

there will be required 40 WiFi APS per building and 400 WiFi APs for covering the whole 

area of interest. 

According to simulations, each WiFi AP is capable to provide 139.827 Mbps cell edge data 

rate and an average peak data rate of 161.295 Mbps for uniformly distributed users with an 

average spectral efficiency of 4.032 bps/hz. For the calculation of these values, only the 

downlink transmission is taken into consideration since downlink is most of the times more 

heavily utilized than uplink. Figure 4.18 presents the total capacity provided for different 

distances of the client smartphone from the AP. In this figure, the impact of the wall 

penetration loss can be observed. Penetrating a wall degrades the SINR approximately 12 dB 

which translates in 82 Mbps loss per wall. It should be noted that for the simulation of the 

indoor environment it is assumed that every 4 meters there is a wall. 
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Figure 4.18: Total capacity in respect to the distance 

 These values mean that in the worst case when all the users served by an AP are located at 

the cell edge and transmit at the same time can achieve data rates of 5.593 Mbps which is 

much higher than the required rate of the scenario even for 2025, the last year of the study. In 

this way the investments for covering the area with WiFi APs during the first year of 

operation, will be enough for serving the demand until the end of the examined period. Figure 

4.19 presents the huge difference between the demanded and offered capacity for the 

examined scenario whereas Table 4.11 provides a summary of the results.  

 
Figure 4.19: Demanded and offered capacity 

 

Table 4.11: Simulation results summary 

 Value 

Total number of APs 400 

Total capacity provided (Gbps) 55.93 

Average spectral efficiency (bps/hz) 4.032 

Average data rate (Mbps) 161.295 
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4.3.2 Techno-economic analysis 

As mentioned in the previous Section, the investments required to provide WiFi coverage 

in the area of the scenario are enough for satisfying the mobile broadband demand for all the 

years of the study. Thus, it is expected to have all the CapEx in the first year whereas the 

OpEx is expected to be stable since the number of APs will not change in time. Table 4.12 

provide the cost assumptions considered for the study. 

Table 4.12: Cost assumptions 

CapEx Cost (in euros) 

 

OpEx Cost (in euros) 

WiFi AP  350 Leased lines (annual) 960 for 100Mbps 

Ethernet Switch 

24 ports 
350 Electricity 0.1 kW per h 

Planning, 

Installation, 

Commissioning 

 

350 

Operation & 

Maintenance  
10% of total CapEx 

Figure 4.20 below shows the investments required to provide WiFi coverage inside the 

buildings and in parallel satisfy the capacity requirements of the scenario. In absolute values, 

in the first year, 285.950 euros of CapEx for the whole area of interest are required to 

purchase and install all the equipment.  The OpEx for the year 2015 is 37.720,38 euros which 

corresponds to 13.2% of the CapEx. By the end of the studied period (2025), OpEx increases 

by 35,6 % and reaches 51.160,38 euros. This increase is caused by the increase in the data 

traffic which requires leasing lines of higher data rate.  

 
Figure 4.20: CapEx and OpEx for the years 2015-2025 

As it can be seen from the previous Figure, the OpEx is spread over the years. In order to 

evaluate the required investments as a whole, the total amount of investments must be 

estimated before the decision to proceed is taken. Net Present Value (NPV) analysis over the 

examined period (2015-2025) can provide such estimation. The NPV calculations assuming a 

discount rate of 10% estimates a TCO of 589.183,7 euros. This number is divided in 285.950 

euros of CapEx and 303.233,7 euros of NPV OpEx. The pie chart of Figure 4.21 gives a 
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graphical representation of the size of the two values.  The meaning behind these numbers is 

that 49% of the total investment will be required in the first year and the rest 51% is spread 

through the 10 years of the studied period. 

 
Figure 4.21: NPV of CapEx and OpEx 

In the following Figure 4.22 and 4.23, the CapEx and OpEx of the WiFi network are 

partitioned to their main components. On the left hand side, CapEx consists of 49% or 

140.000 euros for WiFi AP equipment and 49% or 140.000 euros for planning, installation, 

commissioning, which plays the dominant role in the total CapEx, as well as 2% or  5.950 

euros for the 10 Gbit Ethernet Switches.  On the other hand, OpEx consist of 5% or 2.405,38 

euros for electricity, 56% or 28.595 euros for operation and maintenance expenses of the 

network and approximately 39% or 20.160 euros for leasing lines which depends on the 

generated data traffic. 

 
Figure 4.22: CapEx breakdown 

 
Figure 4.23: OpEx breakdown (2025) 

WiFi is a very powerful technology. It can support the mobile broadband demand of the 

studied scenario and provide even better performance than required. Figure 4.24 presents the 

total cost of investments for incremental guaranteed data rate per user. In the Figure, it can be 

observed that with almost the same investments to provide coverage the network is able to 

guarantee up to 3 Mbps per user when everybody transmits concurrently. In order to give a 
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real life example of that data rate, streaming a HD 720p video requires only 2,5 Mbps. As a 

result, from the technical perspective, WiFi is a powerful solution that can solve the problem 

from the capacity perspective not only for the next 10 years but for many years beyond. 

 

Figure 4.24: Cost for incremental guaranteed data rate per user 

Similarly to the femtocell case discussed in the previous Section, two specific numbers are 

pointed out of the above figure; 0.4166 and 0.8333 Mbps. These numbers correspond to a 

consumption of 30 GB and 60 GB of data per month respectively and are likely to occur in 

countries with higher broadband penetration rates such as Sweden at the end of the studied 

period. Thus, in order to cover such extreme cases, the TCO and its components (CapEx and 

OpEx) are presented in Figure 4.25 along with the data volume initially assumed for 

comparison.  

 

Figure 4.25: CapEx and OpEx values of WiFi for different data volumes 
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As it can be observed from the histogram, the CapEx remains stable for all three data 

volumes. This was expected and verifies Figure 4.24 since the network configuration that 

aims to provide coverage in the buildings is capable to support higher data volumes than those 

demanded. Despite of the fact that the CapEx is stable, the OpEx required for operating the 

network increases significantly. This increase is introduced by the need for backhaul lines of 

higher data rates that are capable of supporting the traffic generated by the WiFi network. 

Thus, this fact will result in more expensive leasing contracts.  

 

  



51 

5 Comparison of the technologies 

In this Chapter the performance of the examined networks are compared from radio 

capacity as well as techno-economic perspective. As a base line to the comparisons, legacy 

LTE macrocells will be used which is the main type of network extensively used today. For 

the case of CA, only the five inter-band non-contiguous CCs configuration is used for the 

comparisons since it is the most representative case for showing the highest achievable 

performance of CA and it is also realistic when enabling spectrum sharing between operators. 

5.1 Capacity comparison 

The first figure of the capacity comparison is the capacity provided at the worst case 

scenario. This value corresponds to the maximum data rate that can be achieved at the cell 

edge for femtocell or WiFi networks and at the end of each floor for CA when all the 

available resources are allocated to one user. Moreover, in the worst case scenario of having 

the maximum number of concurrent users at the worst possible locations, the capacity is 

shared equally among them, assuming that users own the same devices and request similar 

type of data. Table 5.1 includes the absolute values of worst case capacity as well as the worst 

case data rate achieved by all the concurrent users. 

Table 5.1: Capacity and data rate performance at the worst case scenario 

 Macrocell 
Macrocell 

with 5CC 
Femtocell WiFi AP 

Worst case capacity (Mbps) 241.313 286.734 10.518 139.593 

Worst case data rate (Mbps) 0.241 0.287 0.657 5.593 

Number of BSs or APs  11 2 650 400 

Concurrent users 909 5000 16 25 

 

The capacity at the worst possible location of the coverage is a figure that provides a first 

taste of the capacity performance of each network but yet it is not realistic to have all the users 

at the edge of the cell. Thus, Table 5.2 presents the data rate experienced when the users are 

uniformly distributed within the cell. As it can be observed, WiFi has the best performance 

achieving peak data rate of 161.295 Mbps and 6.452 Mbps when users transmit concurrently. 

The second place goes to femtocells which achieve to provide 40.839 Mbps and 2.552 Mbps 

when users transmit concurrently. Finally, macrocells provide the lowest data rates which are 

approximately 400 Kbps for concurrent transmission.  

This huge difference between macrocell and small cell solutions can be explained by the 

fact that small cells have limitations for the concurrent users they support due to their limited 

processing power. These limitations define a minimum number of APs required to support all 

the users of the studied scenario. Thus, the available resources per AP are shared among fewer 

users than in the macrocell case which results in significantly better performance.  
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Another point that can be raised here is the difference in the performance between the 

small cell solutions. This difference is motivated by the fact that WiFi can support channel 

bandwidth of 40 MHz whereas it is assumed that the MNO operating the femtocell network 

has devoted only 10 MHz for providing indoor services. Despite of this, the most important 

factor that leverages the performance of WiFi is the elimination of interference. WiFi 

802.11ac as mentioned before can support 9 non-overlapping channels of 40 MHz bandwidth. 

On the other hand, MNOs do not have such a luxury since the licensed spectrum is a limited 

resource and thus the femtocell network suffers from heavy interference. 

Table 5.2: Capacity and data rate for uniformly distributed users 

 Macrocell 
Macrocell 

with 5CC 
Femtocell WiFi AP 

Cell data rate (Mbps) 366.789 2059.375 40.839 161.295 

Rate at concurrent 

transmission (Mbps) 
0.403 0.412 2.552 6.452 

Number of BSs or APs  11 2 650 400 

Concurrent users  909 5000 16 25 

Finally, another interesting comparison of the examined technologies is the maximum 

capacity they are capable of guaranteeing. Table 5.3 presents this maximum data rate along 

with the number of BSs or APs. Clearly it can be observed that WiFi can provided higher data 

rate to its users reaching the limit of 10 Mbps per user at the worst possible location namely at 

the cell edge. Femtocells and macrocells enhanced with five carrier aggregation have similar 

performance 3.5 and 2.5 Mbps respectively. Finally the worst performance is that of legacy 

ENodeBs which reach up to 500 Kbps. 

Table 5.3: Max guaranteed data rate 

 Macrocell 
Macrocell 

with 5CC 
Femtocell WiFi AP 

Max data rate (Mbps) 0.5 2.5 3.5 10 

Number of BSs or APs 25 25 100 25 

5.2 Techno-economic comparison 

In the previous Section, WiFi was the predominant technology in terms of capacity and 

average peek data rate. However, the cost of a solution plays significant role in the decision of 

launching it on the market. Thus, a techno-economic comparison of the corresponding 

technologies is considered of crucial importance for recognizing the one that will support the 

indoor mobile broadband demand of the future. 

One element that characterizes a technology is the TCO. As explained before, TCO 

consists of the CapEx required to rollout the technology and the OpEx which concerns the 

expenses required to operate it. Thus, comparing the TCO performance of macrocells and 

small cells can provide a first intuition of which technology is the most cost efficient for the 
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studied scenario. Figure 5.1 presents the annual TCO performance of the examined 

technologies. It is obvious that macrocells enhanced with carrier aggregation of 5 CC prevails. 

This is reasonable because they cover the area with only two BSs and thus require minimum 

CapEx and OpEx. The second place goes to small cells which follow a similar pattern. As 

discussed in Chapters 4 and 5, the whole CapEx occurs during the first year of the deployment 

and the remaining expenses are only for operating the network. The main difference between 

the two small cell technologies is that WiFi requires less APs to cover the area which 

translates into lower CapEx than a femtocell network. Regarding the OpEx performance, the 

WiFi APs and femtocells achieve similar values. This can be explained by the fact that 

femtocells consume less power than WiFi APs counterbalancing in this way their larger 

number of devices. Finally, the most expensive network turns out to be the legacy LTE 

macrocells. In order to support the increasing demand in mobile data traffic, continuous 

densification of the network is required which means increasing CapEx and OpEx. 

 

Figure 5.1: Annual TCO 

However, annual TCO is spread over the years which can give a wrong impression of the 

actual cost of a technology since the value of money changes in time. The NPV provides a 

solution to this problem by giving an estimation of the costs that are required to deploy a 

network through the years with money of present value. Thus, comparison of the NPV figures 

of the examined technology is considered important since it projects all the expenses at a 

reference time. The histogram in Figure 5.2 presents the NPV TCO of the examined 

technologies along with the absolute values for NPV CapEx and NPV OpEx. It can be 

observed that macrocells enhanced with CA of 5 CC is the most economical network that can 

support the demanded data rates with 536.298,96 euros evenly spread to CapEx and OpEx. 

The network with the second performance of NPV TCO is WiFi which requires investments 

of 589.183,7 euros with 51.5% of which to go to the CapEx, namely the equipment and the 

deployment of the network and 48.5% for the operation of it, being only 9% more expensive 

than the 5 CCs aggregation. The third place goes to femtocells which are capable of 

supporting the demand for 775.498,18 euros, again spread almost evenly between CapEx and 

OpEx, being 44,6% more expensive than the 5 CCs aggregation. The final position goes to 
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legacy LTE macrocells which require investments of 1.433.325,07 euros, being 84.83% more 

expensive than femtocells and 167% more than macrocells with CA of 5 CCs. 

 

Figure 5.2: Net Present Value (NPV) 

5.3 Final result 

In Sections 5.1 and 5.2, the examined networks were compared in terms of capacity and 

cost. The results were that WiFi provides the best capacity performance whereas macrocells 

enhanced with carrier aggregation the most economical solution. However, a combination of 

the two factors will determine the most cost efficient technology for satisfying the increasing 

indoor mobile broadband demand of the future. Thus, in this Section, a combination of 

capacity and cost is attempted. 

In order to achieve this, the metric that will be utilized is cost per Mbps. For the 

comparison, the TCO of each technology will be used for achieving the data rates required 

from the scenario at the worst possible location of each deployment, namely the cell edge for 

the case of femtocells and WiFi APs and the opposite end of the building for the case of 

macrocells. As it can be observed from Figure 5.3, for guaranteeing data rates below 100 kbps 

for all the users of the area, utilizing macrocells enhanced with CA of 5 CCs is the most cost 

effective solution. After that limit, macrocells with CA and a network of WiFi APs have equal 

expenses. Femtocell networks follow closely but are a more expensive solution since they 

require a lot of initial investments to provide coverage. Finally, legacy LTE macrocell have 

the worst performance since they require continuous investments for densifying the 

infrastructure as the capacity provided is low compared to the other networks. 
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Figure 5.3: Required investments for guaranteeing data rate 

Figure 5.3 provides the intuition that CA is the solution to the indoor mobile broadband 

demand problem. However, a sensitivity analysis for the performance of each network is 

conducted in order to investigate their behaviour. As it can be observed from Figure 5.4, 

legacy LTE macrocells are not able to guarantee more than 500 Kbps for the indoor users of 

the studied scenario. Furthermore, macrocells enhanced with CA again become too expensive 

for rates more than 500 Kbps and have a maximum limit for guaranteeing data rate of 2.5 

Mbps per user. On the other hand, femtocells become a more cost efficient solution than 

macrocells achieving to guarantee data rates up to 3.5 Mbps per user. WiFi APs have the best 

performance since the number of APs required to provide coverage are able to guarantee up to 

3 Mbps per user and with gradual densification the can provide up to 10 Mbps per user with 

approximately half the expenses of femtocells.  

The importance of Figure 5.4 is that approximately around 250 Kbps is the turning point 

where the operator should migrate from the legacy outdoor solution to indoor small cell 

deployments. At this point the outdoor solutions are not enough, even enhanced with CA and 

the maximum possible number of CCs. Furthermore, it can be observed that WiFi has better 

performance than femtocell mainly due to the avoidance of interference as well as the large 

amount of unlicensed spectrum that they can utilize.  
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Figure 5.4: Sensitivity analysis for guaranteeing data rate 

Finally, another interesting comparison between the examined technologies is their TCO 

requirements for guaranteeing 30 GB and 60 GB of data per user per month. These numbers 

correspond to data rates of 0.4166 and 0.8333 Mbps respectively and are likely to occur in 

countries with higher broadband penetration rates such as Sweden at the end of the studied 

period. Thus, in order to cover such extreme cases, the TCO and its components (CapEx and 

OpEx) are presented in Figure 5.5 along with the data volume initially assumed for 

comparison. Note that each column of the histogram corresponds to one technology with the 

order: legacy macrocells, macrocells with 5 CCs, femtocells and WiFi. 

 

Figure 5.5: CapEx and OpEx values of the studied technologies for different data volums 

Observing the histogram, two facts can be pointed out. First, the histogram verifies Figure 

5.4 and highlights the rapid increase of the TCO for the outdoor networks. On the other hand, 

femtocells increase with a slower rate and WiFi appears almost stable. Second, it can be 
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observed that for 60 GB there are only three columns in the histogram. This is caused by the 

fact that legacy macrocells are not capable to provide the required capacity taking into 

account the limitation of 25 macrocell BSs per square kilometer discussed previously.   

Having said these, it can be concluded that for the specific scenario described in Section  

2.1, macrocells with CA of 5 CC are the most cost efficient solution for supporting the 

increasing indoor mobile broadband demand until 2025. However, if the required guaranteed 

data rate exceeds 250 Kbps which is likely to happen in years after 2025 or in countries with 

high penetration of mobile broadband, macrocells will become too expensive or even fail to 

serve all the generated traffic. Thus, it is estimated that in the next decades, there will be a 

rapid increase in the deployment of small cells, and especially WiFi, due to their capability to 

boost the provided capacity in a cost efficient manner. 
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6 Conclusion 

The perpetual increase in the mobile broadband traffic and its trend to move inside 

buildings is a problem that industry has to deal with in the near future. Already there are many 

potential solutions to the problem with different characteristics and performance. This master 

thesis project investigates the capacity performance as well as analyses the cost effectiveness 

of three solutions that are more likely to become the technologies that will serve the huge data 

volumes of the future, namely macrocells with CA, femtocells and WiFi. 

In terms of capacity, small cells have better performance. Due to their small range and 

concurrent users limitation, small cells divide their wireless resources among less users which 

can be translated into wider channels per user and thus higher data rates. From the two small 

cells investigated, WiFi has the best performance since it utilizes unlicensed bandwidth which 

is enough to create non-overlapping channels and completely eliminate interference. 

Femtocells have limited bandwidth to utilize and thus are sensitive to heavy interference 

caused by the dense deployment of the scenario. However, they have a place in the networks 

of the future since they are able to support older low-end devices in places with poor coverage 

and in parallel serve the data hungry high-end smartphones. On the other hand, legacy 

macrocells are able to support the demand but many BS are required. Their number can be 

reduced significantly by aggregating more carriers using the latest feature of LTE Advanced 

namely Carrier Aggregation. Despite of supporting the demand, macrocells even with CA 

provide poor peak data rates when users transmit concurrently due to the fact that all the 

wireless resources are spread among a vast number of users. 

As far as cost is concern, the most cost effectiveness technology is macrocells with CA of 

5 CCs since only two BSs are required for the scenario analysed, lowering the needed 

investments for CapEx and OpEx. WiFi has the second best cost performance since it requires 

low CapEx due to the low cost of the equipment as well as low OpEx due to its low powered 

APs. Femtocells are also a viable solution but it requires high initial investments comparing to 

the WiFi case due to the high number of APs required. On the other hand, the legacy LTE 

macrocells is the most expensive solution since they require continuous densification which 

increases both the required CapEx and OpEx. 

To conclude, outdoor macrocells are capable of supporting the forecasted mobile 

broadband demand of the scenario assumed for this dissertation by increasing the number of 

BSs or introducing CA. However, for more heavy demand or better QoE (Quality of 

Experience) it is considered important to move the APs of the network closer to the place 

where data traffic is generated and deploy small cells inside the buildings. As a result, small 

cells will eventually become the Radio Access Technology (RAT) for the indoor mobile 

broadband traffic. 

6.1 Research questions 

The research questions this master thesis investigates along with the answers provided by 

the study are as follows: 
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1. How can the cost effectiveness be estimated for different indoor small cell and outdoor 

macro-cellular solutions? 

The study compares two types of small cells (i.e femtocells and WiFi APs) as well as 

macrocells enhanced with CA. The characteristics of these technologies are different and thus 

require utilizing appropriate capacity and economic models for achieving fair comparisons. 

As a result, for the same indoor scenario for calculating the capacity performance of each 

configuration the same technology models were simulated and the metrics for comparison 

were the capacity provided at the worst area of the deployment, the peak data rate achieved 

for uniformly distributed users and the maximum achievable guaranteed data rate. On the 

other hand, for conducting an economic analysis of the examined configurations, TCO 

analysis was performed along with breakdown of the corresponding costs as well as NPV 

analysis. Merging the above mentioned models, it is feasible to appraise the cost effectiveness 

of the investigated technologies. 

2. How can the indoor mobile broadband demand be provisioned in a cost effective 

manner? 

All the examined technologies, according to the simulations performed, are capable to 

support the increase in mobile broadband demand. However, the most cost effective 

technology is macrocells enhanced with CA of 5 CCs. A network utilizing this technology can 

achieve low CapEx and OpEx since it achieves to serve all the generated traffic with very few 

BSs. As a result, the MNOs do not have to deploy very dense indoor small cell networks and 

they can even utilize older sites reducing even further their investments. However, after the 

sensitivity analysis performed in Section 5.3, if the requirements for guaranteed data rate and 

thus the QoS provided increase then eventually MNOs will have to abandon outdoor solutions 

and extend their infrastructure inside the buildings where the mobile data traffic is mainly 

generated. 

6.2 Future work 

For the scope of this thesis dissertation, a study scenario was defined regarding a newly 

build industrial area with 10000 mobile users where three candidate technologies were 

investigated for deployment. However, the results are sensitive to the assumptions adopted for 

simulating the technologies. These assumptions are reasonable for the time this study is 

carried out but they might change in the future. Therefore, sensitivity analysis of the results to 

the assumptions made is considered interesting since it can keep the final results up to date 

and valuable for actors of the field such as MNOs. 

Furthermore, this thesis project examines the performance of each technology as a stand-

alone solution. This situation can occur in greenfield areas but it is not a reality in most of the 

deployments. Always a number of wireless technologies are already available like GSM, 

UMTS, WiMAX or combinations with the examined ones. Therefore, it is considered 

important to investigate the problem having in mind the cooperation of all the above 

mentioned technologies in a heterogeneous network approach. This type of deployment is 

more likely to occur in the future and it is estimated to have even better performance than one 

technology alone. However, smooth cooperation of wireless technologies is never a trivial 

issue. 
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Finally, another interesting topic for further investigation is the business models that come 

up when new technologies enter the portfolio of MNOs. Thus, it is interesting to investigate 

how MNOs will cooperate with each other in order to share their licenced spectrum for 

achieving CA of 100 MHz as well as with the owners of the premises for deploying indoor 

small cells. These business models might also be dependant to the area that the networks are 

deployed such as rural, urban, residential or industrial as well as the policies of the regulatory 

authorities. Therefore, a study with a marketing approach of the corresponding technologies is 

also an interesting future work for the present master thesis. 
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Appendix I 

The following tables provide the combinations of CCs proposed by 3GPP [47], [62]. 

Inter band CA (two bands)  

Configuration Name Area 
Max Aggregated 

Bandwidth [MHz] 

1A - 3A 
2100 All 40 

1800 + All 
 

1A - 7A 
2100 All 40 

2600 EMEA 
 

1A - 8A 
2100 All 30 

900 All 
 

1A - 8A  
2100 All 50 

900 All 
 

1A - 20A 
2100 All 40 

800 DD EMEA 
 

1A - 41A 
2100 All 40 

TD 2500 All 
 

1A - 41C 
2100 All 60 

TD 2500 All 
 

1A - 42A 
2100 All 40 

TD 3500 
  

1A - 42C 
2100 All 60 

TD 3500 
  

3A - 7A 
1800 + All 40 

2600 EMEA 
 

3A - 7C 
1800 + All 60 

2600 EMEA 
 

3C - 7A 
1800 + All 60 

2600 EMEA 
 

3A - 8A 
1800 + All 80 

900 All 
 

3A - 20A 
1800 + All 70 

800 DD EMEA 
 

7A - 8A 
2600 EMEA 30 

900 All 
 

7A - 20A 
2600 EMEA 70 

800 DD EMEA 
 

8A - 20A 
900 All 40 

800 DD EMEA 
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Inter band CA (three bands) 

Configuration Name Area 
Max Aggregated 

Bandwidth [MHz] 

1A - 3A - 8A 

2100 All 130 

1800 + All 
 

900 All 
 

1A - 3A - 20A 

2100 All 60 

1800 + All 
 

800 DD EMEA 
 

1A - 7A - 20A 

2100 All 50 

2600 EMEA 
 

800 DD EMEA 
 

3A - 7A - 20A 

1800 + All 60 

2600 EMEA 
 

800 DD EMEA 
 

7A - 8A - 20A 2600 EMEA 40 

 

Inta band CA (non-contiguous) 

Configuration Name 
Max Aggregated 

Bandwidth [MHz] 

2A - 2A 1900 PCS 40 

3A - 3A 1800 + 40 

4A - 4A AWS 1 40 

7A - 7A 2600 40 

23A - 23A 2000 S-band 15 

25A - 25A 1900 + 60 

41A - 41A TD 2500 80 

41A - 41C TD 2500 60 

41C - 41A TD 2500 60 

42A - 42A TD 3500 40 

 

 

 

 



65 

Inta band CA (contiguous) 

Configuration Name 
Max Aggregated 

Bandwidth [MHz] 

1C 2100 40 

2C 1900 PCS 40 

3C 1800 + 40 

7C 2600 80 

12B 700 ac 15 

23B 2000 S-band 20 

38C TD 2600 40 

39C TD 1900 + 35 

40C TD 2300 80 

40D TD 2300 60 

41C TD 2500 80 

41D TD 2500 60 

42C TD 3500 40 

 

CA bandwidth class 

Class 

Aggregated transmission 
bandwidth configuration  

Maximum 
number of 

CC NRB,agg MHz 

A N <= 100 20 1 

B 25 < N <= 100 20 2 

C 100 < N <= 200 40 2 

D 200 < N <= 300 60 3 

E 300 < N <= 400 80 4 

F 400 < N <= 500 100 5 
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Appendix II 

Challenges and future of WiFi 

As discussed in the Section 3.3, WiFi is a promising candidate to provide the needed 

capacity in order to satisfy the future growth in data traffic. However, it is required to 

integrate WiFi to MNO’s core network. This is a big challenge that is under research from the 

industry. Currently, a few steps towards it have been achieved but it requires many 

advancements until the full integration when WiFi will be just another RAT [67]. 

The first important step towards the integration is to provide the subscribers transparent 

access to the WiFi network. Currently, for accessing a WiFi AP the WPA protocol requires 

the user to provide a password whereas in cellular networks the access is transparent and is 

achieved with the EAP-SIM authentication. It should be noted that the majority of the devices 

that will lead to the data traffic boom are smartphones and tablets which have SIM cards and 

support EAP-SIM authentication. Having this as a baseline, WiFi Alliance and 3GPP work to 

ensure the interworking of WiFi and cellular networks and provide seamless WiFi access by 

authenticating via the device’s SIM card credentials [33]. The outcome of their efforts is the 

Passpoint which follows the specifications of Hotspot 2.0. The fact that the SIM credentials 

are used for the authentication and access to the WiFi network gives the MNO the ability to 

apply the security, policy and charging frameworks used for mobile services. Passpoint is 

already commercially launched but not yet deployed extensively. The following picture gives 

a visual understanding of the coupling of the WiFi and the 3GPP networks [68]. 

 

Figure 1: Coupling of WiFi and 3GPP networks 

The type of authentication is very important mainly for two reasons, security and user 

experience. Aptilo has created the table in Figure 2 discussing the relationship between the 

two factors [67]. It can be easily understood that the less intervention the user has in the 

authentication procedure, the more secure it is and the more satisfaction from the service is 

received. Thus, the SIM-based authentication with 802.1x encryption is considered as the 

most appropriate for the purposes of the network integration since it is automatic without 

requiring the user to care about it and it is secure at the same level as 3GPP networks. 
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Figure 2: Authentication method, security vs user experience 

Authentication is only one step towards the integration. Another important step is the 

mobility management. The integrated network has to provide full service continuity and 

mobility across WiFi and 3GPP networks which mean fast and efficient handovers between 

APs or networks seamlessly for the user [67] [68]. 3GPP standardization body has defined a 

number of standards that support interaction between the network and the mobile device in 

order to provide the required mobility. The outcome of their efforts is Access Network 

Discovery and Selection Function (ANDSF) which is defined in the 3GPP releases 8, 10, 12 

and enables the mobile devices to discover and select non-3GPP (i.e. WiFi) networks. The 

decision for the handover is made according to the interaction of the PCRF (policy control) 

server of the 3GPP core network and the mobile device. This functionality is not yet 

commercially available but it is scheduled to be on the market the following years before the 

data traffic explosion. 
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