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Dankwoord 

Voor velen is het geen onbekend gegeven dat voor mij leven zonder 

(metal)muziek een hel zou zijn. Tijden de afgelopen jaren was muziek dan ook 

steevast een belangrijke factor
1
. Verder is het niet onbekend dat ik al graag eens 

iets anders of ongekeerd doe, dus om eens helemaal atypisch te doen, een 

dankwoord gebruikmakend van de lyrics van enkele fantastische topplaten om de 

belangrijkste zaken te vertellen. 

 

Eerst en vooral, een doctoraatstraject: soms is het fantastisch, soms heel wat 

minder... 

Oh Mary, Mary 

To be this young is oh so scary 

Mary, Mary 

To be this young I'm oh so scared 

I wanna live, I wanna love 

But it's a long hard road, out of Hell 

I wanna live, I wanna love 

But it's a long hard road, out of Hell 

(Marilyn Manson, “Long hard road, out of hell”) 

Meer zelfs, soms voelde het als een of ander episch gevecht, waarbij muziek 

gelukkig vaak de nodige ondersteuning kon geven. 

We won this battle with might and fearless hearts 

We came and we fulfilled our prophecy 

So now we shall march back towards our kingdom 

With heads up high and glimmering eyes 

we returned with our glory 

(Ensiferum, “Battle Song”) 

  

                                                           
1 Om een idee te geven, de vijftien meest gespeelde nummers speelden gemiddeld elk 150 

keer… 



Maar hey, hier zijn we! Het mag dan wel mijn naam zijn die op de cover staat, ik 

ben blij te kunnen zeggen dat wanneer het nodig was, er altijd wel iemand was 

om (weer) eens tegen te klagen of die mij een symbolische schop onder de kont 

durfde geven. 

It's in the words you say and how you live the day 

How you keep me from falling 

The way you take my hand, the way you understand 

You make me whole 

The way you talk to me (the way you talk to me) 

and how you make me see (and how you make me see) 

This is my all 

(Dyscordia, “Words of Fortune”) 

Dus aan elk die rechtstreeks of onrechtstreeks een rol gespeeld heeft in het traject 

van de afgelopen jaren, een gewelde “yo merci eh”. En hier eindig ik met de 

slotwoorden van mijn presentatie “Jah, ‟t is tijd voe e pintje”, want al zeg ik het 

zelf, het is verdiend. 

Bring us pints of beer 

if you don't drink, you can leave 

bring us pints of beer 

we gonna drink now and here 

 

We've been around the world 

We've devoured endless roads 

we've seen many towns, 

can't remember all of those 

 

Sometimes it's so hard 

but we can't change ourselves 

we are the journeymen 

and born to live this way 

 

Bring us pints of beer 

if you don't drink, you can leave, 

bring us pints of beer 

we gonna drink now and here 

... 

(Korpiklaani, “Bring us pints of beer”)



 

 





 

Table of Contents 

Table of Contents ................................................................................................. i 

List of Figures ..................................................................................................... v 

List of Tables ...................................................................................................... xi 

List of Acronyms ............................................................................................... xv 

Samenvatting – Summary in Dutch – ............................................................ xxi 

Summary ....................................................................................................... xxvii 

1 Introduction and publications ............................................................. 1 

1.1 Research challenges: decisions on different structural levels ........... 5 
1.1.1 Decisions on the European level ............................................................. 6 
1.1.2 Decisions on a National/Regional/Local bodies ................................... 23 
1.1.3 Market evolutions and strategic decisions ............................................ 27 

1.2 ICT networks impacted by policy changes ....................................... 32 
1.2.1 Fixed access networks .......................................................................... 32 
1.2.2 Wireless access networks...................................................................... 47 

1.3 Research approaches: modeling techno-economic impact .............. 61 
1.3.1 Search heuristics and optimizations methods ....................................... 62 
1.3.2 Modeling impact for multiple actors ..................................................... 69 

1.4 Outline & Research contributions ..................................................... 74 

1.5 Publication List ................................................................................... 76 
1.5.1 Publications in international journals  

(listed in the Science Citation Index) .................................................... 76 
1.5.2 Publications in international conferences  

(listed in the Science Citation Index ) (p1) ........................................... 76 
1.5.3 Publications in other international conferences (c1) ............................. 77 

References .......................................................................................................... 78 

2 International roaming in the EU: current overview, 

challenges, opportunities and solutions ............................................. 89 

2.1 Introduction and motivation .............................................................. 90 

2.2 The evolution of roaming in the EU .................................................. 92 

2.3 Description of the mobile data roaming market ............................ 100 
2.3.1 Linking legislation to actually paid wholesale rates ........................... 100 



ii   

 

2.3.2 An example from the Belgian telecom market ................................... 107 

2.4 Economic and business impact of cutting roaming fees ................ 109 
2.4.1 Impact for telecom operators .............................................................. 109 
2.4.2 How to reduce or counter this impact? ............................................... 111 

2.5 Solutions and strategies for the future ............................................ 113 
2.5.1 Carrier portability and alternative SIM approaches ............................ 114 
2.5.2 Strategies for big operators: cross-border competition and traffic 

steering................................................................................................ 115 
2.5.3 Strategies for smaller operators: IMSI beyond national borders or 

stricter regulation? .............................................................................. 116 
2.5.4 ‗Roam like a local‘ instead of ‗Roam like at home‘? .......................... 117 
2.5.5 Wi-Fi offloading as a complement for mobile data roaming .............. 118 

2.6 Summary and conclusion ................................................................. 119 

References ........................................................................................................ 119 

3 Optimizing a joint multi-operator planning to reduce 

deployment costs and urban hinder ................................................ 125 

3.1 Introduction ...................................................................................... 126 
3.1.1 Existing means of obtaining synergy .................................................. 127 
3.1.2 Directive of the European Commission to reduce the cost of  

deploying high-speed electronic communications networks .............. 128 

3.2 Using data to improve levels of collaboration ................................ 130 

3.3 Methodology: evaluating a synergistic planning ............................ 131 
3.3.2 Single actor evaluations ...................................................................... 134 
3.3.3 Multi-actor evaluations ....................................................................... 137 
3.3.4 Interplay of the evaluations ................................................................. 140 

3.4 Implementation of the evaluation model as an LP optimization .. 141 
3.4.1 Feeding of the data model ................................................................... 141 
3.4.2 Implementation using Linear Programming ....................................... 143 

3.5 Application of the LP-model ............................................................ 149 
3.5.1 Preprocessing of the data .................................................................... 152 
3.5.2 Interpretation of the results ................................................................. 152 
3.5.3 Ghent: minimal scenario ..................................................................... 154 
3.5.4 Ghent: realistic scenario...................................................................... 155 
3.5.5 Ghent: optimistic scenario .................................................................. 156 
3.5.6 Validation of the results using sensitivity analysis ............................. 157 

3.6 Discussion and future work ............................................................. 165 

3.7 Conclusion ......................................................................................... 168 

3.8 Acknowledgements ........................................................................... 168 

References ........................................................................................................ 169 



  iii 

 

4 Modeling the Relationship between Network Operators and 

Venue Owners in Public Wi-Fi Deployment using non-

cooperative Game Theory ................................................................ 171 

4.1 Introduction and Definition of Public Wi-Fi .................................. 172 

4.2 Literature Study and Background Information ............................ 174 
4.2.1 Public Wi-Fi Examples ....................................................................... 174 
4.2.2 Introduction to Game Theory and Non-Cooperative Games .............. 175 
4.2.3 Analysis of non-cooperative games .................................................... 176 
4.2.4 Game Theoretical Applied to ICT Networks ...................................... 177 

4.3 Methods: Modeling the payoff values for  

cooperative Wi-Fi roll-out use cases ................................................ 178 
4.3.1 Equipment cost modeling of Wi-Fi networks ..................................... 180 
4.3.2 Direct and Indirect Revenue modeling ............................................... 185 

4.4 Results and discussion ...................................................................... 186 
4.4.1 Applying the cost and revenue models to the shopping mall case ...... 187 
4.4.2 Calculating the Total Cost of Ownership (TCO) ................................ 188 
4.4.3 Modeling Direct and Indirect Revenues per Wi-Fi model .................. 189 
4.4.4 Direct Revenues: Ads and Subscription Tickets ................................. 190 
4.4.5 Indirect Revenues: Side-Effects of a Public Wi-Fi network ............... 192 
4.4.6 Initial version of the game .................................................................. 195 
4.4.7 Adapted version of the game: the Introduction of a Compensation 

Scheme................................................................................................ 198 

4.5 Conclusion ......................................................................................... 202 

4.6 Declarations ....................................................................................... 203 
4.6.1 Availability of data and material......................................................... 203 
4.6.2 Competing interests ............................................................................ 203 
4.6.3 Funding ............................................................................................... 203 
4.6.4 Authors Contribution .......................................................................... 203 
4.6.5 Acknowledgements ............................................................................. 203 
4.6.6 Abbreviations ...................................................................................... 203 

4.7 References.......................................................................................... 204 

5 Modeling Equipment Hierarchy and  

Costs for ICT solutions ..................................................................... 207 

5.1 Modeling equipment cost,  

an essential part of business modeling ............................................ 208 

5.2 Modeling equipment cost ................................................................. 209 

5.3 ECMN, a uniform representation for  

equipment cost estimation models ................................................... 216 
5.3.1 Terminology ....................................................................................... 216 
5.3.2 ECMN - Equipment Coupling Modeling Notation ............................. 216 
5.3.3 ECMN implemented in the BEMES platform .................................... 221 

5.4 Applying ECMN to several use cases .............................................. 222 



iv   

 

5.4.1 Modeling a smart cow monitoring system .......................................... 222 
5.4.2 Modeling additional ICT network-related use cases ........................... 229 

5.5 Comparison of modeling approaches .............................................. 230 

5.6 Summary & future work .................................................................. 237 

References ........................................................................................................ 238 

6 Conclusions and future work ........................................................... 241 

6.1 Summary of the main conclusions ................................................... 241 

6.2 Future work ....................................................................................... 244 

A Clarification how the dataset affects the complexity of the 

multi-utility planning problem (Chapter 3) ................................... 246 

A.1 Increasing number of actors ............................................................ 247 

A.2 Increasing number of utility works ................................................. 248 

A.3 Increasing number of overlaps ........................................................ 248 

A.4 Interplay of complexity drivers ....................................................... 249 



 

List of Figures 

Figure 1-1:  Internet volumes are estimated to grow at a cumulated 

aggregated grow rate of 26% for the next years [1]. ...................... 1 
Figure 1-2:  General overview of the Internet topology divided in core, 

access and home networks, based on [2]. ....................................... 2 
Figure 1-3:  Coverage rates of different technologies in the European 

Union in 2016 and 2017, based on [3]. .......................................... 3 
Figure 1-4:  Cable coverage shows large differences between countries in 

2017, based on [3]. ......................................................................... 4 
Figure 1-5:  The structure of the EU priorities, split into their 

subcomponents. .............................................................................. 8 
Figure 1-6:  The initial definition of the NBPs shows a large difference, 

while some were defined as early as 2008, the peak was in 

2014 as a result of the EU broadband initiative, based on 

[21]. .............................................................................................. 12 
Figure 1-7:  Next Generation Access coverage in the EU28 evolution 

between 2011 and 2017, based on [22]. ....................................... 13 
Figure 1-8:  Next Generation Access coverage in the EU28 difference 

between rural and overall coverage, based on [22], [23]. ............. 14 
Figure 1-9:  The division to which organizations settlement tasks are 

assigned show NRAs are chosen in the majority of the 

Member States, based on [34]. ..................................................... 16 
Figure 1-10:  The division to which organizations Single Information Point 

(SIP) tasks are assigned show that in contrast to the 

settlement tasks, Member States do not strictly prefer NRAs, 

based on [34]. ............................................................................... 17 
Figure 1-11:  The satisfaction with the difference areas of the directive 

2014/61/EU show improvements after the introduction, based 

on [34]. ......................................................................................... 18 
Figure 1-12:  Visualization of the different actors and compensations used 

before and after the introduction of Roam Like At Home 

(RLAH). ....................................................................................... 19 
Figure 1-13:  Overview of all municipalities which received a WiFi4EU 

voucher in the first application round, based on [70] and [71]. .... 26 
Figure 1-14:  The evolution of the Average Revenue Per User (ARPU) for 

mobile operators shows a decrease since 2011 in the EU28. 

Luxembourg is the biggest exception with a minor increase, 

while France shows the biggest decrease; based on [90]. ............ 28 



vi   

 

Figure 1-15:  High level differences between horizontal and vertical 

integration (C=content, TV=TV broadcasting, PN=Physical 

Network). ..................................................................................... 29 
Figure 1-16:  Visualization of the integration of content (NUC=non-unique 

content; UC=unique content, TV=TV broadcasting, 

PN=Physical Network). ................................................................ 30 
Figure 1-17:  Visualization of impact of open access networks on content 

integration) (NUC=non-unique content; UC=unique content, 

TV=TV broadcasting, PN=Physical Network). ............................ 31 
Figure 1-18:  Representation of the different kinds of open access, based on 

[105]. ............................................................................................ 35 
Figure 1-19:  Comparison of the maximal throughput of VDSL2 and 

VDSL2+, based on [107]. ............................................................ 37 
Figure 1-20:  Required equipment per premise in an xDSL network. ............... 38 
Figure 1-21:  High level view from xDSL access networks before and after 

the introduction of fiber. ............................................................... 39 
Figure 1-22:  Frequency division on a coax cable, difference between 

DOCSIS3.0 and DOCSIS3.1 opening up the port analogue 

TV signal for more data bandwidth [112]. ................................... 40 
Figure 1-23:  Required equipment per premise in a coax network. ................... 41 
Figure 1-24:  An amplifier on a trunk line in a small street cabinet. .................. 41 
Figure 1-25:  High level view from coax access networks before and after 

the introduction of fiber. ............................................................... 42 
Figure 1-26:  FTTH coverage of households in EU28 in mid-2017, based 

on [113]. ....................................................................................... 43 
Figure 1-27:  Uptake and coverage of FTTH in a number of Member states 

in mid-2017, based on [113] and [114]. ....................................... 44 
Figure 1-28:  High level view from both an Active Optical Network (AON) 

and a Passive Optical Network (PON). ........................................ 45 
Figure 1-29:  Different version of fiber networks, ranging from 'to the 

cabinet (FTTC)' up to 'to the home' (FTTH). ............................... 46 
Figure 1-30:  Visualization of the relation between range and data rate for a 

set of wireless technologies, based on [118]. ............................... 47 
Figure 1-31:  Extract of the frequency division in the USA [119]. .................... 48 
Figure 1-32:  The Wi-Fi certified logo proves device certification and 

ensures interoperability. ............................................................... 49 
Figure 1-33:  Evolution of the theoretical throughput for the 802.11 

wireless standards. ........................................................................ 50 
Figure 1-34:  Evolution of the adoption of the 802.11 standards in certified 

smartphones in 2016 to 2019 (so far), based on [124]. ................ 50 
Figure 1-35:  Different modes in which Wi-Fi networks can be operated. ........ 51 
Figure 1-36:  Using wireless meshes not all access points require a cabled 

connection to Internet the uplink, based on [126]. ....................... 52 
Figure 1-37:  Visualization of how an increase in users might be reflected 

in an increase in APs with separate channels (colors 

indicating different channels). ...................................................... 53 



  vii 

 

Figure 1-38:  Evolution of the cellular generations, based on [128]. ................. 55 
Figure 1-39:  Visualization of the possible variations of Mobile Virtual 

Network Operators (MVNOs), based on [131]. ........................... 56 
Figure 1-40:  Levels of infrastructure sharing, based on [135]. ......................... 58 
Figure 1-41:  High level view of a 4G cellular network. ................................... 59 
Figure 1-42:  Visualization of how the different sections are linked together 

in the methodology which is applied to the various chapters. ...... 62 
Figure 1-43:  Visualization of the example LP problem, with the area 

complying with all constraints indicated. ..................................... 64 
Figure 1-44:  High level view of a genetic algorithm. ....................................... 66 
Figure 1-45:  Game theory example: extensive form representation. ................ 70 
Figure 1-46:  Game theory example: normal form representation. .................... 71 
Figure 1-47:  Value network example of value exchanges. ............................... 72 
Figure 1-48:  Difference of the value network of Netflix in 2007 and 2016. ..... 73 
Figure 1-49:  Overview how the different contributions in Chapters 2 to 5 

are linked to the intro sections. ..................................................... 74 
Figure 2-1:  Evolution of wholesale and retail price caps (eurocents, excl. 

VAT) for voice calls, SMS and data services. .............................. 96 
Figure 2-2:  Overview of the EEA average of the wholesale data price per 

MB (prepaid and postpaid) and the matching wholesale cap, 

(BEREC, 2016c)......................................................................... 101 
Figure 2-3:  Overview of the actually paid wholesale rates, with the 

distinction between balanced and unbalanced traffic 

(BEREC, 2016b). ....................................................................... 103 
Figure 2-4:  Total estimated wholesale roaming unit costs for data service 

(€c/MB) as calculated by TERA consultants (2016). ................. 105 
Figure 2-5:  Average domestic retail price per GB for data-only 

subscriptions. .............................................................................. 106 
Figure 2-6:  Overview of the mobile turnover of Belgian operators in 

2015 (BIPT, 2016)...................................................................... 108 
Figure 3-1:  The fitness function consists of two weighted pillars, which 

respectively exist of single-actor and multi-actor evaluations.... 132 
Figure 3-2:  Visualization of a time window, indicating the earliest and 

latest start for a work between which no penalties will be 

applied. ....................................................................................... 134 
Figure 3-3:  Example of a utility work that has been scheduled ahead of 

its allowed time window. ........................................................... 135 
Figure 3-4:  The second single actor evaluation scores each actor‘s budget 

(expressed as a number of km) for each relevant year. .............. 136 
Figure 3-5:  Overlaps are always evaluated in pairs of two to simplify the 

evaluation functions: a) shows the pairs for 3 works (A, B, C) 

at the same location b) shows the pairs for 3 works (A, B, C) 

working at the same street segment. ........................................... 137 
Figure 3-6:  Representation of the ratios used to evaluate a physical 

overlap: a) representation of the physical overlap (note the 

dashed line is the representation of a street) and b) 



viii   

 

representation of the time overlap (note the full line is the 

representation of a timeline). ...................................................... 138 
Figure 3-7:  Three example utility works (top layer) and their 

corresponding projecting upon the street (bottom layer); light 

grey lines are streets; light grey polygons are the original 

representation of the works; black are the projected 

representations. ........................................................................... 142 
Figure 3-8:  Visualization of how the planned start is expressed as a 

number of days from a reference point. ...................................... 143 
Figure 3-9:  isualization how the number of overlaps (7 in total: AB, AC, 

AD, BC, BD, CD) can be larger than the number of utility 

work in an overlap (4 in total: A, B, C, D). ................................ 150 
Figure 3-10:  Visualization how 'number of weeks of collaboration' is 

calculated.................................................................................... 153 
Figure 3-11:  Results of the minimal case show the number of weeks in 

collaboration can almost be doubled. ......................................... 154 
Figure 3-12:  The realistic case shows improvements up to 60%. ................... 155 
Figure 3-13:  The final case show results very similar to the initial case 

with almost a doubling of the weeks of collaboration. ............... 156 
Figure 3-14:  Sensitivity results of single parameter variations on top of the 

minimal scenario. ....................................................................... 158 
Figure 3-15:  Results of the single parameter sensitivity analysis show the 

impact on the weeks of collaboration per changing input 

parameter. ................................................................................... 159 
Figure 3-16:  Results of the single parameter sensitivity analysis show the 

impact on the budget score changing input parameter. .............. 160 
Figure 3-17:  Result of the sensitivity analysis, range of the number of 

weeks in collaboration (top) and budget score (bottom). ........... 161 
Figure 3-18:  Distribution of the multi-parameter visualizations shows the 

range of weeks of collaboration. ................................................ 163 
Figure 3-19:  Distribution of the multi-parameter visualizations shows the 

range of the budget score............................................................ 164 
Figure 3-20:  Summary of the weeks of collaboration obtained in the 

different scenarios. ..................................................................... 165 
Figure 3-21:  Indication how much of the possible synergy locations are 

actually used in the different scenarios. ..................................... 166 
Figure 4-1:  Effect of different compensation percentages when 

comparing the profit of the MNO with the Premium model. ..... 199 
Figure 5-1:  The most basic ECMN model consists of a single driver 

(Customers), connected to a piece of equipment (Hard Disk) 

using a connector with a 1000-to-1 granularity. ......................... 219 
Figure 5-2:  The second exemplary ECMN model consists of a single cost 

driver, interlinking three pieces of equipment, and 

demonstrates the use of the SUM-aggregator. ............................ 220 



  ix 

 

Figure 5-3:  The final example introduces the submodel, interlinked using 

intermediate drivers, which simplifies the overall model by 

hiding the most detailed level. .................................................... 221 
Figure 5-4:  High-level structural overview of the cow monitoring system, 

which can roughly be divided into two categories: equipment 

per cow and equipment per farm [31]. ....................................... 222 
Figure 5-5:  The first modeling step using ECMN consists of two 

submodels which are linked into a parent model. ...................... 226 
Figure 5-6:  The second modeling step using ECMN introduces new 

pieces of equipment in the CMS submodel, but leaves the 

parent and other submodel unchanged. ...................................... 227 
Figure 5-7:  The final modeling step using ECMN adds additional detail 

to both submodels. The overall structure has remained 

unchanged through all three modeling steps. ............................. 228 
Figure 5-8:  ECMN model of a modular Cisco ASR 9010 Router [32]. ........ 229 
Figure 5-9:  ECMN model of a central office with number of customers as 

its sole cost driver [32]. .............................................................. 229 
Figure 5-10:  The ECMN model for a Wi-Fi network depends on the area 

to be covered and the number of concurrent users. .................... 230 
 

Figure A.1:  Reference visualization with three actors (colors), nine utility 

works (nodes) and six overlaps (edges). ..................................... 247 
Figure A.2:  Visualization how an increased number of actors impacts the 

problem complexity. ................................................................... 247 
Figure A.3:  Visualization how an increased number of nodes impacts the 

problem complexity. ................................................................... 248 
Figure A.4:  Visualization how increased number of edges impacts the 

problem complexity. ................................................................... 249 





 

List of Tables 

Table 1-1:  The Digital Agenda as part of the Europe 2020 strategy 

consists of seven pillars [8]. ........................................................... 6 
Table 1-2:  The 10 European Commission priorities for 2015-2019 [9]. ......... 7 
Table 1-3:  Overview of the different regional implementations of 

Directive 2014/61/EU. ................................................................. 25 
Table 1-4:  Genetic algorithm example: initial population. ............................ 67 
Table 1-5:  Genetic algorithm example: crossover. ........................................ 67 
Table 1-6:  Genetic algorithm example: mutation. ......................................... 68 
Table 1-7:  Genetic algorithm example: after first generation. ....................... 68 
Table 2-1:  Evolution of wholesale and retail price caps (eurocents, excl. 

VAT) for voice calls, SMS and data services. .............................. 95 
Table 2-2:  Intermediate step of the retail price caps (eurocents, excl. 

VAT) for voice calls, SMS and data services, leading up to 

the introduction of Roaming Like At Home (European 

Commission, 2015a). .................................................................... 99 
Table 2-3:  Newly proposed wholesale rates, which take effect on the 

15
th

 of June 2017 (if accepted) in support of the RLAH 

initiative........................................................................................ 99 
Table 2-4:  Overview of the estimated maximal underlying cost of 

providing roaming. ..................................................................... 104 
Table 2-5:  International operators active in the EU (DFMonitor, 2016). .... 110 
Table 3-1:  The minimal data model representing a utility work required 

to apply the evaluation model. ................................................... 131 
Table 3-2:  Used variables in the per utility work logic. ............................... 144 
Table 3-3:  Used variables in the 'per overlap' logic. .................................... 146 
Table 3-4:  Used variables in the 'per actor' logic. ........................................ 148 
Table 3-5:  Variables used in the multi-objectives. ...................................... 149 
Table 3-6:  Overview of the different scenarios simulated. .......................... 150 
Table 3-7:  Configuration parameters for all three scenarios. ....................... 151 
Table 3-8:  Configuration parameters for the sensitivity analysis. ............... 157 
Table 4-1:  Payoff matrix of the prisoners‘ dilemma upon which both 

Pareto optimal state (bordered cells) and the Nash 

equilibrium (bold and underlined) are indicated. ....................... 176 
Table 4-2:  High-level parameters used in the payoff functions of the 

cooperative game........................................................................ 179 
Table 4-3:  Exemplary payoff matrix of the cooperative game. ................... 179 
Table 4-4:  The reworked Bill of Materials (BOM) split in AP-driven 

costs fixed costs. ......................................................................... 180 



xii   

 

Table 4-5:  Formula parameters for the total number of required access 

points. ......................................................................................... 181 
Table 4-6:  Example of an area covered by APs using a 6 * 5 grid, with a 

cell size of 25m. ......................................................................... 183 
Table 4-7:  Required length of cable for each AP to be connected to the 

closest upload point, with a cell size of 25m. ............................. 184 
Table 4-8:  The entire BOM falls down in 4 major cost groups: CapEx 

and 3 sets of OpEx costs (1 year): site costs, equipment 

maintenance and backhauling. ................................................... 184 
Table 4-9:  Parameters required in order to calculate the discounted TCO. . 185 
Table 4-10:  Quality scoring overview for the input parameters. ................... 186 
Table 4-11:  General use case parameters. ...................................................... 187 
Table 4-12:  High-level parameters used in the payoff functions of the 

cooperative game........................................................................ 188 
Table 4-13:  Formula parameters for the total number of required access 

points. ......................................................................................... 188 
Table 4-14:  The Total Cost of Ownership calculation shows a cost of over 

one million euro for a Free/Freemium Wi-Fi rollout and two 

hundred thousand euro for Premium. ......................................... 189 
Table 4-15:  The chosen Wi-Fi strategy by the MNO impacts the direct 

and indirect revenue streams. ..................................................... 190 
Table 4-16:  Direct revenue parameters for the Freemium and Premium 

model. ......................................................................................... 191 
Table 4-17:  Generated direct revenues for the Freemium and Premium 

Wi-Fi model as calculated by Eq. 11-Eq. 14. ............................. 191 
Table 4-18:  Indirect revenue parameters shared for all three Wi-Fi 

models. ....................................................................................... 193 
Table 4-19: Indirect revenue parameters with distinct values for all three 

Wi-Fi models. ............................................................................. 193 
Table 4-20:  Indirect revenue streams for different Wi-Fi models. ................ 194 
Table 4-21:  Extract of the matrix of the initial game, expressed in million: 

bordered cells are Pareto, bold underlined cells are Nash. ......... 197 
Table 4-22:  Example how the new strategies of the MNO might look. ......... 200 
Table 4-23:  Extract of the matrix of the adapted game, expressed in 

million: bordered cells are Pareto, bold underlined cells are 

Nash; in the adapted version the Nash has become Pareto. ........ 201 
Table 5-1:  Overview of studies with a clear equipment cost modeling 

component. ................................................................................. 211 
Table 5-2:  Overview of existing tools related to equipment modeling 

with their main objectives. ......................................................... 214 
Table 5-3:  The main building blocks of ECMN. ......................................... 218 
Table 5-4:  The different modeling levels of the Cow Management 

System, progressively more detailed. For each cost 

component, it is indicated what kind of cost is expected 

(U=Upfront, R=Recurring). ........................................................ 224 



  xiii 

 

Table 5-5: Summary of how well spreadsheet approaches and ECMN 

match the requirements of cost equipment modeling. ................ 236 

 



 

 



 

List of Acronyms 

A 
ADSL Asymmetric Digital Subscriber Line 

AON Active Optical Network 

AP Access Point 

ARPU Average Revenue Per User 

B 
BCOs Broadband Competent Office 

BEREC Body of European Regulators for Electronic 

Communications 

BIPT Belgian Institute for Postal Services and 

Telecommunication 

BOM Bill Of Materials 

BPMN Business Process Modeling Notation 

C 
CAGR Cumulated Average Growth Ratio 

CMS Cow Management System 

CMTS Cable Modem Termination System 

CO Central Office 

CRM Customer Relationship Management 

D 
DAE Digital Agenda for Europe 

DESI Digital Economy and Society Index 

DOCSIS Data Over Cable Service Interface Specification 

DR Direct Venue 

DSL Digital Subscriber Line 

DSLAM Digital Subscriber Line Access Multiplexer 

DSM Digital Single Market 

DSP Domestic Service Provider 

E 



xvi   

 

EC European Commission 

ECB European Central Bank 

ECMN Equipment Couple Modeling Nation 

EEA European Economic Area 

eNB Evolved Node B 

EPC Evolved Packet Core 

ERG European Regulators Group 

EU European Union 

E-UTRAN Evolved UMTS (Universal Mobile Telecommunications 

 System) Terrestrial Radio Access Network 

F 
FSP Foreign Service Provider 

FTTB Fiber-to-the-Building 

FTTC Fiber-to-the-Cabinet 

FTTH Fiber-to-the-Home 

FUL Fair Use Limit 

FUP Fair Use Policy 

G 
GB Gigabyte 

GIS Geographic Information System 

GPS Global Positioning System 

GSM Global System for Mobile communications 

I 
ICT Information and Communication Technology 

IDR Indirect Revenue 

IEEE Institute of Electrical and Electronics Engineers 

IoT Internet of Things 

ILR Institut Luxembourgeois de Régulation 

IMR International Mobile Roaming 

IMSI International Mobile Subscriber Identity 

INTUG International Telecommunications Users Group 

IRS International Roaming Services (IRS) 

ISP Internet Service Provider 

ITU International Telecommunication Union 

L 



  xvii 

 

LBO Local Breakout 

LIP Linear Integer Programming 

LP Integer Programming 

LPWAN Low-Power Wide-Area Network 

LTE Long Term Evolution 

LTE-m Long Term Evolution for Machines 

 

M 
MB Megabyte 

MHz Megahertz 

MNO Mobile Network Operator 

MVNO Mobile Virtual Network Operator 

N 
NBP National Broadband Plan 

NGA Next Generation Access 

NP Network Provider 

NRA National Regulatory Agency 

O 
ODF Optical Distribution Frame 

OECD Organization for Economic Co-operation and Development 

OLT Optical Line Terminal 

ONU Optical Network Unit 

OTT Over The Top 

P 
PCB Printed Circuit Board 

PIP Physical Infrastructure Provider 

PON Passive Optical Network 

PPP Public Private Partnership 

PSTN Public Switched Telephone Network 

R 
RAN Radio Access Network 

RLAH Roam Like at Home 

RLAL Roam Like a Local 



xviii   

 

ROI Return on Investment 

ROP Remote Optical Platform 

S 
SIM Subscriber Identity Module 

SIP Single Information Point 

SMP Significant Market Power 

SP Service Provider 

T 
TCO Total Cost of Ownership 

U 
UE User Equipment 

UPS Uninterrupted Power Source 

UTRAN UMTS (Universal Mobile Telecommunications System) 

 Terrestrial Radio Access Network 

V 
VAS Value-added Service 

VDSL/VDSL2 Very-high-bit-rate Digital Subscriber Line 

VO Venue Owner 

VOD Video On Demand 

VoIP Voice over IP 

W 
WP Wholesale Provider 

 



 





 

Samenvatting 

– Summary in Dutch – 

Vanaf de oprichting is het internet gekenmerkt door een constante groei naar 

snellere verbindingen en grotere datavolumes. Om aan deze steeds hogere eisen 

te blijven voldoen, worden bestaande netwerken uitgebreid, nieuwe netwerken 

uitgerold en technologieën verbeterd. 

Op dagelijkse basis gebruiken eindgebruikers meestal een combinatie van 

verschillende technologieën — zowel vaste als draadloze — om toegang te 

krijgen tot het internet. Het gros van deze netwerken heeft een lange 

geschiedenis. Neem bijvoorbeeld de twee meest voorkomende bedrade 

netwerken die momenteel door Internet Service Providers (ISPs) worden 

gebruikt, zijnde DSL- en DOCSIS-netwerken. De eerste is geëvolueerd van het 

vaste telefoonnetwerk, terwijl de tweede oorspronkelijk analoge televisie 

aanbood. Al werden beide netwerken reeds tientallen jaren geleden uitgerold, 

zijn ze vandaag de dag nog steeds relevant als gevolg van vele upgrades, terwijl 

hun oorspronkelijke functionaliteit — vaste telefonie en analoge televisie — nog 

steeds ondersteund kunnen worden. Hoewel deze koper-gebaseerde 

technologieën nog steeds de vereiste datasnelheden aankunnen, ondersteunen ze 

deze snelheden niet meer over voldoende lange afstand. Als gevolg hiervan 

worden glasvezelnetwerken geïnstalleerd in combinatie met deze bestaande 

technologieën of helemaal tot bij de eindklant (beter bekend als Fiber-to-the-

Home, FTTH). 

De twee populairste draadloze technologieën, zijnde Wi-Fi en cellulaire 

netwerken, tonen een vergelijkbare geschiedenis. De eerste generatie cellulaire 

netwerken ondersteunde enkel mobiel bellen. In de daaropvolgende generaties 

werden aanvullende diensten geïntroduceerd, zoals tekst- en 

multimediaberichten (beter bekend als SMS en MMS) en mobiele 

internettoegang met toenemende toegangssnelheden. Ondertussen zijn de 

voorbereidingen aan de gang om de vijfde generatie netwerken (kortweg 5G) te 

lanceren. Deze worden verwacht nog hogere toegangssnelheden en nog meer 

apparaten te ondersteunen. Terwijl cellulaire netwerken over het algemeen grote 

gebieden bestrijken (typisch op landsniveau), blijven Wi-Fi-netwerken 

doorgaans veel meer lokaal en bedienen ze meestal thuis- en werkomgevingen. 

Wi-Fi wordt ondersteund door een groot aantal apparaten, variërend van 

smartphones tot slimme TV's. Sinds het ontstaan van de eerste Wi-Fi-standaard 

zijn er reeds heel wat nieuwe versies (standaarden) geïntroduceerd, waardoor de 

theoretische bandbreedte duizendmaal zo groot geworden is. 

Om de snelstijgende gebruikerseisen tegemoet te komen zijn de bestaande 

technologieën snel geëvolueerd. Om deze technologische evolutie te sturen, 

hebben beleidsmakers verschillende initiatieven en wetgevingen op 










































































































































































































































































































































































































































































































































