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Summary

The goal of this work is to resolve some of the resource management problems arising as a result of
the changes to mobile network ownership and control model brought about by some of the recent
trends in commercial mobile networks, such as the inter-operator network sharing, the formation
of mobile virtual network operators, and the increasing role of over-the-top service providers. The

problems we tackle can be stated in the form of the following research questions:

e What statistical models are representative to inter-operator resource sharing in spatially dis-
tributed mobile networks?

e What is the efficiency of inter-operator resource sharing in spatially distributed mobile net-
works?

o How network resource sharing affects utilities obtained by traditional mobile network operators

and over-the-top service providers?

To address these questions we apply a range of analytical tools, including stochastic geometry,
optimization and game theory, and, whenever possible, we populate our models with real mobile
network data.

First, we address the problem of statistical representation of inter-operator mobile network de-
ployment data. For that purpose we apply the tools from spatial statistical analysis and stochastic
geometry. We find that there is a high degree of spatial dependence between the infrastructure
deployment made by multiple operators. We see spatial dependence of similar strength occurring
over and over again for similar areas in different countries. In consequence, we propose a stochastic
geometry model that captures this dependence and is representative of the deployments made by
multiple operators in different countries.

Then, we look into the fundamental trade-offs and efficiencies involved in inter-operator resource
sharing over spatially distributed mobile networks, represented using stochastic geometry models.
We observe that each type of sharing has its own distinctive trait. While spectrum sharing alone
provides an increase in the data rate at the expense of coverage, radio access network sharing results
in improved coverage. When the two sharing types are combined, we observe significant increase
in the average user data rate and minor improvements to the network coverage as compared to the
non-sharing scenario. Consequently, combination of the two approaches does not linearly scale the
respective coverage and data rate gains. Yet, as we show, even a simple mechanism of coordination in
spectrum sharing allows operators to reduce the impact of this trade-off and improve their coverage
without hampering the user data rates. Additionally, we observe that the way in which spectrum
is being shared makes a difference to both the coverage and data rate performance. In particular,
when coverage is the main concern, it is more beneficial for operators to allow for their transmitters
to dynamically select among the pooled spectrum bands, rather than simply bond the available

channels.
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Thirdly, we study the utilities obtained by traditional mobile network operators and over-the-
top service providers from resource sharing in mobile networks. The first part of this work involves
modelling the ability of over-the-top service providers to dynamically select a set of infrastructure
that meets the requirements of the service. We find that considering network infrastructure of mul-
tiple mobile operators as a collective may lead to building up coverage provisioning networks which
require just a fraction of all the available transmitters. We find also that low density areas benefit
considerably from infrastructure sharing, which may make the case for infrastructure deployments
in currently under-served rural areas. In the second part we consider new infrastructure deploy-
ments made in response to an increase in the mobile demand. We construct a model of interaction
between over-the-top service providers and mobile network operators engaging in a new deployment.
We show that, under some conditions, cooperation is a desirable outcome to this model. These con-
ditions include the price of the radio access infrastructure and, to some extent, also the spatial
clustering in mobile demand.

All of this builds groundwork for the vision of future wireless mobile networks, which we term
Networks without Borders. This vision is based on a marketplace of virtual network operators
that construct networks from a pool of shared resources, such as base stations, spectrum, backhaul,
and core network servers. These resources are sourced from traditional industry players as well
as from individuals. As we show, the proposed vision results in a substantially different mobile

communications value-chain, and leads to a number of socio-political challenges.
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1. Introduction 3

Introduction

“Society has never allowed that which is necessary to existence' to be controlled by

private interest.”
- Theodore Vail, “Telephone: the First Hundred Years” by John Brooks

In many developed regions around the world commercial mobile communications systems have
achieved over 100% penetration with a coverage larger than 90% of the region’s area. Despite
a failure of profit-based economy to deliver wireless access to rural areas of the developing world,
this is an enormous success and the global statistics such as the ICT Facts & Figures for 2015
published by the International Telecommunications Union (ITU) clearly confirm that?. The story
of the development of mobile communications systems (see [1-3]) attests that this success would
not have been made possible if it were not for the support of powerful institutional agencies which
oversaw equipment and protocol standardization, consistent addressing, radio spectrum allocation,
inter-operation with wireline services, as well as controlled the structure of the local deployment
and management of the network. This institutional support has enabled major telecommunications
operators, which were at the time public switched telephony network (PSTN) companies, to in-
centivize development and the large-scale deployment of mobile communications systems. A PSTN
served mainly as a telecommunications service provider, offering circuit-switched telephony as its
core product with mobile telephony being only a value-added proposition to its wireline counter-
part [2]. The earliest successful launch of a public mobile communications system, the analogue
Nordic Mobile Telephony (NMT) in Finland, Denmark, Sweden and Norway, is an example of that.

After the era of PSTN conglomerates providing telecommunications services to the public, came
the era of mobile network operators (MNOs), as we know them today. MNOs arrived to the scene
with the birth of a digital successor to the first-generation analogue mobile communications systems
— the Groupe Special Mondiale (GSM), later changed to Global System for Mobile Communica-
tions. The development and introduction of GSM was supported by the European Communities
(predecessor to the European Union), which saw the digital standard of mobile communications as
yet another way of creating a common European economic market. In 1987 a number of European
countries signed a memorandum to implement a pan-European digital mobile communications ser-
vice with international roaming capabilities. The memorandum stated that “operational networks
shall be procured in each of the countries by the network operators” [4]. A network operator in
this context had an exclusive license to some spectrum band and owned an extensive wireless and

backbone infrastructure. This allowed it to inter-connect its subscribers within the same network

n a speech from 1915 the At&T’s president refers to the telephone service.
2The statistics were compiled and published in correspondence to the deadline for achievements of the UN Mil-
lennium Development Goals.
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4 1. Introduction

or with other subscribers/services within another network, for example, another mobile network
or the Internet. The mobile network owned by an MNO had a very particular architecture which
reinforced the model of single-ownership of the infrastructure, spectrum, and subscriber base. This
architecture is principally comprised of the radio access network (RAN) and the core network. The
RAN is composed of base stations and user devices, while the core network consists of a number of
switches and routers, as well as computer servers that provide authentication, billing or user location

tracking functions.

This model of network ownership and control fared well when new infrastructure had to be laid
out and mobile penetration was still relatively low. In the early 2000s the mobile communications
market was in a rapid expansion phase fostered by economic growth, with high-tech industry stocks
booming and wide availability of credits from deregulations in the financial market. However, the
situation started to change with the economic downturn of 2001. MNOs, previously ecstatically
bidding up the license prices, now had to turn their attention to reducing their capital and opera-
tional costs. As it turned out, one of the most important, and the easiest to apply, cost reduction
measures was to share ownership and control over parts of the network with other MNOs. In the
main, inter-operator sharing can be applied to various elements of the network infrastructure, such
as masts, antennas, base stations or backhaul, as well as radio spectrum. A natural consequence
of opening up wireless network infrastructure to other MNOs was to allow new actors that do not
have a license to spectrum to act as wireless service providers. This very idea lies at the core of
what is a Mobile Virtual Network Operator (MVNO) as we know it today. Some MVNOs were
created to utilize extra capacity available in the networks, some to reach new customer market seg-
ments, and others emerged as a result of anti-trust and maximum usage fee policies imposed by the

communications regulators to boost competition and improve the availability of wireless services [5].

The emergence of network sharing and the MVNOs allowed for a break-down of ownership and
control in mobile networks. We envision this break-down to continue along with the increase in
popularity of mobile data communications, which is associated with a phenomenon known as the
cost-demand offset [6]. In plain words, the demand for capacity grows faster than the per unit cost
of capacity reduces. Indeed, upon observing fast-paced growth in mobile data demand (see, for
example, [7]), we have started to set ever-more ambitious targets as to the expected capacity of
mobile networks [8]. Yet revenues from mobile data services are decoupled from the traffic, hence
also from operational and capital costs (as pointed out in [9]), which have been steadily growing over
the years. In terms of some recently available numbers: the world-wide mobile capital costs have
been predicted to grow from around $216 billion in 2014 to $224 billion by 2017, as reported during
the Mobile World Congress (MWC) in 2015, while the annual fees for radio spectrum usage are also
subject to a major price revision; for example, in the UK the Office for Communications (Ofcom)
has put out a proposal that will result in an increase in annual spectrum fees from £64.4 million to

£199.6 million for all domestic mobile operators.

One of the reasons why MNOs cannot capitalize on the increase in the mobile data traffic is
the fact that end-user activity with contemporary mobile devices relies predominantly on over-
the-top services. From that perspective mobile access is treated simply as a bit-pipe, and service
differentiation happens only at the application layer. This situation is further complicated by the
so called “net neutrality” policy [6], which, in many developed mobile markets world-wide, forbids
MNOs to apply any service-level traffic engineering. The end effect is that it is the over-the-top

service providers (OTTs), such as Google or Netflix, that collect revenue that would otherwise be
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generated from the traditional set of mobile services, such as short-messaging service (SMS) or

multimedia messaging service (MMS), offered by the MNO.

We believe that future mobile networks will be characterized by resource sharing and virtualiza-
tion, in an architecture that we call Networks without Borders (NwoB) (see [10, 11]). NwoB is based
on the idea that, from the perspective of OTTs, all network resources will be shared and available
to the creation of virtual and dynamic instances of networks tailored to the over-the-top service
that will be offered through them. Our vision is based on networks that will be constructed from a
pool of shared resources such as base stations, spectrum, core network components, cloud resources,
processing capabilities, etc. These resources will be sourced from traditional industry players as well
as crowd-sourced from individuals, therefore changing the definition of an infrastructure provider
as represented by mobile network operators. A new breed of service providers will aggregate and
control slices of these resources to enable the creation of customized virtual networks instantiated
to deliver specialized services to end-users. By leveraging virtualization and relying on dynamic and
heterogeneous ownership of infrastructure and spectrum, this new view of mobile networks brings

the sharing economy even deeper into the mobile networks.

The remainder of this chapter is organized as follows. First, we briefly go through recent trends
that motivate the resource management problems tackled in this thesis and, indeed, the entire vision
of future networks we propose herein. Subsequently, we discuss the scope, outline, and contributions
made in this thesis, to conclude with a section on dissemination and out-reach made during this
PhD project.

1.1 The path towards Network without Borders

The traditional view of a mobile network as a system that simply delivers voice and data services
to a geographical area no longer reflects the reality of mobile networks. In recent years we have
witnessed various trends in commercial mobile networks which pave the way towards service-driven
networks and our vision of Networks without Borders. These trends include the inter-operator
network sharing, the formation of MVNOs, the increasing role of OTTs and the virtualization of
the wireless access. In Fig. 1.1 we illustrate how these trends evolve towards our vision. Starting
from the left we have MNOs (infrastructure providers) which exclusively own and operate resources.
Then, these operators share their networks (typically based on bilateral agreements), and allow other
entities such as MVNOs to utilize their resources under their own brand to their own subscribers
(again, based on one-to-one agreements). Nowadays we see a new breed of MVNOs which has
evolved towards entities, such as Google Project Fi, which span multiple networks and multiple
infrastructure providers, including also WiFi networks. In order to arrive at the NwoB vision
we need one more step where infrastructure providers pool their resources and virtual operators
create dynamic networks that consist of resources from various corporate or private infrastructure

providers.

Our proposal of the Networks without Borders vision came three years before Google’s expansion
to mobile service provisioning. In Fig. 1.2 we provide a timeline of events which we deem important to

the emergence of our proposal, intertwined with the evolution of mobile communications standards:

e the first commercial NMT system deployment in Scandinavia;

e the first commercial GSM deployment in Finland;
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Ownership and control models

Direction of change

Figure 1.1: Network ownership and control model evolution towards the vision of Networks without Borders.

e the Telecommunications Act in the US;

e formation of the first MVNO in the UK;

e the first commercial Universal Mobile Telecommunications System (UMTS) deployment in
Japan;

e the first passive sharing agreements in the US/Sweden;

e the first active sharing agreements in the Netherlands/US;

e the first® national roaming agreement in Germany;

e the first commercial Long Term Evolution (LTE) deployment in Sweden;

e launch of Facebook Zero;

e launch of Google Free Zone;

e Networks without Borders;

e launch of Google Project Fi.

This thesis is about resolving some of the resource management problems arising as a result of the
changes to mobile network ownership and control model brought about by some of the highlighted
trends, such as the inter-operator network sharing or the emergence of OTTs. We also see these
changes converging towards a specific vision of future wireless networks that we present in the

conclusion of this thesis.

1.2 Scope

As part of this PhD project we approach a number of mobile network resource management problems,
using a variety of analytical and simulation-based techniques, with the main objective being to build
a comprehensive and fundamental view of resource sharing in future wireless mobile networks. The
results we obtain serve us as the basis for evaluation of the potential and limitations of our vision
for future wireless networks that relies on the idea of shared access to virtualized radio access
infrastructure and spectrum resources, which we term Networks without Borders. In general, there

are three research questions that we address:

31t is worth noting that, in the end, the agreement was blocked by the European Commission, which postponed
the introduction of national roaming in Europe for a number of years, as we will explain in Chapter 3.
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Figure 1.2: Chronology of the key trends in commercial mobile networks towards Networks without Borders.

What statistical models are representative to inter-operator resource sharing in spatially distrib-
uted mobile networks?

Assessing the performance of shared wireless mobile networks is of high importance to the cellular
networks industry, as the fundamental gains and limitations of such shared networks invariably
affect business decisions made by the entities involved in the mobile communications value-chain.
Yet the state-of-the-art research does not provide satisfactory answers to the questions about the
statistical features of multi-operator mobile networks and the kinds of models that could be used
to analyze the efficiencies of mobile network resource sharing in such networks. We address this
problem by applying spatial statistical analysis to various real mobile network datasets available
through websites of national communications regulators. Based on the observed statistical features
we construct statistical models which we use to replicate these features to the desired level of

accuracy. Subsequently, we use these models to answer the next research question.

What is the efficiency of inter-operator resource sharing in spatially distributed mobile networks?

In the research to date we find evidence for mobile network sharing leading to improvements in
coverage, or transmission rates, but little is known in general about the dependency between various
mobile network resource sharing policies and spatial properties of shared networks. A key aspect of
this analysis is recognizing the fundamental trade-offs and fungibilities involved in resource sharing,
and the resulting network performance gains. Addressing this question requires that we develop
models of shared mobile network resource usage over spatially distributed networks. Leveraging on
the spatial statistical results obtained while addressing the previous question, we develop a stochastic
geometry framework to study the efficiency of various infrastructure and spectrum sharing policies
under different spatial models of radio access infrastructure deployment. Such an approach allows
us to generalize the results over many possible spatial distributions and densities of the networks of

the sharing operators. Moreover, in any scenario of spectrum sharing, we also consider the impact
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of inter-operator interference coordination (or lack thereof) and different ways in which spectrum
can be aggregated.

How network resource sharing affects utilities obtained by traditional mabile network operators

and over-the-top service providers?

Over-the-top service providers, such as Google or Facebook, are asserting their role in the mobile
networks landscape. OTTs have a fundamentally different business model to the incumbent MNOs,
which is likely to affect the technological decisions they will make. From that perspective it is
important to understand the potential of the existing networks to satisfy the requirements of these
new entities, as well as the strategies that they may take up to provide mobile services to their
users. One interesting aspect of the problem is the ability of OTTs to dynamically select a set
of infrastructure that meets the requirements of the end-user or the service. These requirements
may have a variety of forms, from the basic quality of service aspects such as coverage or capacity,
to more complex ones such as indoor coverage or low latency, or a combination thereof. Another
aspect is related to capacity extensions of the existing infrastructure deployments. OTTs face a
dilemma of whether to invest in their own radio access infrastructure, similarly to Google’s WiFi
deployments made in some North American cities, or enter into a service level agreement (SLA)
with an MNO, following Google’s Project Fi example. In order to model these aspects and address
the question, we use optimization combined with game theory. This allows us to focus our attention
on the relationship between the strategies that these entities may have and the resulting efficiency
of a shared network. In this case an important aspect of the efficiency is related to costs accrued by

the entities from using certain types of radio access infrastructure.

1.3 Outline

This thesis can be divided into three parts. In the first part, which consists of the first three
chapters of this thesis, we provide a setting and motivation for the vision of shared future wireless
networks, and we detail trends in commercial mobile networks which pave the way towards this
vision. Eventually, we provide background information on the analytical tools we use within the
scope of this thesis. In the second part, we provide a description of our technical work. In each
technical chapter we individually motivate the specific research problem, present the related work,
formulate the corresponding system model, discuss any analytical and numerical results, and provide
a follow up discussion. The last part of this thesis is devoted to the description of the broader vision
behind our work and key challenges ahead for future wireless systems that stem from this vision.

The chapters of our thesis provide the following information:

Chapter 2 — Key trends in wireless mobile networks

In Chapter 2 we discuss three trends that pave the way towards the vision of Networks without
Borders. These trends include: the inter-operator network sharing, the formation of MVNOs, and
the increasing role of OTTs. We present each trend comprehensively, providing definitions and
numerous commercial examples of related activities. We also discuss how each of the trends sets

the path for the type of future for wireless networks we envision in this thesis.
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Chapter 3 — Background

In the Background chapter we discuss the main analytical tools we apply in this thesis to address
the research questions posed in the previous section. In our work we foresee two types of studies:
performance evaluation, using tools of stochastic geometry and spatial statistical analysis, and
decision-making modelling, using optimization and game theory. In this chapter we present key
definitions and some intuition behind usage of these tools, along with references to manuscripts that
give a more in-depth treatment of the topics.

Chapter 4 — Multi-operator patterns in wireless mobile networks

In Chapter 4 we are concerned with spatial statistical analysis of multi-operator real network data.
Specifically we apply stochastic spatial analysis to multi-operator base station location informa-
tion from Ireland, Poland, and the UK. Effectively, we construct models of joint multi-operator
deployments that pass goodness-of-fit tests. Subsequently, we evaluate usefulness of the selected
models through wireless network-relevant analysis. We enrich our analysis with a study of downlink
transmit power allocations in the UK data.

Chapter 5 — Inter-operator resource sharing

In Chapter 5 we study the dependency between various network sharing policies and spatial prop-
erties of shared networks, and the resulting efficiencies. We develop a stochastic geometry model
of a shared mobile network that incorporates various infrastructure and spectrum sharing policies
under different spatial models of radio access infrastructure deployment. Whenever the Poisson
point process (PPP) is used, we produce closed-form analytical results. Yet one can only go so far
with mathematical modelling and our study of coordination mechanisms and non-PPP geometries,
which introduce a dependence that is considered in the state-of-the-art as intractable, is based on
Monte Carlo (MC) simulations, with the PPP models being used to validate them. We use the
results obtained to discuss the impact of sharing policies and parameters such as spatial clustering
level, coherence bandwidth, or operator size on the sharing efficiency.

Chapter 6 — OTT-MNO sharing

In Chapter 6 we explore two problems: the selection of a minimum cost subset of infrastructure
resources by an OTT, and the cooperation between an OTT and an MNO in serving mobile demand
of the OTT. First, we model the problem of minimum cost selections as an optimization problem
which we solve to optimality for an input dataset consisting of real base station locations for the
country of Poland and another dataset consisting of synthetic locations generated from stochastic
models of deployment. Second, we model, following Google Project Fi, an OTT that, in addition
to providing content, provides wireless connectivity to its mobile subscribers. It does so either by
building its own infrastructure or entering into an SLA with some MNO, to let the MNO serve its
demand. We model the problem as a cooperative game between an OTT and an MNO, for which we
define the corresponding utility space and the non-cooperative point related to the Nash equilibrium,
and, using the Nash bargaining framework, we derive an analytical expression for the bargaining

solution of the game. This allows us to study the impact the spatial distribution of mobile demand
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and infrastructure cost have on the outcome of cooperation and the utilities obtained by both OTTs
and MNOs.

Chapter 7 — Broader vision

In the last chapter we present our vision of future wireless mobile networks which is based on the
idea that network resources are subject to virtualization, and made available to the creation of
dynamic instances of networks tailored to the over-the-top service that is offered through them.
Indeed, Google Project Fi can be considered an early example towards this vision whereby an
over-the-top service provider becomes also an infrastructure provider, a mobile operator, and a
mobile virtual operator. What we discuss in this chapter is that the proposed vision results in a
substantially different mobile communications value-chain, and that it leads to a number of socio-
political challenges, which are to be addressed should the change happen.

1.4 Contributions

In this section we summarize research contributions made as part of this thesis. The contributions
we present range from conceptual insights to analytical results, yet it is worth noting that one
general contribution of this thesis lies in recognizing a specific research direction and proposing
a methodology to study it. We group our contributions according to the chapter in which they

appeared.

Chapter 2

In this chapter we discuss background and related work. As part of our related work discussion we

make the following contribution:

e We outline trends in the evolution of the wireless network ownership and control model;
specifically, we postulate that there exists a relationship between inter-operator network sharing,

mobile virtual network operators, and service providers becoming mobile service providers.

Chapter 4

In this chapter we focus on the spatial statistical analysis of multi-operator real network data. As

a result of our analysis we find that:

e There is a high degree of spatial dependence between the infrastructure deployment made by
multiple operators, hence mobile deployments cannot be modelled with a superposition of
independent realizations of a point process describing a single-operator deployment.

e Clustered point processes best represent base station clustering occurring in multi-operator
mobile deployments, with the log-Gaussian Cox process providing the most compelling fitness
results.

e Similar clustering behaviour occurs over and over again for similar areas in different countries,

which provides an evidence for the universality of our model.
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e Downlink macro- and microcell transmit power allocations in a real 3' generation (3G) net-
work, both in a single and multi-operator case, can be considered independent and identically

distributed, and can be modelled via random assignment from a probability distribution model.

Chapter 5

In the fifth chapter we utilize stochastic geometry to assess the trade-off between spectrum and radio
access network sharing among mobile network operators. Our contributions can be summarized as

follows:

o We derive analytical expressions for the coverage probability and the average data rate for
a shared network created as a union of networks distributed according to the PPP for the
scenarios of infrastructure and spectrum sharing both with channel bonding and dynamic
channel selection.

e We show that while spectrum sharing alone provides an increase in the achievable data rate (at
the expense of coverage), infrastructure sharing results in improved coverage. When the two
sharing types are combined, we observe significant increase in the average user data rate and
improvements to the network coverage as compared to the non-sharing scenario. Consequently,
combination of the two approaches does not linearly scale the respective coverage and data
rate gains.

e Yet, as we show, even a simple mechanism of coordination in spectrum sharing allows operators
to reduce the impact of this trade-off and improve their coverage without hampering the user
data rates.

e We observe that the way in which spectrum is being shared makes a difference to both the
coverage and data rate performance. In particular, when coverage is the main concern, it is
more beneficial for operators to allow for their transmitters to dynamically select among the
pooled spectrum bands, rather than simply bond the available channels.

e We show that clustering between the networks of the sharing operators has a significant impact
on the efficiency of resource sharing.

o We show that the relative density of the networks of the sharing operators has a significant
impact on how the operators perceive sharing gains; specifically, it is the larger operator that

gets the most benefits from spectrum sharing.

Chapter 6

In the sixth chapter we explore some dilemmas that OTTs face when entering the mobile commu-

nications market. In that respect we make the following contributions:

o We show that considering a multi-operator network infrastructure as a collective may lead to
building up coverage provisioning networks which require just a fraction of all the available
base stations.

e We find that the lowest density areas may benefit greatly from infrastructure sharing, which
may provide a justification for joint infrastructure investments in typically under-served areas,
with an effect on the digital divide.

o We derive an analytical expression for the Nash bargaining solution (NBS) of a cooperative

deployment game between an OTT and an MNO.
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We show that the OTT-MNO cooperation can be sustainable only if the cost of infrastructure
to the MNO is not excessive.

We find that the spatial clustering of the OTT demand affects the deployment price and may
lead to reductions in fees that the MNO imposes on the OTT for its traffic.

Chapter 7

In the concluding chapter we focus on laying out the vision of future wireless mobile networks, which

we term Networks without Borders. Within the scope of this chapter we make two contributions:

1.5

We propose a vision for future wireless mobile networks, which is based on a market-place of
virtual network operators that construct networks from a pool of shared resources.

We postulate key socio-political challenges associated with the vision.

Dissemination

This section lists both peer-reviewed and non-peer-reviewed dissemination undertaken during the

PhD project. The work that is directly relevant to this thesis is marked with an asterisk. The re-

mainder of the dissemination has been pursued under the scope of other projects and collaborations.

1.5.1 Peer-reviewed

Journals

1.

xJ. Kibilda, N. J. Kaminski, and L. A. DaSilva, “Radio Access Network and Spectrum Sharing

in Mobile Networks: A Stochastic Geometry Perspective”, (in review).

2. P. Di Francesco, J. Kibilda, F. Malandrino, N. J. Kaminski, and L. A. DaSilva, “Sensitivity
Analysis on Service-Driven Network Planning”, (in review).

3. xJ. Kibitda, B. Galkin, and L. A. DaSilva, “Modelling Multi-Operator Base Station Deploy-
ment Patterns in Cellular Networks”, IEEE Transactions on Mobile Computing, 2016 (to
appear).

4. xL. E. Doyle, J. Kibitda, T. K. Forde, and L. A. DaSilva, “Spectrum without Bounds, Net-
works without Borders”, Proceedings of the IEEE, vol. 102, no. 3, pp. 351-365, March
2014.

Conferences

1. xJ. Kibilda, F. Malandrino, and L. A. DaSilva, “Incentives for Infrastructure Deployment by
Over-the-Top Service Providers in a Mobile Network: A Cooperative Game Theory Model”,
IEEE International Conference on Communications (ICC), May 2016.

2. B. Galkin, J. Kibilda, and L. A. DaSilva, “Deployment of UAV-mounted Access Points Ac-

cording to Spatial User Locations in Two-tier Cellular Networks”, IFIP Wireless Days, March
2016.
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3. xJ. Kibilda, P. Di Francesco, F. Malandrino, and L. A. DaSilva, “Infrastructure and Spec-
trum Sharing Trade-offs in Mobile Networks”, IEEE Dynamic Spectrum Access Networks
(DySPAN), September 2015.

4. xB. Galkin, J. Kibilda, and L. A. DaSilva, “Stochastic Modelling of Downlink Transmit
Power in Wireless Cellular Networks”, 20th IEEE International Workshop on Computer Aided
Modelling and Design of Communication Links and Networks (CAMAD), September 2015.

5. A. Selim, J. Kibilda, P. Sutton, and L. E. Doyle, “Real-Time Interference Reduction for
OFDM-based Dynamic Spectrum Access Networks”, IEEE DySPAN, April 2014.

6. xJ. Kibilda, and L. A. DaSilva, “Efficient Coverage through Inter-operator Infrastructure
Sharing in Mobile Networks”, in Proceedings of IFIP Wireless Days, November 2013.

7. xL. A. DaSilva, J. Kibilda, P. Di Francesco, T. K. Forde, and L. E. Doyle, “Customized
Services over Virtual Wireless Networks: The Path towards Networks without Borders”,
Future Network and Mobile Summit (FNMS), July 2013.

8. J. Kibilda, J. Tallon, K. Nolan, and L. A. DaSilva, “Whitespace Networks Relying on Dy-
namic Control Channels”, 8th International Conference on Cognitive Radio Oriented Wireless
Networks (CROWNCOM), July 2013.

9. J. Tallon, J. Kibilda, T. K. Forde, L. A. DaSilva, and L. E. Doyle, “Receiver-driven handover
between independent networks”, IEEE DySPAN, October 2012.

1.5.2 Non peer-reviewed

Work presented in this thesis has also been disseminated through other means than scientific articles

such as scientific posters or seminar talks. The relevant dissemination includes:

1. J. Kibilda, “Stochastic geometry model for coordinated infrastructure and spectrum sharing
in wireless mobile networks”, Information Theory and Applications (ITA) Workshop, San
Diego (CA), 31 January — 5 Friday 2016 (poster).

2. J. Kibilda, “Spectrum and Infrastructure Sharing Between Mobile Network Operators: A
Stochastic Geometry View”, Simons Conference on Networks and Stochastic Geometry, Aus-
tin (TX), 18-21 May 2015 (poster).

3. J. Kibilda, “A thing about network sharing”, seminar at Poznan University of Technology,
Poznan (PL), 19 November 2014 (talk).

4. J. Kibitda, “Networks without Borders: coverage study on a shared wireless infrastructure”,
University College Cork, Cork (IE), 20 May 2013 (talk).

1.5.3 Art projects

Together with Jessica Foley, a fellow PhD candidate at CTVR, we worked on a collaborative arts
project entitled “Green-graphs & IRIS”. The idea behind the project was to (literally) illustrate
some of the models discussed in this thesis, as visual and verbal impressions of the limitations in
comprehension and understanding of cross-field research. This collaborative project has led to the
creation of posters illustrating (on a white background) base station deployments in Ireland, embed-
ded with additional information derived from combinatorial interpretations of the said deployments.
The images were followed by hand-drawn traces made by Jessica and a film-essay reporting the

collaborative process.
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The project was exhibited at:
1. The CTVR Communicating Communications Plenary, September 2013 (see Fig. 1.3).
2. Asg part of *Difference Engine — Accumulator IIT* at Limerick City Gallery of Art, October

2013 (see Fig. 1.4).
3. The Expanded Lyric conference at Queens University Belfast, April 2014%.
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Figure 1.3: One of the images from “Green-graphs & IRIS” presenting multi-operator base station deployment
around the Cork city area, with cell radius denoting the local value of a specific summary characteristic and

the colour denoting freuquency used by the base stations.

Figure 1.4: Hand-drawn traces of the graphs created as part of the “Green-graphs & IRIS” project, exhibited
at Limerick City Gallery of Art.

4The video can be found at https://vimeo.com/89157216.
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Key trends in wireless mobile networks

“The impact of new technologies is invariably misjudged because we measure the future

with yardsticks from the past.”
- Stephen Baker, Can Social Media Sell Soap?, The New York Times

In the Introduction we listed trends in the evolution of commercial mobile networks which pave
the way towards the vision of Networks without Borders. These trends include the inter-operator
network sharing, the formation of Mobile Virtual Network Operators (MVNOs), and the increasing
role of over-the-top service providers (OTTs). In the following chapter, we detail how each of the
trends has manifested itself and how it possibly sets the path for the future of wireless networks
we present in this thesis. As such we emphasize the inter-operator network sharing as it comes in
a variety of flavours and each of the flavours has its distinct impact on the general consensus about
wireless mobile network ownership, architecture, and regulation. The following text is loosely based

on our positioning paper, presented at the Future Networks and Mobile Summit in 2013 (see [10]).

2.1 Inter-operator network sharing

The origins of mobile network sharing can be traced back to the US Telecommunications Act of 1996
(see [12]). The intention of this act was to break monopolies in the delivery of shorthaul connectivity
in both wireline and wireless networks by mandating telecommunications infrastructure providers
to: (i) lease parts of their infrastructure to competitors; (ii) provide access at wholesale rates to
any service they offer; (iii) introduce reciprocal call termination rates. According to [13], it was not

until around the year 2000 when the first sharing deals were struck.

In the early 2000s the standardization and spectrum license auctioning for the 3'¥ generation (3G)
mobile systems has resulted in operators securing spectrum licenses despite their costs exceeding
estimated business case indicators [14]. However, the mobile communications market was in a
rapid expansion phase fostered by economic growth, with high-tech industry stocks booming and
wide availability of credits from deregulations in the financial market. The belief was that this
situation will continue to last. In such a context, sharing deals were rather uncommon and the
technological scenarios were limited to a handful of cases, with the main concerns of operators being
the competitive advantage and possible equipment compatibility issues. The situation started to
change with the economic downturn of 2001. Mobile operators, previously ecstatically bidding up
the license prices, now had to turn their attention to reducing their capital and operational costs.

As it turned out, one of the most important, and the easiest to apply, cost reduction measures was
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network sharing. Depending on the type of sharing applied, the savings may be as high as 40% in
capital costs, and 15% percent in operating costs spanned over a five-year period [15]. Due to savings
occurring to both capital and operating costs, network sharing may be a viable option for both new
network roll-out (either greenfield deployment or expansion) and network consolidation scenarios.
The first documented examples of network sharing agreements we could trace occurred in 2001.
These examples include the Groupe Special Mondiale (GSM) site sharing deal between T-Mobile
and O2 in Germany, the GSM radio access network (RAN) sharing deal between T-Mobile and
Cingular in the US, and Telenor and Three joint venture 3GIS to deploy a shared Universal Mobile
Telecommunications System (UMTS) network (interestingly, the last one involved also spectrum

sharing).

In response to the new trend in 2003 the 3' Generation Partnership Project (3GPP) put together
an initial report on the possible models for network sharing [16], which was followed by standards
defining the scenarios (see [17]) and functional architectures for the shared networks (see [18]). At
around the same time the European Commission started promoting network (facility) sharing for the
benefit of “town planning, public health or environmental reasons” [19]. Yet the predominant policy
supported by the European Commission was that of service-level competition based on a minimum
degree of independence in the control of network infrastructure. As it was understood back then,
some types of network sharing may lead to “operators offering similar network coverage, quality and
transmission speeds”, and, perhaps even, “collusion as operators exchange confidential information,
increasing the predictability of commercial behaviour by operators” [20]. All these actions were seen
as limiting mobile network operators (MNOs) capability to provision differentiated services, hence
restricting competition. Effectively, any type of sharing that would involve sharing of operating
frequencies or core network elements would not have been permitted under European law. This
situation did not change until the ruling of the European Court of First Instance (CFI) in the case
of T-Mobile and O2 appealing against the European Commission’s decision to block their national
roaming agreement. The ruling stated (as summarized in [20]) that “whether or not the service
is available should not be a key competitive parameter but rather a basic requirement”. In other
words connectivity is a right, and MNOs shall be free to define the terms and conditions of network

sharing agreements.

Indeed, in the state of the art we can find various forms of network sharing agreements. From our
perspective the most relevant way to classify them is based on the level of control and ownership
over the key network elements, as it allows us to discuss the architectural consequences of those

sharing agreements. In [13] we have three types of sharing agreements defined:

e passive sharing,
e active sharing,

e national roaming.

In the following we will discuss each sharing type and provide some examples. Yet, due to commer-
cially sensitive nature of the sharing agreements, except for a handful of case studies, details of the

agreements are generally not available to the public.

2.1.1 Passive RAN sharing

Passive sharing, often referred to as site sharing or co-location, is the most wide-spread form of

sharing, employed by mobile operators as early as 2000/2001. Passive sharing refers to sharing

PhD Thesis Jacek Kibilda



2.1 Inter-operator network sharing 19

agreements in which passive elements of the radio access infrastructure, such as cabinets, cooling
equipment, power supply, mast and, in some cases, antennas, are jointly utilized by the sharing
operators. In the main, passive sharing does not require a new network configuration or tampering
with the processing units available in the active elements of the network. From a business perspect-
ive passive sharing can be realized through bilateral agreements either between mobile operators,
or between mobile operators and third parties, so called tower companies, which provide passive
telecommunications infrastructure to the operators [21]. Over the years, passive sharing has been
encouraged by the European Commission and the national regulators as a way for mobile operators
to limit the number of telecommunication sites required. The intention was to reduce the social
impact of mobile network deployments'. There exist several examples of regulators promoting pass-
ive infrastructure sharing, ranging from the Indian Department of Telecommunications subsidizing
setting up and managing mobile communications towers?, the Canadian Radio-television and Tele-
communications Commission (CRTC) mandating site and antenna sharing as part of the auctioning
of 2 GHz band (see [20]), to Bahrain where the Telecommunications Regulatory Authority publishes

on its website templates of mast sharing agreements (see [22]).

As mentioned previously passive sharing has been ongoing for a while now and we have various

commercial examples of passive sharing world-wide. Some interesting examples include:

e Cornerstone, a joint company of O2 and Vodafone established to manage the existing masts
of both operators, as well as plan and deploy new masts [23].

e Cross-european Vodafone and Telefonica passive sharing agreements, which involve countries
like Germany, Ireland, the UK, Czech Republic, and Spain. The agreements supported sharing
of power supplies, air ducts, and, in some cases, also antennas and backhaul (see [24, 25]).

e Vodafone and TIM in Italy [26].

e Passive sharing fully mediated by tower companies, for example, in Costa Rica and Panama
(passive sharing in these countries was an imminent effect of passive infrastructure invest-
ments made by tower companies which preceded mobile network deployments made by mobile
network operators) [27].

e State-controlled passive sharing in Ghana, which came as a result of the American Tower
Corporation having a monopoly to build and manage passive network infrastructure for the

country (see [22]).

In principle, site sharing is considered a sharing technique which does not limit operators’ cap-
ability to individually set network configuration parameters. Yet that is a misleading point of view,
as the sharing operators, when deciding on the details of site sharing, have to take into account,
for example, load bearing capacity of towers, antenna azimuths/tilts, capacity of the cabinets, or
the number of antennas that can be placed on a given site with respect to local landscape plan-
ning regulations [26]. In a way passive sharing may be considered an example of a crude form of
sharing which, while bearing some socially desirable outcomes, does not allow the sharing operators
to increase the flexibility of their networks, and as such is insufficient to give rise to service-driven

networks.

Communications masts and antennas are considered to have a negative visual impact on the landscape and wireless
communications equipment may be also thought of as the source of ambient noise, electromagnetic interference or
health concerns to the local communities.

2Interestingly, the condition to receive the subsidy was that the deployed infrastructure is used by at least three
mobile operators (see [20]).
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2.1.2 Active RAN sharing

Active sharing refers to scenarios in which active elements of the radio access infrastructure such as
base stations or base station controllers are shared. This requires the mobile network architecture to
support virtualization, multi-tenancy, and roaming. Despite the latter being one of the foundational
features of the early mobile network architectures, the pre-existing architectures had provided no
native support for network sharing [17]. As noted previously, this changed once network sharing
has received some recognition, and the key sharing network architectures to date are tightly coupled
with the 3GPP’s functional network architecture (see, for example, [28]). A typical feature of each
active network sharing architecture to date is a shared RAN, while the main difference lies in how

the spectrum resources and the core networks are being split and utilized.

One widely-applied sharing architecture, Multi-Operator RAN (MORAN), was developed by
Nokia Siemens Networks. In a MORAN the radio network controller (RNC) and parts of the
base station are logically partitioned between the sharing operators, while core network elements
and frequency spectrum remain separated. Consequently, site-level parameters such as antenna
tilts are set jointly, while cell-level parameters such as the scrambling code (required for the cell

synchronization) remain specific to each sharing operator.

An alternative architecture proposed by the 3GPP is a Multi-Operator Core Network (MOCN).
In MOCN dedicated core network elements from multiple operators connect to a single network
controller (or a base station) located in the shared RAN. A shared RAN may operate on either pooled
or dedicated frequency resources [18]. In this sharing regime both cell and site-level parameters are

set jointly, which significantly limits the control over individual wireless service quality.

Another architecture proposed by the 3GPP is a Gateway Core Network (GWCN). In addition
to the shared RAN, GWCN allows for sharing of some of the core network elements such as the
mobility management entity (MME) (see [18]). Frequency spectrum is either pooled or dedicated
to each operator. GWCN is implemented using the roaming features in the core network [26]. Since
such an implementation allows for no physical or logical separation, wireless service differentiation
between the sharing operators is not possible. In each architecture the user equipment behaviour is
the same, and while a user equipment is required to discriminate between the sharing operators the

terms of the sharing agreement are made transparent to the subscriber.

Regulators’ support for active sharing (or rather lack thereof) has changed over time. In the
main, regulators world-wide were reluctant to accept some types of active sharing deals, the main
issue being “the entity awarded the spectrum not being the entity using it in practice” [26]. However,
the cost benefits of active sharing outweighed any potential downsides and many operators world-
wide decided to pursue (typically bilateral) active sharing deals; some examples include:

e MORAN:
— T-Mobile and Three UK formed a joint venture company Mobile Broadband Network

Limited to consolidate and manage their 3G infrastructure (see [20, 23]).

— A tighter consolidation took place in Poland between local branches of Orange and
T-Mobile that created a joint venture NetWorks! to consolidate existing 2"d genera-
tion (2G) and 3G networks, as well as deploy a shared 4" generation (4G) network.
Interestingly, the consolidation has resulted in some pre-existing base stations having

been decommissioned (see [29]).
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— In 2014 Eircom and Three Ireland agreed to consolidate existing sites throughout Ireland
into one network and jointly deploy any new sites to meet target coverage requirements
(see [30]).

— A number of sharing agreements comes from Brazil®> where Oi and TIM went into a
sharing agreement to deploy in 12 cities a 4G network operating in 2.5 GHz band [27].
Similarly, Claro and Vivo (Telefonica) entered into a short-time sharing agreement [27].

— In Colombia, Movistar and Tigo entered into a sharing agreement to jointly deploy Long
Term Evolution (LTE) network operating in the Advanced Wireless Services (AWS)
band (1.7/2.1 GHz), and consolidate and upgrade the existing infrastructure to support
a multi-mode operation (see [27]).

e MOCN:

— A combination of GWCN and MOCN that happened in Sweden between Europolitan
(later Telenor and Vodafone) and Hi3G (see [31]). The two set up a joint venture 3GIS
which was responsible for deployment and management of 3G infrastructure. Effect-
ively having no subscribers 3GIS was just a provider of capacity to the two operators.
Moreover, Hi3G subscribers could roam into the 2G network of Europolitan and, due to
regulatory obligations which mandated at least 30% of the population to be covered by
dedicated networks, both operators developed their dedicated 3G networks.

— Sweden’s Telenor and Tele2 forming a joint venture NetdMobility dedicated to the de-
velopment and maintenance of a 4G network. Interestingly, Tele2 had already formed
a joint venture with another Swedish operator TeliaSonera to develop a joint 3G infra-
structure, yet this cooperation was not prolonged to 4G infrastructure as TeliaSonera
had decided to develop its dedicated 4G infrastructure (see [31]).

— In Canada the MOCN architecture was utilized to provide an HSPA shared network to
both Bell and TELUS (see [26]).

Wide support for active network sharing is key to our vision as it forces mobile operators to
make decisions about the types and amounts of resources being used at a given time. In addition to
flexibility, active network sharing shall provide means necessary for isolation between the networks
of the sharing operators, which is necessary to creation of customized networks. Yet, when active
network sharing was being introduced, virtualization technologies were still far from the market.
Effectively, active network sharing implementations had to rely on static divisions of resources (on
equipment-level) and roaming architecture (which we will discuss subsequently), which has limited

the application of active sharing as well as the achievable gains [11].

2.1.3 National roaming

National roaming allows subscribers of one operator to rely on the coverage provided by a network of
another operator. International roaming is a good example for this, as it allows a subscriber to use
its mobile service while abroad where her home operator has no network. In the context of network
sharing, roaming is used domestically as a way for competing operators to increase coverage and for
greenfield operators to provide country-wide coverage prior to rolling out a country-wide network.

The typical case for national roaming is that each sharing operator has its own frequency spectrum,

3All these sharing initiatives are fairly recent (2013-2014) and are strictly related to the infrastructural develop-
ments required by Brazilian government to support the organization of the football world cup in 2014 and the summer
Olympics in 2016.
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dedicated radio access network and core network, and that subscribers of the sharing operators may
connect (transparently) to either of the networks. This approach requires no updates to the radio
access network part, with only the core network being affected. However, as noted in [21], shared

network elements may also be introduced.

National roaming (and active sharing to some extent) has been a major cause for concern to
the European Commission, which has seen national roaming agreements as endangering service-
level competition in the telecommunications market caused by the loss of independent control over
the network parameters and therefore lack of mechanisms to provide differentiated services. As
noted previously it is not until 2008 and the CFI ruling that national roaming became effectively
legitimized in Europe. This included also reciprocal agreements signed to increase the pace of
coverage and service quality improvement during the roll-out phase. National regulators outside of
Europe were more favourable towards national roaming agreements and, for example, in Canada
incumbent MNOs were required to provide roaming for a period of 5 years to new entrants to
the market (see [20]). Nevertheless, competitive concerns have been the major cause for national
roaming being limited to pre-specified areas only, in the case of coverage extensions, and for a limited

duration, in the greenfield operator case.

Some commercial examples of national roaming deals include:

e 02 and T-Mobile national roaming deals in Germany and the UK. In Germany O2 subscribers
were allowed to utilize T-Mobile’s 3G network, while in the UK subscribers of both operators
could use the network of the other operator if their operator did not provide coverage over a
given city area?.

e Orange and T-Mobile in the UK have provided a new opt-in service to the customers that
would allow them to roam with either operator, without paying extra roaming fees [33].

e T-Mobile and H3G provided each other subscribers roaming services in Austrian rural areas
[24].

e In France, Free Mobile has entered into a roaming deal with Orange to utilize Orange’s existing
2G and 3G networks [24].

Since national roaming effectively removes any service-level differentiation between mobile op-
erators, it is the most progressive form of network sharing available, and perhaps a good way to
think of providing basic coverage even to the remotest areas. What differs our vision from national
roaming is the fact that our vision requires some form of service-level differentiation that would
enable customizable networks capable of delivering over-the-top services to subscribers at various

quality points.

2.2 Mobile Virtual Network Operators

A natural consequence of opening up wireless network infrastructure to other mobile network op-
erators was to allow new actors that do not have a license to spectrum to act as wireless service

providers. This very idea lies at the core of what is an MVNO as we know it today. Originally,

4The ability of the two operators to roam was restricted by the European Commission, for example, depending
on the area national roaming was allowed for a limited period of 3, 5, or 6 years [32]. The restriction resulted in
an appeal to the CFI and a subsequent ruling which held that, on contrary to the Commission’s view, the national
roaming deal will lead to an increase in competition due to wider availability of 3G services [20].
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MVNOs entered the European cellular market through a mix of voluntary and involuntary mech-
anisms [3]. Some MVNOs were created to utilize extra capacity available in the networks, some to
reach new customer market segments, and others emerged as a result of anti-trust and maximum
usage fee policies imposed by the communications regulators to boost competition and improve the
availability of wireless services [5]. Contemporary technical solutions allowing MVNOs to provide

wireless services to their subscribers are very similar to the solutions used for national roaming [5].

By definition an MVNO is a wireless communications services provider that does not own the
spectrum, radio access network or backhaul [11]. The only capital and operational costs that an
MVNO incurs are the ones related to the development of the policy and charging system, distribution
channel, brand and marketing, and, in certain cases, also deployment of the core network. An MVNO
is not responsible for wireless coverage or capacity provisioning, instead it enters into a service level
agreement (SLA) with an MNO to receive bulk access to the network services at wholesale rates,
which allows it to resale the network access at retail prices [34]. Such an MVNO may differentiate
itself from its MNO in three main ways: traffic quality (only to a limited extent), pricing and brand.
The traffic quality-based differentiation relies on switching connections between RANs of different
operators, therefore it requires a specific core network architecture and multiple SLAs with multiple
MNOs [5]. Obviously, even meeting all these requirements would not ensure that an MVNO can
actually provide a differentiated service; as it is often the case that networks of different mobile

operators in urban areas are deployed following similar spatial patterns [35].

There are three types of architectures widely applied by MVNOs [34]: a full MVNO, a light
MVNO, and a Mobile Virtual Network Enabler (MVNE). A full MVNO owns a dedicated core
network which inter-connects to the access networks of MNOs. A light MVNO implements the
billing system and the distribution channel only, while the rest of the core and access network is
provided by some MNO. An MVNE is a middle-man that provides a core network and some business
functions to the MVNO and inter-connects that MVNO with radio access networks (in this case an
MVNO acts as a brand and a distribution channel). The choice of the network architecture for an
MVNO depends on the business model of that MVNO, for example, an MVNO that is a re-branded
version of the wholesale MNO is likely to rely on the core network being delivered by the MNO,
whereas an independent MVNO may be willing to control parts of the core network to withhold

customer information.

It is important to note that the MVNO model necessarily requires well-developed radio access
infrastructure, and may not be viable for developing markets. Also, the policies applied by commu-
nications regulators to the MVNO market differ from country to country, and, similarly to network
sharing, the European Commission was in support of interventions by communications regulators if
there was an unsatisfactory level of competition in the market [36]. We can differentiate three types
of attitudes towards legitimacy of the existence of MVNOs in the mobile communications markets
[36, 37]:

e MNOs were required to provide interface for MVNOs (Finland, Sweden, Germany, or Spain),

e MNOs were required to implement specific type of interface for MVNOs as well as apply
pre-specified charges (Denmark and Ireland),

e MNOs and MVNOs cooperate voluntarily (UK, Italy, or France).

The success stories of MVNOs vary considerably from country to country, and according to the
GSM Alliance (GSMA) report “Mobile Infrastructure Sharing” from 2011 there were as many as
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150 MVNOs in Germany or 61 MVNOs in Netherlands, whereas only 16 or 15 of them in Italy or
Sweden. An example of a successful MVNO is the Freenet Group in Germany, which has acquired
14% of the German mobile customer market, or Lycamobile, which by 2011 had 6 million subscribers
across 8 European countries. An often cited example of a successful MVNO is Virgin Mobile in the
UK which emerged as a 50:50 joint venture between the Virgin Group and One20ne. Virgin Mobile
has been buying airtime and network capacity at wholesale rates from mobile operators and reselling
it to its target customers. From the perspective of a customer Virgin Mobile assumes the typical
role of an MNO, which includes provisioning of voice and data services, as well as assignment of
Subscriber Identity Modules (SIMs) to users (see [20, 38]). Despite these success stories a significant
number of new MVNOs fail to survive on the market, even if they are a part of bigger brands such
as ESPN Mobile or Dysney Mobile.

Technological limitations of the existing network architectures and equipment have limited
MVNOs presence in the market to competition on pricing or branding only. However, as noted
previously, even within the technological framework of the existing networks some level of service-
level differentiation is possible, and that is precisely what Google was relying on when in 2015 it

unveiled its plans to become a wireless service provider [39].

2.3 Rise of service providers

Over the recent years we have seen a rampant increase in mobile data usage (see [7, 8]), driven
primarily by the growing popularity of smartphones and mobile applications. This increase comes
at the expense of popularity of mobile voice or text messaging services, which traditionally served
as a sustainable source of revenue for mobile operators, but now are giving away the spotlight to
applications such as Skype or Snapchat that essentially perform the same function, but for mobile
operators are all mobile data [40]. From the perspective of these applications mobile data service is
simply a pipe and is expected to introduce as little costs as possible. Given growing infrastructure
costs (as remarked previously), the sustainability of a model in which mobile operators are solely
responsible for the augmentation of mobile capacity is challenged. This is of particular concern for
service providers, such as Google or Netflix, whose very business model is based on the perception
of limitless traffic (as remarked by the Federal Communications Commission (FCC) in [41]). Taking
Google as our prime example, we see an increasing push among the biggest OTTs to assert their role
in how mobile networks are accessed and deployed [42]. Indeed, we see examples of OTTs deploying
their own networks, becoming MVNOs, or entering into some form of SLA with mobile operators

or infrastructure providers. In the following, we discuss real-life examples of these practices.

2.3.1 Facebook

“Connectivity is a human right”, this catchy doctrine® lies at the heart of Facebook’s business
model which relies on monetizing customer data, mostly through offering customized advertising,
and anticipation (or possibly even manipulation) of the customer needs (or lack thereof). From
that perspective it is understandable that Facebook is interested in bringing ever more people to

stay connected. One way of achieving this is to promote mobile data usage, which requires that:

5Expressed by Mark Zuckerberg in August 2014 via an online report entitled “Is Connectivity A Human Right?”.
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(i) we® define some basic set of services” people will associate with the Internet; (ii) then, by means
of cheap, or free, data plans and light-weight apps we make them affordable to the public; (iii) we
deliver new (and open) technologies and platforms to share network and computing infrastructure,
and devise new policies that curb the costs of licensing of key resources such as electromagnetic

spectrum.

The first two have been ongoing for a while now by means of Facebook Zero, which allows
Facebook users to view a text-only version of the social network website without incurring mobile
data usage charges. Facebook Zero is accessible (via zero.facebook.com) to Facebook users who
are also subscribers of one of the mobile operators that have entered an agreement with Facebook.
Facebook Zero offers free of charge access to notifications, friend requests, or status updates, while
access to the rest of the content, such as photos or games, is subject to the usual data fees. Regardless
of how Facebook compensates mobile operators for data being used®, when it is only the Facebook
account (and a smartphone) that a user needs to be able to use mobile services, why would a
Facebook subscriber need to even care about a subscription to the mobile carrier? Linking this
with the definition of the basic set of services expressed in terms of smartphone apps, rather than
traditional voice, text or data services, we make networks, at least from the perspective of a single
user, over-the-top service-centric. In other words, we anticipate that a user of these new services
will require a network that is crafted towards the delivery of a specific over-the-top service or a set
thereof, and the wireless infrastructure will provide only the means to set it up.

The last point from Facebook’s manifesto is more of a declaration of the right path of actions,
rather than a well-defined project. There are two aspects to this point. The first one is related to the
use of shared and open infrastructure. The second one is related to improving the cost efficiency of
obtaining key network resources, with the prime target being a change in radio spectrum licensing.
The belief is that more flexible modes of spectrum licensing (for example, dynamic spectrum access

or spectrum pooling) will lower barriers of entry for new players and spark innovation [34].

2.3.2 Google

Google is an example of an OTT that actively and aggressively pushes its business model towards
wireless networks. In 2012 Google launched in some developing countries, such as the Philippines or
Nigeria, Google Free Zone service. Google Free Zone works much alike Facebook Zero as it allows
subscribers of operators with whom Google has signed an agreement to access without charge light-
weight versions of Google mail, Google plus or Google search engine. This includes also viewing
websites that were found using Google’s search engine. Google’s intention is to increase usage of
the mobile internet as well as encourage more users (in developing countries) to setup Google user
accounts and associate their Internet experience with Google’s products. In addition, over the last
few years Google has been active in pursuing spectrum licenses [44], promotion of spectrum sharing
in frequency bands over 24 GHz [45], as well as developing projects such as Google Loon to provide

LTE wireless access to remote and rural areas [46].

However, the most prominent example of Google’s activity in wireless network domain is Project

6The report uses “we” to refer to Facebook as an organization. Here, idealistically, we are using “we” more broadly
and refer to the society at large.

7Unsurprisingly, this set includes Facebook’s online social network.

8Some speculation on how this compensation may actually happen can be found in the following Quartz magazine
article [43].
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Fi [47], which enables users equipped in Nexus 5/6 phones with Fi SIM cards to seamlessly connect
to the fastest? network in proximity, be it WiFi or LTE. The WiFi hotspots come from the pool of
hotspots deployed by Google in several American cities such as New York or San Francisco, whereas
the LTE access is provided by an MVNO that signed SLAs with Sprint and T-Mobile US. The
project is a move towards more flexible network architectures in which Google is capable of offering
flexible bundles which are composed of value-added services, wireless connectivity, a device (with

an operating system) and guaranteed end-to-end quality.

2.3.3 Other examples

A few other Internet giants have also joined Facebook in popularizing free Internet usage. Wikimedia
has launched Wikipedia Zero, a programme (partnered with some mobile operators) to let people
browse Wikipedia with no mobile data charges. Twitter has signed an agreement with a Swiss mobile
operator to access text-only content from Twitter site for free or at low tariffs [48]. Moreover, when
discussing the increasing role of service providers the Netflix-Comcast deal is also of relevance [49].
In early 2014 Netflix, which is one of the heaviest contributors to Internet traffic, and Comcast have
struck an agreement under which Netflix have agreed to pay a fee to Comcast to “receive faster and
more reliable access”. The deal sparked a fierce debate about its implications to the “net neutrality”.
The proponents of net neutrality argued that such a deal will allow some wealthy OTTs to stifle
the market, in essence by creating strong ties between OTTs and infrastructure providers, while the
proponents of the deal pointed out that while some service providers (particularly the ones linked
to the infrastructure providers) have to share the costs of the infrastructure, others (specifically

bandwidth-hungry ones) receive a free ride which hurts competition among service providers.

All these examples are intended to show a change in thinking about provisioning of over-the-
top services, in particular over mobile access. A change which, if pursued further, will require
a revolution in the way that mobile technologies operate, especially on the network-level. Our
proposed Networks without Borders paradigm, further discussed in Chapter 7, is a reflection of this

revolution and a possible path in the evolution of mobile access provisioning.

9Here we do not delve into the question of how the selection process is made or what does “fastest network” mean.
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Background

“The whole of life is just like watching a film. Only it’s as though you always get in
ten minutes after the big picture has started, and no-one will tell you the plot, so you

have to work it out all yourself from the clues.”
- Terry Pratchett, Moving Pictures

The key trends discussed in Chapter 2, and, indeed, the entire vision of Networks without Borders
as exemplified in the concluding chapter of this thesis, requires various types of studies to provide
answers to the research questions posed in the Introduction. In that we foresee two primary types

of studies:

e Performance evaluation — which involves studies of stochastic models of radio access infra-
structure deployment made by multiple mobile operators. Stochastic geometry tools may then
be applied to these models in order to derive expressions describing coverage and achievable
data rates in a shared network with a stochastic model of spatial distribution of transmit-
ters/receivers. Whenever closed-form expressions cannot be found, numerical evaluations and
computer simulations may also be applied to quantify the performance.

e Decision making — which involves studies of decisions that individual entities from the mobile
communications market make when being involved in network resource sharing. These de-
cisions include deciding which resources to share, which resources to utilize or how to deploy
a shared network. Each entity involved can make its sharing decisions irrespective of other

entities or by assuming competitive or cooperative interaction with other entities.
We perform our studies by applying three types of analytical tools:

e Stochastic geometry and spatial statistical analysis.
e Optimization.

e Cooperative game theory.

In this chapter we present key definitions and some intuition on the analytical tools applied in
this thesis, as well as we provide references to manuscripts that give a more detailed view of the

theories involved.

3.1 Stochastic geometry and spatial statistics

A point process can be used to model the locations of base stations (transmitters or receivers) in

a wireless network (in Fig. 3.1 we have a real base station deployment from Dublin represented as
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a point process). A stochastic deployment model can be applied to characterize the distribution of
interference or signal-to-noise and interference ratio (SINR) which will yield performance results in
the form of, for example, the cumulative distribution function of SINR which reflects the outage
probability of a typical user in a wireless network. For some types of stochastic geometry models
this performance can be derived in closed-form, yet for a majority of state of the art models these
are out of reach, typically due to our poor understanding of dependencies involved in the model.
In those cases we have either the option of applying approximations, which in some cases provide
relatively tight bounds, or simply utilize the model as the basis for numerical calculations either in
the form of numerical integrations (when a small number of stochastic parameters is assumed) or
Monte Carlo (MC) simulations.
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Figure 3.1: Locations of Meteor 3G base stations in the city centre of Dublin.

In order to characterize a wireless network deployment as a point process we need to define some
of the underlying theoretical concepts. Let us first formally define a point process; following [50] we

have:

Definition 3.1.1. A point process is a countable random collection of points that lie in some
measure space. In our case this is usually the Euclidean plane, i.e., R2. The associated o-algebra

B2 consists of the Borel sets, with the associated Lebesgue measure v(-).

A wireless network deployment can be represented as a point process which is a countable random
set ® = {z1,72,...} C R? with elements being random variables x; € R?. Following the random
measure formalism [50], we also define N(W) as a (random) counting measure which denotes the
number of points in a set W C R?. Often we will use WW C R? to refer to a finite observation window
and ¢ C W to refer to a collection of points in that window (i.e., ¢ is a sample in W from some
point process @), in which case N(y) will refer to the number of points in the sample. Moreover,
we denote A(W) as the intensity measure of ®, which, informally, is the mean number of points of
a point process @ in a set V. In consequence, A(z) will denote the intensity function that describes
the point density around location x € R?. For some point processes, such as the homogeneous

Poisson point process, the intensity function will be uniform, hence we will denote it as A.

In our work we will utilize also marked point processes (see [50]). In order to obtain a marked
point process, each point of ® is assigned a mark m belonging to some mark space M. This

assignment results in another set ® that consists of pairs of the following form (x;,m;), where
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z; € ® and m; € M.

3.1.1 Point process models

There are three general classes of point process models: uniform, clustered' and regular. To say
that a point process is uniform is equivalent to assuming that no inter-point interactions can be
observed in a point pattern coming from that process. An example of a uniform point process is
the homogeneous Poisson point process. Clustering means that some form of positive interaction
(attraction) exists between points, leading to clustered patterns, while regularity stands for some
form of negative interaction (repulsion) between points in the process. In our work we modelled a
regular process as the Strauss process, while for modelling clustered patterns we used: the Gauss-
Poisson process, the Matérn cluster process, the Thomas process, and the Log-Gaussian Cox process.
In the following we define and briefly introduce each of the listed point processes. For a more

comprehensive description we recommend [50-52].

Homogeneous Poisson point process

The homogeneous Poisson point process (PPP) with intensity A, which describes the mean number
of points to be found in a unitary area, is a point process in R? that posses the following two

properties:

1. The number of points N (W) in any bounded set W is Poisson distributed with mean Av(W).
2. The number of points N(W; ), N(Ws),..., N(W) in any k disjoint bounded sets is an inde-
pendent random variable.

The greatest strength of the PPP is its analytical tractability, which comes from its reliance on
the Poisson distribution. In spatial statistics, assuming that a pattern is a realization of a PPP is

equivalent to assuming that there are no interactions between the points of that pattern.

Strauss process

The Strauss process (SP) is an example of a regular point process that comes from a family of
Gibbs processes. A Gibbs process is formed by shaping the distribution of some other point process,
typically a PPP, with some density function described on the space of counting measures, i.e., we
reject points from the initial point process so to achieve the desired density. Realization ¢ of an SP
with interaction radius R € Ry and parameters 8 € R4 and v € [0,1] can be described through the

density function that takes on the following form:

flp) = apN@yTE@) (3.1)

where « is a normalizing factor, and T'(¢) is the number of pairs of points (z,y) of the realization
¢ such that ||z — y|| < R. Informally, R describes the maximum range at which any interaction
between the points exists, § describes the intensity of the pattern, while v is attributed to the

strength of the inter-point interaction.

1Here we make a distinction between a clustered and cluster process. Essentially, we consider a cluster process to
be a special type of a clustered processes.
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Gauss-Poisson process

In the Gauss-Poisson process (GPP), clusters of points are distributed according to the PPP with
intensity A,. These clusters consist of one or two points with probability 1 —p and p, respectively. If
a cluster has two points, one of the points is located in the center of the cluster, i.e., at the location
of the parent point, and the other point is uniformly distributed on a circle with radius u centred

at the parent point. Formally, the resulting pattern can be defined as follows:

i1, €Dy

where z; € ®, and ®, is the parent PPP with intensity )\,, and ®; is the untranslated daughter
process, which formally can be defined as:

0,1;}, with probability p,
B, — {o,y:} p y P (3.3)
{o}, with probability 1 — p.

In other words, any realization of the daughter process consists of one or two points: the first point
being located at the origin o = (0,0) and the other point existing with probability p at a uniform

location on a circle of radius u centred at the origin.

Matérn cluster process

The Matérn cluster process (MCP) is a doubly Poisson cluster process, i.e., parent points are
generated according to a Poisson process with intensity s, and daughter points, with the mean
number of them pu, are uniformly distributed inside the circle of radius R centred at each parent
point. The intensity of the daughter process takes the following form:

Aa(r) = (3.4)

I
—1

oo, B)) e (r),
where 1, g))(r) is an indicator function, b(o, R) denotes a circle centered at parent point o with
radius R, and v(-) is the Lebesgue measure, which in the Euclidean space corresponds to the surface

area. The intensity of the process is A = kpu.

Thomas process

Like the MCP, the Thomas process (TP) is a doubly Poisson cluster process, where the parent
points are distributed according to a Poisson process with intensity x, while the daughter points are

normally distributed, i.e., according to the intensity function:
"2

1
Aa(r) = 5— eXP(*@

- 2mo

); (3.5)

where y is the mean number of daughter points and o2 is the variance. The intensity of the process

is again A\ = ku.
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Log-Gaussian Cox process

In [35] we apply a subclass of Cox processes, where the logarithm of the random intensity function
is a Gaussian process [53]. This subclass is called the Log-Gaussian Cox process (LGCP), with
the intensity function denoted as A\(z) = exp (Y (z)), where Y = {Y(z) : € R?} is a real-valued
Gaussian process with mean y, and covariance function o2 f(r), where o is the variance and f(r) is
some pre-defined spatial correlation function. For the LGCP to be well-defined the spatial correlation
function has to be positive semi-definite [54]. This condition is met by, for example, the exponential
function f(r) = exp(—r/B) and the stable function f(r) = exp(—+/r/B), where 8 > 0 is a scale
parameter (other examples of functions that meet this condition can be found in [54]). The LGCP

2 and the parameter(s) of f(r), which are easy to estimate due to

is fully characterized by u, o
the existence of closed-form expressions for the summary statistics. The process is also relatively
easy to simulate based on the location dependent rejection of points generated according to the
homogeneous PPP with \* = max(A(x)). Moreover, the intensity of the process is expressed as

A = exp(u+ 02 /2).

3.1.2 Summary characteristics

In spatial statistics there are numerous summary characteristics that describe and quantify local
groupings of points, typically through their relative positions or inter-point distances. In the follow-
ing, we briefly introduce the metrics that we will subsequently use for model fitting and goodness-
of-fit, tests.

Empty space function

Empty space function F'(r) describes the distribution of distance r from a point o € W (for stationary

point processes this corresponds to the origin) to the nearest point of the point process ®:
F(r)=P(llo—9®|| <r)=P(N(blo,r)) >0), r>0. (3.6)

We use the empty space function as the first-order goodness-of-fit statistic.

J-function

One way to investigate the interaction between two point patterns, each with a different type of
points, observed within the same window, is to utilize the cross-type J-function [55]. The cross-type
J-function is the ratio between two distributions: the distribution of distances from an arbitrary
fixed point of type 7 to the nearest type j point, and the distribution of distances from an arbitrary
fixed point of type j to the nearest type j point (i.e., the empty space distribution). Formally the

cross-type J-function is given as:
1— Gij (7“)

Jij(r) = =5 ()

(3.7)

where G;;(r) is the nearest neighbour distance function, which describes the distribution of distances
from the points of type j to the points of type ¢, and F;(r) is the empty space function of the point
pattern of type j. By this definition cross-type J-function can be used to quantify clustering or

repulsion between two sets of points. In case the two sets of points are independent J;; = 1, as is
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the case with any PPP realizations. J;; < 1 suggests that the points of different types aggregate,
while J;; > 1 suggests repulsion. However, the cross-type J-function taking value 1 for all r is not
a sufficient characterization of independence between the two patterns [55]. It is also worth noting

that J;; is not symmetric in ¢ and j.

L-function

The L-function is defined as L(r) = \/K(r)/x for r > 0, where K(r) is a second-order summary
characteristic which describes the mean number of points within radius = from points in point
process ®. The L-function is particularly useful in the estimation of model parameters, such as
the interaction distance (maximum inter-point distance at which interaction force is at work) or
interaction force (the force that describes mutual attraction or repulsion between points in a point
process). For the PPP the L-function takes a convenient linear form L(r) = r. Hence, for some
pattern ¢, L(r) < r will indicate regularity, while L(r) > r will indicate clustering. We use the
L-function to examine fitness of the estimated models with respect to second-order characteristics.

Pair-correlation function

The pair-correlation function g(r) for a stationary point process ® with intensity function A and
second order product density p(?)(r), which is the joint probability that there are two points of ® in
infinitesimally small areas surrounding two locations separated by distance r, is defined as follows
[50]:

_ ()

Informally, the pair-correlation function characterizes the frequency of inter-point distances in the
process. Herein, we use the pair-correlation function for fitting clustered point processes to our
data. The fitting method we use requires an analytical expression for the summary statistic in
question. The expressions for the pair-correlation function of the analysed clustered point processes
are summarized in Tab. 3.1.

Table 3.1: Analytical expressions for the pair-correlation function of the analysed clustered models, where
h(z) = 16/7(z arccos(z) — 22y/1 — 22) for 2 < 1 and h(z) = 0 otherwise.

Model LGCP MCP TP
g(r) exp(o?f(r)) 1+ (4wRrr)"*h(dg) 14 (4mko?)~! exp(—%)

Mark-weighted K-function

The mark-weighted K-function describes the expected normalized sum of products of the mark of
a point in a marked point pattern @ and all of the marks belonging to points within a distance r,

which can be formally expressed as follows:

mzmﬂ zi—x || <r
Kom() =Y 3 Tillleeiien, 9)

iEN jEN\{i} A

where N = {1,2,...,N(p)}, ||.|| denotes the Euclidean distance, (z;,m;) € @, A is the density of

the point pattern and p is the mean of the mark values.
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3.1.3 Spatial statistical analysis

Maximum pseudo-likelihood estimation

The method of maximum likelihood estimation relies on the likelihood function which describes the
likelihood of observing a particular data sample given some probability distribution. This likelihood
function is parametrized with the model parameters and the goal of the method is to find values of
those parameters that maximize the sample likelihood. In practice that boils down to solving a set
of partial differential equations under the assumption of convexity of the likelihood function. Now,
the maximum pseudo-likelihood estimation, instead of using the likelihood function, relies on the
pseudolikelihood function, which is an approximation of the joint distribution of a set of random

variables [56]. As an example we can write the likelihood function of the PPP with intensity A as:
L) = AV@ exp ( — o (W)(A — 1)), (3.10)

where ¢ lies inside the observation window W. In this case, trivially, the maximum likelihood
estimator is N (p)/v(W).

Minimum contrast estimation

In general, the minimum contrast method (MCM) seeks parameter values for the analytical ex-
pression of a summary statistic C' which minimize the difference between C' and its non-parametric

estimate obtained from the analysed pattern(s) O, ie.

Tmaz

Dy = / G(r)T — Colr)Pdr (3.11)
Tmin

where (Y is the theoretical expression for the summary characteristic parametrized with 6, while p

and ¢ are simulation parameters.

Mark correlation test

Testing for mark correlation in a pattern requires a two step procedure (see [57]). In the first step
we test for correlation between marks and the local density of points, while in the second step we

test for correlation between marks of adjacent points.

In the first step, we test the hypothesis that there exists correlation between marks and the
local density of points. To perform the test we link each point of a point process to the area of the
closest tile of a Voronoi tessellation of that point process (see [58]). Then, the local point density
corresponds to the reciprocal of the area of that Voronoi tile. As a result, each point is assigned a
pair of values: the mark and the local point density. We measure the strength of correlation between
the two variables using two correlation coefficients [59]: Pearson’s coefficient, which quantifies the
strength of linear correlation, and Spearman’s coefficient, which quantifies the monotonic relationship
between the two variables (in general, this may not be linear). The Fisher’s Z transformation is

then applied to these coefficients to test the hypothesis that the two variables are correlated.

In the second step, we test the hypothesis that the mark of a point is correlated with the mark

of an adjacent point. We carry out the hypothesis test using a mark variogram test [60, Ch. 4].
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The mark variogram is a measure of variability of marks in a marked point pattern over a range of

distances, defined as:
1
) = 3E|(mi = my)?), (3.12)

where m; and m; are mark values at points a distance r apart. To statistically determine whether
the variogram shows some correlation (or lack thereof) we use an envelope test [52]. The envelope
test is an MC test in which the variogram of the real data is compared against bounds calculated
from a set of marked point patterns, with mark distributions known to be uncorrelated. We create
this set by randomly permuting mark allocations in the pattern obtained from real data. The
marks can be considered uncorrelated if the variogram, calculated for the real pattern, is contained
within the bounds obtained from minimum and maximum values of the variogram, calculated for
the permuted patterns. The significance level of the test depends on the cardinality of the set of
permuted patterns.

Eventually, if it turns out that the marks are independent of both local point density and other
marks, then they may be considered identically and independently distributed (iid). Alternatively,
if there exists correlation between: (i) marks and local point density, then the marks should be
modelled as a function of the local point density, where the function is estimated using, for example,
the maximum likelihood estimation [61]; (ii) adjacent marks, then geostatistical marking should be
applied, wherein the spatial mark distribution is described using a random field with the value of

any given mark being the value of the random field at that location.

3.1.4 Stochastic geometry in wireless communications

Application of stochastic geometry in the context of wireless communications enables the study
of performance averaged over many spatial realizations of a network, with elements distributed
according to some pre-specified stochastic model. As a result, general expressions (possibly even in
closed-form) may be derived for various network performance parameters, such as the transmission

success probability or the average user data rate, under predefined wireless channel conditions.

Signal-to-interference and noise ratio

The SINR model we use throughout the thesis is defined as follows:

P

SINR =
W+1

(3.13)

where P = h,l(z) is the power of the signal received by a typical user, i.e., located in the origin
(0,0), from a transmitter located in x € ®, I = 3" 4\ 1,y hyl(y) is the interference power received
at the origin, and W is the noise power. Any received signal is affected by two factors: pathloss I(x)
and power fading h,. The pathloss function [ : R? — R is of the form I(z) = ||z||~®, where « is
the pathloss coefficient, and the power fading is Rayleigh, with mean corresponding to the transmit
power m € Ry, i.e., hy, ~ exp(1/m). Note that we will present our results in polar coordinates

which are more convenient to handle some of the required calculations for the Euclidean plane.
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Coverage probability

We define the coverage probability in a cellular network as the complementary cumulative distri-
bution of the SINR. Informally, this can also be described as the probability that a downlink user

achieves a target SINR. Effectively, the coverage probability of a wireless network can be defined as:
p(0) = ]P’<SINR > 9), (3.14)

where 6 is the reception threshold at the physical layer (assuming a linear receiver with interference
treated as noise). Assuming exponential (e.g., Rayleigh) fading?, the expression in Eq. (3.14) can

be transformed into [62]:

(0) = /O " exp(—sW)L1(3) fa(r)dr, (3.15)

+

where I(r) = I(z), s = 0/I(r), and L;(s) is the Laplace transform of interference I; fr(r) is the
distribution of distance to the serving base station R. For a PPP network ® with intensity A and
the attachment to the nearest base station located at distance r apart from the typical user, the
distribution of distance to the nearest base station and the Laplace transform of interference are
known [62], with the latter being expressed as:

L1(0r*) = exp(—1r?A\3(0, a)), (3.16)

where o > 2, r denotes distance to the nearest base station, and 3(#,a) = 6° f;i; 1+u+/5du or,
equivalently, 3(0,a) = %QFl(l, 1—0; 2—9; —0), where 3F1(a, b; ¢; z) is the Gauss hypergeometric

function, and § = 2/a.

Average data rate

We define the average data rate for a typical user as the rate of a user when adaptive modulation
and coding is set so that the Shannon bound? is achieved for the instantaneous SINR of that user.

This leads to the following formal definition:

blog (1 + hal() )] : (3.17)

T=E
W+ cohyl(y)

where b denotes the spectrum bandwidth. Then, the average user data rate for a network ® with

intensity A can be expressed as [62][Theorem 3]:

r= [ fatr) /O io exp ( — W (exp(y/b) — 1))L,T (ra(exp('y/b) - 1))dfydr, (3.18)

0+

where

Lr, ((exp(v/b) - 1)7‘0‘) = exp (— mr? (exp(vy/b) — 1)/« /(00 1 du). (3.19)

exply/b)-1)-2/= 1+ u/?

2The strategy to obtain the coverage probability with general fading models involves using additional transforms,
for example, the Plancherel-Parseval formula. More details can be found in [62, 63].

3Real-world mobile systems do not achieve this bound, but to account for this fact would simply require that we
rescale our results.
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Similarly to the coverage probability, when no noise and « = 4 is assumed, this expression can be
simplified to [62]:

e 1
T :/ d, (3.20)
o+ 1+ /exp(y/b) — larctan(y/exp(vy/b) — 1)
which can also be presented as:
7= E[p(exp(’y/b) - 1)]. (3.21)

Applications of stochastic geometry to wireless communications

Originally stochastic geometry was used as a performance analysis tool for ad hoc networks, for
example, [64-66]. However, during the last few years it has found its application in cellular networks
analysis. Due to its tractability, most of the stochastic analysis for single-operator cellular networks
was performed based on the assumption of uniformity and, thus, the homogeneous PPP model is
being used, for example, [62, 67]. Alternatively, when repulsive inter-point interactions, related to
interference management, are accounted for, then the transmission success probability (or coverage
probability) was derived based on the Strauss process [68] or the Ginibre process [69]. Clustered
processes, due to lack of analytically tractable models, have received much less attention. In [70]
bounds on the Laplace transform of the Gauss-Poisson process were derived and subsequently applied
to analyze the coverage performance of a cooperative and non-cooperative transmission in a wireless
mobile network. In the context of wireless networks, stochastic geometry has been applied to a
number of scenarios which include, but are not limited to, the following: heterogeneous networks
[71], cognitive networks [72], device-to-device networks [73], or millimeter wave (mmWave) small
cell networks [74].

An alternative, and perhaps slightly unexplored, field of application is the network planning,
where spatial statistics and stochastic geometry may aid in the process of deciding base station

deployment locations and network dimensioning (see [75]).

3.2 Optimization and game theory

In our work we classify decisions made by entities involved in the mobile communications market
as either single-agent decisions or multi-agent decisions. The explicit reference to microeconomics
is intentional, as in the models we study the agents are involved in transactions that affect the
supply and demand relation. Since it is not our intention to study the efficiency of the resulting
market, we formulate market relations only to the extent required to motivate the agents to make
technological decisions, such as what portion of mobile demand in location p to serve through a
base station in location |. From that perspective we are primarily interested in the equilibria and
strategies to reach them. For example, we wish to find a set of base stations which minimizes some
cost metric, or find an allocation of spectrum to a set of users such that no other allocation yields
better performance. Obviously, studying the equilibria means analyzing the characteristics of the
resulting network topology, and studying the performance or efficiency measured, for example, in

terms of the number of deployed base stations.
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3.2.1 Single-agent decision

Single-agent decision-making involves making decisions in a scenario where one central entity collects
all the relevant stimuli and processes a unified output. In our case this is a scenario where we observe
the efficiency of a single entity (a mobile operator, a mobile virtual operator) operating on a pool
of resources aggregated from a number of resource providers. An example of this occurs when a
virtual operator signs service level agreements with A" mobile operators (each providing independent
mobile service over the same geographical region); if each service level agreement (or even a unit of
infrastructure) bears some additional cost for the virtual operator, it is reasonable to assume that

the virtual operator will use only a subset of the available resources to control costs.

This type of decision-making typically amounts to modelling a variation of the covering prob-
lem [76]. In general, covering models involve a number of customers and a number of facilities which
provide coverage to the customers, and a decision that attaches each (or a predefined percentage) of
the customers to one or a number of available facilities given certain performance-related constraints.
This description can be formulated as a classical optimization problem, the set cover problem (SCP)
[77]. The SCP can be formulated as follows:

min » sz, (3.22)
(o} seS
subject to
Z apsts >1 VYpeP (3.23)
seS
zs €{0,1} Vse S8 (3.24)

where S is the set of facilities, P is the set of customers, ¢, is the cost of a facility s, and aps is
the coverage of a customer p by a facility s. The constraint (3.23) ensures that every customer is

attached to at least one facility, while constraint (3.24) ensures a binary decision for every facility.

Unfortunately, as it has been shown in [78] covering-type problems belong to the class of NP-
complete problems* and as such require special treatment, as even for relatively small input sizes

finding exact solutions is typically infeasible.

Optimization has been widely used in telecommunications [79]. Specifically, coverage-type prob-
lems have been applied to model network planning decisions or base station shutdown schemes
(performed to improve the energy efficiency of a network). On the network planning front a signific-
ant number of models determine the optimal placement of base stations given certain performance

criteria. Herein, we refer to just a few examples, yet a lot more can be found via [79].

One of the fundamental optimization formulations for the network planning problem was pro-
posed in [80]. The authors define a covering problem where base station placements are selected
so as to provide sufficient signal quality (under pre-specified interference levels) over a target area
with minimum network cost. Similarly, [81] proposes a number of integer linear programming (ILP)

formulations to account for the minimization of interference or the number of blocked channels. In

4NP-complete problems are a special class of optimization problems, including the travelling salesman problem
or the satisfiability problem, which cannot be solved by any known polynomial algorithm, and in case a polynomial
algorithm is found to solve one of the problems within the class, then all other NP-complete problems are bound to
have a polynomial algorithm too.
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order to cope with the processing time inefficiency of solving NP-complete problems, the authors
suggest usage of metaheuristic approaches and simulated annealing. The covering-type problem
can also be considered from the perspective of service-oriented optimization, in which case it may
be formulated as a multi-objective optimization problem, as in [82]. An additional complication
to the covering problem is to allow for some level of flexibility in the transmit power allocation
[83]. To account for varying interference levels related to different power allocations a number of
pre-processing techniques needs to be applied and only heuristic approaches provide any hope of
finding quasi-optimal solutions even for a relatively small input.

Where energy efficiency of a cellular network is concerned, it is important to make correct
selections as to which base stations should be switched off or where energy-harvesting base stations
should be located. In [84] the problem of selecting the smallest set of active base stations that can
preserve the quality of service is studied, with the rest of deployed base stations being switched off
or sent to energy saving mode. The problem is formulated as an ILP for which a heuristic based on
majorization-minimization is proposed. Another way of looking at energy efficiency is through the
deployment of energy harvesting units alongside base stations (see [85]). This formulation, again,

requires solving a similar covering-type problem for which a greedy heuristic can be applied.

Despite the similarities in formulating the underlying optimization problems, there are still
major differences between all of the above mentioned approaches and the selections made as part of
Networks without Borders. When modelling those selections, an assumption has to be made as to
whether the selections are made based on the existing networks or whether a clean slate approach is
taken. The former assumption gives us the benefit of having a priori knowledge of the locations of
wireless access points (base stations), which simplifies the problem, likely allowing us to use exact
solvers. Subsets of these access points, each of which potentially belonging to a different operator,
will have already been optimized (as part of the network planning process) towards meeting certain
target coverage, capacity and interference levels. The latter assumption, on the other hand, requires
that those locations be found, which means that for reasonable problem instances exact results
will be out of reach. However, taking the latter assumption gives us the possibility of studying
deployments with arbitrary network densities, and of arbitrary heterogeneity, for example, any mix
of macro- and small cells. Importantly, regardless of the assumption taken all our models account

for real-world data that we have from the national communications regulators.

3.2.2 Multi-agent decision

What differentiates a multi-agent decision from a single-agent decision is that a decision-making
agent (entity) has to account for the existence of a number of other agents, possibly having differ-
ent objectives and action spaces, making decisions which influence each others’ outcomes. In this
situation it is often useful to apply game theory, which was designed to study models of conflict and
cooperation between rational entities. The first modelling step in game theory is to define a game

by specifying three elements:

e the set of players,
e the set of actions available to each player,

e the payoff function associated with each player and each possible outcome at any time moment.
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It is important to note, that it is not compulsory to apply game theory to study multi-agent systems,

and sometimes®

a multi-agent system can be translated to a single-agent system where the potential
actions of other agents are considered just as a stimuli (input); such a system can then be modelled

using optimization techniques.

When sharing is applied to mobile networks, one possible scenario (the one we are primarily
dealing with) is the one where agents have a common interest in cooperation, for example, related
to cost saving benefits of sharing. This type of multi-agent interaction is typically modelled through
cooperative game theory and, when some form of negotiation process is involved, bargaining theory.
In this section we focus on describing aspects of the cooperative game theory required to model

sharing-type interactions between mobile operators, virtual operators and service providers.

In general, there are two main approaches that one can take towards modelling a cooperative
game: the bargaining solutions and the strategic bargaining [86]. In the following we briefly introduce

the first concept for the case of two players and we review some relevant state-of-the-art applications.

Let us start by assuming that we have two players, A and B, and a bargaining problem which
is a pair (£2,d), where 2 C R? and d € R%. Q is the set of possible utilities obtained as a solution
to the bargaining, and d = (da, dp) is the disagreement point, i.e., the individual utilities obtained
by players if an agreement is not reached. The key idea is that the feasible set of solutions is
bounded, meaning that players may disagree, in which case the payoff received is the one related
to the disagreement point. However, the preferred outcome is to agree on some other solution,
which ensures an incentive to the players for taking part in the bargaining procedure. Obviously,
the conflict lies in the particular agreement to be made. One way of describing an agreement is
to postulate conditions defining any potential bargaining solution (without defining the strategy to
reach it). Indeed, Nash has proposed a set of rational axioms that can describe any bargaining
solution. For a bargaining problem (Q,d) € X, the Nash bargaining solution has the following
properties [86]:

Axiom 1: Invariance to affine transformations: The bargaining outcome is determined by the players’
preferences rather than the particular definitions of their respective utility functions. Let f
denote positive affine transformation and u* denote the bargaining outcome of 3, then the
solution to f(X) is f(u*).

Axiom 2: Symmetry: If the bargaining problem is symmetric, players get the same payoffs.

Axiom 3: Independence of irrelevant alternatives: The outcomes of two bargaining problems ¥; and
39, where ¥y C 31 and uj € (g, is identical, i.e., u] = u3.

Axiom 4: Pareto efficiency: Let u* = (u’,u};) denote the bargaining outcome of ¥, then there does

not exist other bargaining outcome u’ # u* such that v'; > u} for all ¢ € {4, B}.

Obviously, this set of axioms is only a subjective way to view a bargaining problem, and a number
of objections can be made as to how these axioms fail to capture some dynamics of bargaining
situations (see [87]). In addition, several other axioms may be added to the list, with one of the

major ones being [87]:

Axiom 5: Monotonicity: Each player’s outcome should be proportional to its maximum gain. Let ¥
and X5 denote two bargaining problems, such that Qs C Qy, uy = u'4 for all uy € Q; and

u'a € Qo, and up > u'p for all up € Q1 and u'g € Qo, then ui > uj.

5There are times when this may not be possible due to inter-dependencies in the decisions made by players; such
is the case when mutual best responses are considered.

Jacek Kibitda PhD Thesis



42 3. Background

The last axiom is incompatible with the independence of irrelevant alternatives axiom, yet as
we will discuss later, when it is used instead of that axiom, then some other bargaining solutions
become available. Given the above axioms we can now seek bargaining solutions that satisfy them,

and, indeed, such solutions do exist and some of them are well described in the literature.

Bargaining solutions

In order to find the bargaining solutions we need to make a set of additional assumptions about
our bargaining problem (i.e., two-player cooperative game): (i) any contracts made as a result of
bargaining are binding, (ii) lotteries are allowed (i.e., mixed correlated strategies), (iii) utilities may
be transferred between players. These assumptions determine a feasible set that is closed, bounded
from above and convex (by means of mixed correlated strategies). Then, a bargaining solution would

simply be a point from this set that satisfies some subset of the defined axioms.

Indeed, there does exist a unique bargaining solution defined for all bargaining problems that
follow the aforementioned set of assumptions and this solution will also satisfy axioms 1-4. This
solution is precisely the Nash bargaining solution (NBS). Given (9, d) € X, with (ua,up) € Q and

d = (da,dg), the unique solution to the maximization problem:

max (ug —da)(up —dp), (3.25)

(uA 7uB)

is the Nash bargaining solution [86].

It is important to understand that the NBS is one possible bargaining solution, which captures the
notion of the Pareto efficiency (utility of one player cannot be improved upon without deteriorating
the utility of at least one other player) and proportional fairness between players (the player with
an upper hand gains more). However, in order to find these solutions one is required to re-define
the set of axioms. One such re-definition is related to the, so called, Kalai-Smorodinsky bargaining
solution (KSS) [88], which leads to an outcome that accounts for both maximum gains and possible
losses made by both players. The KSS is the unique outcome of the bargaining problem when
axioms 1,2,4 are considered and the third axiom is replaced with axiom 5. The formal definition of

the KSS is made easier if we define player’s preference function [89]:
va =us —da+alrg —up), (3.26)

where 7; corresponds to the maximum possible outcome for player i € {A, B}, and « € {—1,0,1} is
the weighting factor. Now, different settings of « will correspond to different bargaining solutions,
i.e., @« = 0 will correspond to the NBS, a = 1 to the KSS, and a = —1 to the utilitarian bargaining
solution [90]. Then, given some «, each of the solutions can be found as a unique point maximizing
the following function:

max vAvg. (3.27)
(UAavB)

Therefore when defining their cooperation players need to agree on a set of axioms and the cooper-
ative solution will be the determined through optimization of the function in Eq. (3.27) (at least for

the three aforementioned solutions).

The axiomatic bargaining framework has been applied in wireless communications research to

date to study rate regions of interference channels [91], dynamic spectrum access [92], resource
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allocation in single-operator networks [93], resource allocation in shared networks [90], or cooperation

among wireless service providers [94].
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Multi-operator patterns in wireless mobile

networks

“In that Empire, the Art of Cartography attained such Perfection that the map of a
single Province occupied the entirety of a City, and the map of the Empire, the entirety

of a Province.”
- Jorge Luis Borges, On Ezactitude in Science, Collected Fictions

Modelling and simulating the performance of shared mobile networks is of high importance to the
research community and even more so to the cellular networks industry, as the fundamental gains
and limitations of such shared networks are still an open question. One key reason for this state of
matters is the lack of accurate models that are representative of radio access network deployments
made by multiple mobile operators. In this chapter we make a contribution to the state-of-the-art
in mobile network modelling by providing a quantitative analysis of stochastic models that may be
used to represent shared mobile network deployments. This chapter is largely based on our two
articles [35, 57].

4.1 Introduction

A new mobile network roll-out involves three phases [95]: dimensioning, planning, and optimiza-
tion. In the first phase, a rough estimate of the network layout and elements is prepared based on
technical demands (such as an area to provide coverage and capacity for), forecasted subscriber base
and service usage characteristics [96]. Next, network element configuration is performed, whereby
base station site equipment is selected based on power budget calculations, followed by detailed
topology planning, which includes coverage and capacity planning based on pathloss information
and prediction models (such as the modified Hata model), and dynamic models provided by com-
mercial network planning and optimization tools [97]. In addition, for 3¢ generation (3G) and
4*h generation (4G) systems, mobile traffic information is taken into account as it affects capacity
requirements and acceptable interference levels. At this stage the cellular network is designed and
ready to be deployed. During the deployment the positions of base station sites, which have been
established according to the pre-specified models, become distorted by a number of non-technical
aspects, such as [97]: site acquisition (availability of a given site), site legalization (license for ra-
dio emission from a given site), and site preparation (installation and availability of mast, power
supply, air conditioning system, etc.). Moreover, the incumbent mobile network operators, as a

natural cost minimization strategy, will tend to reuse existing sites [95]. Effectively, even initial
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coverage provisioning deployment may be allocated in a way that is far from idealistic lattice-like
scenarios which are typically used for mobile network performance analysis. Furthermore, as the
service demand grows, and large capacities become essential, a microcellular topology is deployed,
typically characterized by much lower transmit powers and rooftop level antennas, with additional
pico-/small-cell systems to extend the capacity to indoor offices or places like shopping malls.

Despite these practical insights on the cellular network roll-out process, there seems to be no
consensus on how to model and analyse the resulting base station deployments. In the studies
to date the choice of a model is typically dependent on the type of tool applied, either stochastic

geometry or computer simulation.

Stochastic geometry allows us to derive analytical expressions for various performance paramet-
ers, such as outage probability or data rate, under predefined wireless channel conditions, averaged
over many realizations of a pre-specified stochastic model. For analytical tractability, much of the
existing work modelling radio access network deployments (e.g., [62, 67, 98, 99]) relies on the homo-
geneous Poisson point process (PPP) model, which assumes no correlation in the analysed patterns.
The usage of the PPP model can be analytically justified under sufficiently high log-normal shad-
owing, see [100]. However, spatial statistical analysis of the available mobile network deployment
data to date suggests that single-operator mobile networks can be better represented using regular
processes. For example, in [68] the fitted Strauss process (SP) turns out to provide the closest match
to a single-operator mobile network deployment. In [101] the determinantal point process (DPP) is
found to accurately represent regularities present in single-operator base station deployments. Ana-
lytical insights into these point processes are limited to some specific cases (see [69]). Yet, heuristic
approaches, such as the one in [102], may be applied. Clustering in real mobile networks, as observed
in large-scale single-operator deployments [75], can be modelled using cluster processes. However,
analysis of these processes seems to be even harder and some level of analytical tractability has been
achieved only for certain classes of cluster processes (see [70]).

Computer simulation-based approach typically relies on scenarios and models defined and pub-
lished by standardization bodies, such as the 3'% Generation Partnership Project (3GPP), as a part
of technical reports, for example, [103]. In those scenarios macro- and microcell base station de-
ployments are modelled using lattices, most frequently adopting a hexagonal lattice, which creates
repetitive structures to simplify inter-cell interference management [95], and “ensure optimal cover-
age over a given area’ [97]. Even if initial deployments were performed according to a lattice-based
model, the evidence to date shows that the existing networks are far from these idealistic models.
Hence, to account for real-world irregularities a constant deviation may be added to a lattice-based
model [97]. However, these perturbed lattices, as they are called, provide less satisfactory results
than some other stochastic models (see [68, 101]). It is worth mentioning that simulations based
on a hexagonal lattice model predominate in the research to date which attempts to evaluate the

performance of wireless network sharing (see [104-107]).

The remainder of the chapter is structured as follows. First, we identify point processes that
best describe base station deployments made by multiple mobile operators. Subsequently, we seek
a way to model downlink transmit power allocation in networks composed of either single-operator
deployments or multi-operator deployments. We apply spatial statistical analysis to quantify pat-
terns available in real-world mobile networks in three European countries, and perform a series of

fitness tests, which give us statistical confirmation of the correctness of the selected model(s).
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4.2 Datasets

The aim of our study is to find stochastic models that characterize multi-networks aggregated for
the purpose of infrastructure sharing. The input data we use consists of either real base station
information or radio license information (for simplicity, we will assume that an assigned radio license
is equivalent to a base station deployed in the given location), which includes spatial coordinates of
the base station sites and unique cell identifiers, for Groupe Special Mondiale (GSM) and Universal
Mobile Telecommunications System (UMTS) technologies in three countries: Ireland, Poland, and
the United Kingdom. The data was extracted from publicly available information collected by the
national telecommunications regulators. Each of the regulators collects data supplied by the local

mobile network operators (MNOs), who also ensure accuracy and keep the information updated.

The Irish database contains base station site information updated by the Irish MNOs and main-
tained by the Irish communications regulator ComReg!. Based on the quarterly report from ComReg
(Q4 2013), Treland had four major MNOs (Vodafone, eircom Group Mobile, O2 and Three) together
sharing 93.9% of the Irish mobile market?. We deem the Irish dataset as the most reliable, as
ComReg requires mobile infrastructure providers to report all the masts and structures that contain
“mobile base stations”. Therefore, we use the Irish dataset to confirm the reliability of the other
two datasets. The database for Poland contains spatially allocated radio license information from
all MNOs operating in the Polish mobile market, available through the national regulator UKE3.
By 2013 there were four major MNOs in Poland, namely Orange, Play, Plus and T-Mobile, which
had a combined 98.7% of the subscriber share and 99.7% of the market revenues. The database for
the UK was compiled by Office for Communications (Ofcom) based on base station site information
voluntarily supplied by the local MNOs?. As of 2012 there were five major local MNOs: 02, Orange,
T-Mobile, Three, and Vodafone, all of them together having a higher than 90% market share.

From each of the databases we have selected a number of city areas. For each city area we have
focused on base station site information for two radio technologies: GSM (900 MHz) and UMTS
(2100 MHz), and macro- and microcells only (if the transmit power or cell radius information was
available). For each city area we have extracted this information for an observation window of size

10-by-10 km with arbitrarily selected central locations®.

In order to build a model for downlink transmit power allocation we use the Ofcom database,
which in addition to base station site location contains also information on maximum downlink
transmit power, and operating frequency band. From the database we have extracted base station
location and downlink maximum transmit power (in dBW) for the 3G technology for each of the four
major mobile operators (02, Orange, Three and Vodafone) in a number of city areas that represent
urban scenarios: Sheffield, Edinburgh, Manchester, Liverpool and Leeds. Each of these cities has
a population of 500,000 — 1,000, 000 residents with a sizeable urban topology and several hundred
base stations. Similarly to the analysis of base station patterns we use an observation window of
size 10-by-10 km with arbitrarily selected central locations.

1http ://wuw.askcomreg.com/mobile/mobile_sites3b_base_stations_and_masts.36.LE.asp

2Since we made our analysis, two mobile operators (O2 and Three) have consolidated their networks.

3http://wuw.uke.gov.pl/pozwolenia-radiowe-dla-stacji-gsm-umts-lte -oraz-cdma-4145

“http://stakeholders.ofcom.org.uk/sitefinder/sitefinder-dataset/

5In order to test whether our results are affected by the choice of the observation window we also looked at
observation windows of size 2.5-by-2.5km, and 5-by-5km. In the main, the results are consistent across those three
observation windows.
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Table 4.1: Basic information on the extracted point patterns

Number of BSs Inter-operator co-location

Dataset Name Center (longitude;latitude) (UMTS/GSM) (UMTS/GSM) [%]

Ireland Dublin 53.3478°N;6.2597°W 447/409 5.0/4.0
Krakow 50.0614°N;10.0383°E 348/273 8.0/8.0

Poland Poznan 52.4°N;16.9167°E 400/362 10.0/14.0
Warszawa 52.2333°N;21.0167°E 812/916 12.0/8.0
Birmingham  52.4831°N;1.8036°W 281/144 5.0/0.0

Leeds 53.7997°N;1.5492°W 238/115 16.0/0.0
UK Liverpool 53.4°N;3°W 266/122 7.0/0.0
London 51.5072°N;0.1275°W 1442/1513 3.0/1.0
Manchester 53.4667°N;2.2333°W 303/155 7.0/0.0

In each case the choice of the observation window was driven by our desire to capture features of
base station deployments at local scales, and to correctly assess environmental forces that underlay
point distributions for multi-network deployments. In our study, we have simplified each co-location
to a single base station site, which is a reasonable working assumption given that inter-operator co-
location accounts on average for only 10% of all base stations. Tab. 4.1 summarizes basic information

on all the selected locations.

Since the analysis covers different geographical areas as well as various statistical metrics, for
clarity we have decided to focus our presentation on the study of Dublin. The results for other areas
(listed in Tab. 4.1) are substantially the same and they are included in the estimated point process

model, which we discuss at the end of this chapter.

4.3 Methodology

4.3.1 Base station deployment model

An elementary step in any spatial statistics analysis is the qualitative assessment, which builds
rationale for further modelling decisions. Fig. 4.1 depicts four patterns representing two-operator
base station deployments using: a superposition of two realizations of the hexagonal lattice model
(Fig. 4.1(a)), a superposition of two realizations of the Poisson point process (Fig. 4.1(b)), a realiz-
ation of a clustered point process (Fig. 4.1(c)), with operator marks assigned uniformly at random,
and a real base station deployment in the Dublin city area (Fig. 4.1(d)). Clearly, we can observe a
high degree of regularity with the hexagonal deployment and uniformity with the PPP deployment.
The clustered deployment results in a number of smaller clusters distributed throughout the area of
interest and relatively many empty spaces, in comparison to the previous two realizations. Finally,
the pattern representing real deployment is clustered around the central area with blank areas forced
by environmental obstacles, and somewhat uniform or repulsive behaviour outside the central area,
possibly caused by frequency and coverage planning as well as low availability of shared base station
sites. Qualitatively, one can conclude that the first two point patterns and the real one come from
distinct families of point distributions. The relationship between the clustered pattern and the em-
pirical pattern is less intuitive, and, as we will show later, the realizations of some of the clustered

point processes do indeed convey the features of multi-operator real base station deployments.

A desirable model is one that is easy to interpret, estimate and simulate, while still preserving

features of the observed base station patterns. Subsequently we will fit PPP, SP, Matérn cluster

PhD Thesis Jacek Kibilda



4.3 Methodology 51

. N A 3
. . - L RS N n.‘ ok i A %. Ll i
A A i 7 i, % a e o ww s
towl o a et P ‘ C e, A - DR
i Gei y
o o o o *. .A‘- * ‘oﬂ . Slee i . boo * . . A‘. s .AA otk
T I IR A A N L N T R}
o WIS A RN P < bt s
PN A 5 X 3 &
R I s C R WSt N G vee AN e BRI A - eV )
P SRSV S aa p a4, £ e At A P EVS Y i
ot o o ot . L AA.A' * :A A * ! ¢ i : . L) .‘
RS UTERT. =SSN o e Lol I e e T
2 - 0 RO e G R . . 1 s
=i —p . Ay 2, A aeis a v .
. . . A, . . g () '3
A .A s - o A
(a) Hexagonal (b) PPP (¢) LGCP (d) Real

Figure 4.1: Tllustration of different types of two-operator base station deployment patterns for the city of
Dublin (the Dublin city area is represented here as a superposition of the smallest unit areas from the Irish
census 2011, and located within a radius of 5km from the city’s center), generated from: a) a hexagonal
lattice, b) a Poisson point process, c) a clustered point process, and d) real data. The contours represent
the Dublin city area, whereas the dots and triangles stand for base station site locations of two different
operators. The real base station pattern is clustered in the central area, with irregular empty spaces forced
by environmental obstacles and, most likely, coverage planning. Qualitatively, the clustered point process
realization exhibits the closest match to the real base station pattern, with a number of smaller clusters
distributed throughout the area of interest and relatively many empty spaces, while the Poisson point process
pattern rather uniformly fills the Dublin area and the hexagonal pattern exhibits high regularity with little
resemblance to the actual base station deployment.

process (MCP), Thomas process (TP) and Log-Gaussian Cox process (LGCP), with exponential
and stable correlation functions, to the multi-network patterns under study. To fit the first two we
will use the maximum pseudolikelihood method, described in Chapter 3. When the pseudolikelihood
function is not easily tractable, which is typically the case with clustered point processes, we apply
the minimum contrast method (MCM), described also in Chapter 3. Applying the MCM to the
analysed processes is natural, as for each of those processes we can obtain closed-form expressions
for the n-th order summary characteristics. Specifically, we use the pair-correlation function, for
which closed-form expressions are given in Tab. 3.1. Setting p = 2, and ¢ = 1 (for the MCP and
TP), allows us to obtain closed-form expressions for the parameters of the fitted processes, which

we summarize in Tab. 4.2. We derive these expressions in Appendix A.

Table 4.2: MCM expressions for model parameters

Model parameters

Model T il i}
~ 1/q ~
LGCP i =log()\) —52/2 o2 = (ljiggg) B = argmax (ZLL((%);)
~ 5N 3 2 ~
MCP i=2 R = argmax (—ij‘;f(gg) ) K= gﬁgg
W e o) oo

In our analysis we look at a range of r values, where 7, = ming, o cpuziil|zi — 25|} (as
suggested in [54]) and r.,q, is set as the quarter of the side-length of the square observation window,
which, according to our simulations, provides a good balance between observation of the local
features and computational effectiveness. We perform our analysis using open-source statistical
computing software R [108], and, in particular, we use functions from the spatstat library [109]. For
the goodness-of-fit tests we use the envelope test, which can be interpreted as the significance test
[52], with a significance level in a one-sided test equal to 1/(k + 1), where k& is the number of trials.
For the envelope test we utilize both the L-function (second-order statistic) and the empty space

function (first-order statistic), as suggested in [52] to minimize the bias caused by testing our model
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against the data that was used to estimate model parameters.

4.3.2 Downlink transmit power allocation model

Qualitative inspection of our data allows us to conclude that the majority of mobile operators have
base stations with transmit powers in the 20-30 dBW range, which implies two types of deployments:
macro- and microcell. For some operators, however, we observe also small-cell deployments, where
base station transmit power is below 20 dBW. These, however, occur only for Orange and Three and
seemed, at the time the data was collected, to be at an early stage of deployment, as their number
is significantly smaller than the number of available macro- and microcell base stations. For this
reason we restrict our investigation to the macro- and microcells in the 20-30 dBW transmit power

range.

Following the methodology laid out in Chapter 3, we first perform the mark spatial correlation

test and, subsequently, the adjacent mark correlation test.

First, for each of the real base station deployment patterns we evaluate the correlation between
local base station density and the transmit power by calculating the correlation coefficients described
in Chapter 3. Using the Fisher’s Z transformation these coefficients are converted into standard
normal variables and the mark correlation hypothesis is tested for a significance level of 0.01. We
report that, with the exception of the Pearson’s coefficient for the O2 network in Manchester, all
of the correlation coefficients fail the correlation hypothesis test. The results show that there is no
correlation between the transmit power of a base station and the density of its neighbours, with the
02 Manchester network being an outlier. Fig. 4.2 shows an example of the typical distribution of
transmit powers relative to local base station densities. The scatter plot depicts the transmit power
values in the dataset and the local densities of their associated base stations. The natural logarithm
of the local densities is used to more evenly distribute the values as we observe more occurrences of
lower density values than high-density ones. Visual inspection of the scatter pattern confirms the
result of the hypothesis test: the points show no indication of correlation to base station deployment

density.
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Figure 4.2: Tllustrative mark spatial correlation test.

Second, we calculate the variogram for the four mobile networks in the five cities, with inter-point
distance r varied between 0 and 2.5 kilometres. We use 99 Monte Carlo (MC) trials, corresponding to
a significance level of 0.01, to generate uncorrelated mark distributions for the variogram hypothesis

test envelope. Fig. 4.3 shows the variogram for the Vodafone network in Edinburgh. We report
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that all the tested datasets fail the hypothesis test by showing a variogram value inside the envelope
bounds for all values of r. As such we report that the tested networks do not display correlation
in the transmit power of neighbour base stations, including the O2 Manchester network that failed

the mark spatial correlation test in the previous section.

Vodafone Edinburgh

[ Envelope
9 — — — Variogram |4
Mean

0 0.5 1 15 2 25
range [km]

Figure 4.3: Illustrative variogram test.

In summary, our study shows low or no correlation in micro- and macrocell transmission power
allocations in 3G networks. While acknowledging that lack of correlation does not imply independ-
ence, we believe it is reasonable in practice to model such power allocations as being identically and
independently distributed (iid).

4.4 Statistical results

4.4.1 Base station deployment analysis
Single-operator analysis

Before we turn to the multi-network analysis, we investigate the L-function results for single-networks
to confirm observations made in [68]. In Fig. 4.4 we observe the L-function results for selected GSM
and UMTS deployments, along with 99 realizations of a Poisson fit (corresponding to a significance
level of 0.01), and its well-known closed-form representation. The results somewhat confirm the
observations made in [68], as the observed point patterns for various operators in different areas

exhibit either some mild forms of inhibition or uniformity for the whole range of inter-point distances.

Cross-correlation analysis

We now turn our attention to the relationship between multi-operator deployments. If single-
networks were realizations of independent Poisson processes, we would expect that the observed
multi-network patterns should not exhibit any forms of regularity. However, as noted previously the
resulting multi-network point patterns clearly exhibit clustering. This fact and the single-operator
fit would suggest that the realizations of networks of different operators are not independent from
each other, which also makes sense intuitively, as one would expect that base station placements
account for local phenomena, such as high availability of potential subscribers. In order to test this

hypothesis, we look into the cross-type J-function results for multiple operators in Dublin. Since the
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Figure 4.4: The L-function results for Meteor GSM and UMTS deployments in Dublin (marked with tri-
angles) with the envelope of the fitted Poisson model at a significance level of 0.01 (grey area), and the
theoretical value for the Poisson process (marked with circles).

J-function involves comparison between different patterns, we drop for a moment the assumption of
simplicity and allow for base stations of different operators to co-locate. Both the results for GSM
(Fig. 4.5(a)) and UMTS (Fig. 4.5(b)) confirm that there is significant clustering for the majority of
inter-point distances, with some repulsive behaviour for Three-Meteor /Meteor-Three and Vodafone-
Meteor pairs at larger distances, which may reflect the structure of the Irish mobile market and its
existing infrastructure sharing among operators. Note that these results, as any results in empirical
statistics, are merely an indication of clustering among the observed base station patterns rather

than a formal proof.
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Figure 4.5: The cross-type J-function results for combinations of pairs of major MNOs in Dublin: Meteor
(Me), Three (Th) and Vodafone (Vo). Recall that by definition .J;; is not symmetric and also J;; < 1
indicates clustering (while J;; > 1 inhibition) between the base station locations of any two MNOs.

Pair-correlation analysis

Let us now move on to describing the results of fitting a model to multi-networks. As stressed
previously, we present in more details the results for Dublin, while noting that the fitting results for

the remaining cities follow similar patterns, as can be seen in Fig. 4.6. In the figure we can see that
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real multi-networks are characterized by significant clustering that occurs at inter-point distances
below approximately 500 meters, beyond which point the patterns become somewhat uniform, with
spikes of regularity or clustering occurring as a result of some unobserved local heterogeneities,
most likely related to social and geographical features of the analysed areas. This result indicates
that multi-networks in urban areas show similar behaviour, which gives us some confidence in the
reliability of our input datasets and suggests that a single model could be potentially representative

to a class of real multi-networks.
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Figure 4.6: The pair-correlation function for real deployments in various cities; Dublin marked with triangles
and the envelope of the fitted Poisson model (at a significance level of 0.01) marked with solid lines.

From Fig. 4.6 it is quite clear that any point process capable of modelling multi-networks would
need to exhibit short-range clustering and be robust enough to account for some deviations in local
clustering and repulsion of points at larger distances. The model that intuitively is the most prom-
ising is the log-Gaussian Cox process, which allows us to parameterize and estimate the unobserved
local covariates in the form of a random field spanning the analysed area. Since our goal is to find
a point process that represents features of multi-networks, we look also at other clustered point
processes, namely the Matern cluster process and the Thomas process. In order to show that multi-
network patterns have strong clustering features, which cannot be captured by processes describing
single-networks, we also provide fitting results for other point processes: the PPP (to disprove the
complete spatial randomness hypothesis [52]), and the superposition of independent SP realizations.
The figures also include envelopes, which represent the maximum and minimum of 99 realizations
of the fitted model, which are used to assess the goodness-of-fit of the model in the envelope test
[52].

First and second order statistics test

As we can see from Fig. 4.7 and Fig. 4.8 both the PPP and the superposition of independent
realizations of the SP can be rejected as candidate models, since they do not produce sufficiently
large empty spaces, both in the GSM and UMTS case. Moreover, these point processes are unable to
model short-range clustering as can be seen from the results obtained for the L-function in Fig. 4.9
and Fig. 4.10. Doubly Poisson clustered models (MCP and TP), seen in Fig. 4.7 and Fig. 4.8, do not
pass the envelope test for the F-function, as they under-represent the occurrence of empty spaces

in the patterns. Moreover, when second-order characteristics are taken into account, these point
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Figure 4.7: GSM - Empty space function (F-function). The estimated F-function for the multi-network in
Dublin (marked with triangles) with the envelope of the fitted point process model at a significance level of
0.1 (grey area), and the theoretical realization of the PPP (marked with circles). As we can see from the
figure the “LGCP exponential” and “LGCP stable” fitted models pass the envelope test for Dublin.

processes seem to insufficiently capture clustering, while completely missing out on the long-range

repulsion, see Fig. 4.9 and Fig. 4.10.

By far the most satisfying results we have observed come from the LGCP models, which in
the UMTS case passed the F-function envelope test for both models, see Fig. 4.8, and for the
GSM case passed the F-function test for the model with the stable correlation function, see Fig. 4.7.
Apparently, the trade-off for achieving better fitness is related to increased variance in the occurrence
of empty spaces prevalent in the modelled patterns. When it comes to second order statistics, we
can see in Fig. 4.9 and Fig. 4.10 that both LGCP models are able to account for the short-range
clustering, while also being able to capture long-range repulsion in the patterns. In our simulations
we have also tried other than the exponential and stable spatial correlation functions (for example,
Gauss or spherical); however, fitting against a model based on either of the two functions gave us

the most satisfying results.

When fitting the models to other patterns from our dataset, we have observed similar results, i.e.,
we could model the short-range clustering with any of the clustered point process, while the long-
range repulsion was best represented with the LGCP model. For some areas, however, the LGCP
was insufficient to capture all the inter-point interactions; in those cases, in order to achieve fits one
could adjust the intensity function of the process with some additional environmental covariates or
inject an inter-point interaction force into the density function of the LGCP model. Both of these,
however, destroy any potential analytical tractability of the model, with the risk of over-fitting,
which goes against our goal of model universality. In addition to a number of urban cases, we have
also looked at some areas with lower density of base stations, such as Athlone, Ireland. In order
to obtain meaningful results for rural areas we had to increase the observation window size to 25-

by-25km. However, even increasing the observation window left us with relatively small patterns
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Figure 4.8: UMTS - Empty space function (F-function). The estimated F-function for the multi-network in
Dublin (marked with triangles) with the envelope of the fitted point process model at a significance level of
0.1 (grey area), and the theoretical realization of the PPP (marked with circles). As we can see from the
figure “LGCP stable” passes the envelope test for Dublin.
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Figure 4.9: GSM - the L-function. The estimated L-function for the multi-network in Dublin (marked with
triangles) with the envelope of the fitted point process model corresponding to a significance level of 0.01
(grey area), and the theoretical realization of the PPP (marked with circles).

that contained significant amount of empty spaces. In those patterns we could still observe some
mild forms of clustering at smaller distances, which in most cases was enough to reject the PPP

hypothesis. The considered clustered point processes were able to capture this clustering as well as

Jacek Kibitda PhD Thesis



58 4. Multi-operator patterns in wireless mobile networks

02 04 02 04 02 04
Zoom on 1=<0.0.0.6> [k Zoom on 1=<0.0.0.6> [km] Zoom on 1=<0.0.0.6> [km]

0.5 PPP fit 0.5 Strauss fit 0.5 MCP envelope
——PPP (theoretical) ——PPP (theoretical) ——PPP (theoretical)
——Real data ——Real data ——Real data

0 0.5 1 15 2 25 0 0.5 1 15 2 25 0 0.5 1 15 2 25
v (km] v km] v km]

(a) hPPP (b) N realizations Strauss (c) MCP

0z 04 0z 04
Zoom on 1-<0.0,06> [km] Zoom on 1-<0.0,0.6> [km]

05

05 TP envelope 05 LGCP envelope
—=—PPP (theoretical) —=—PPP (theoretical)
——Real data ——Real data

LGCP envelope
—=—PPP (theoretical)
——Real data

0 05 1 15 2 25 0 05 1 15 2 25 0 05 1 15 2 25
r [km] r [km] r[km]

(d) TP (e) LGCP exponential (f) LGCP stable

Figure 4.10: UMTS - the L-function. The estimated L-function for the multi-network in Dublin (marked
with triangles) with the envelope of the fitted point process model at a significance level of 0.01 (grey area),
and the theoretical realization of the PPP (marked with circles).

the following uniformity in the pattern, although the fitted models had significant variance. And
since these results were not entirely consistent across the other rural areas we have analysed, we

have decided to focus on modelling urban locations.

Summary

Based on the fitness results we have concluded that the most promising point process to model
multi-networks in urban areas is the LGCP. Furthermore, we have observed that we can almost
unambiguously classify the parameters of the models according to the type of deployment, i.e.,
urban, and dense urban. Tab. 4.3 summarizes the two classes of models we have found. It is
interesting that for the urban scenario the standard deviation is relatively low (around 10%) for
both shape parameters, i.e., 02 and 3, which suggests similar shape of the intensity function \(x)
for each of the geographic areas considered, with only scale parameter p (precisely exp(p)) having
higher deviation to account for the different number of base stations in each area. For the two
dense urban areas (London and Warsaw) the estimated model parameters differ significantly, which
is presumably the result of much higher number of base stations and much richer structure of the
area (higher concentration of base stations, larger number of neighbourhoods with concentration of
base stations).

Table 4.3: Fitted model parameters

. Model parameters
Location type Model
P o’ B 1
Urban LGCP 3.9040£0.3699 0.03+0.0031 —0.5634 + 0.2956
Dense Urban (London and Warszawa) LGCP  2.0561,2.7228  0.054,0.0288 1.2665,1.9477
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4.4.2 Downlink transmit power allocation analysis

Having demonstrated that the real-world networks have uncorrelated maximum downlink transmit
powers we now carry out a goodness-of-fit test to determine if a probability distribution function
(pdf) fitted to the mark distribution is feasible as a transmit power modelling tool. The goodness-
of-fit test is based on an envelope test using the mark-weighted Ripley’s K summary characteristic,
as described in Chapter 3. The pdf of choice is a truncated normal distribution with parameters
obtained via maximum likelihood fitting of the dataset mark space Ry using the MASS library in
R [110]. Fig. 4.11 shows the envelope of the goodness-of-fit, test for some selected areas.

02 Sheffield Vodafone Liverpool Orange Manchester

o 05 1 5
range [km] range [km] range [km]

(a) O2 Sheffield (b) Vodafone Liverpool (¢) Orange Manchester

Figure 4.11: Three examples of the goodness-of-fit test for the power allocation model based on random
assignment of downlink transmit powers from the truncated normal distribution.

We report that a truncated normal distribution passes the goodness-of-fit envelope test for all
operators across the five cities. Furthermore, the transmit power deployments for the O2, Orange
and Vodafone operators can be successfully replicated using a single fitted model. Our results
suggest that a truncated normal distribution with a mean p of 28.03 dBW and a standard deviation
o of 1.41 dBW produces transmit power deployments which pass the envelope test across all cities
for the three operators.

4.5 Wireless network relevant analysis

Having evaluated the statistical match between our proposed point process models and real multi-
network deployments, we now turn our attention to wireless network-relevant evaluation based on
the radio access network sharing scenarios of: infrastructure, spectrum and full network sharing,
as studied in [99]. As a metric for our evaluation we use the coverage probability and the signal-
to-noise and interference ratio (SINR) model as described in Chapter 3. We obtain our numerical
results using MC simulations, and making the following assumptions: (i) worst-case interference is
considered, i.e., all transmitters transmit simultaneously; (ii) we assign individual base stations to
operators uniformly at random; (iii) noise is unitary for all the receivers; (iv) « = 4; (v) we generate
2000 user locations, over which we average our results. We also apply edge-effect correction based
on an enlarged window, i.e., we assume that the user locations lie inside a square window centred

at the analysed area with the side equal to half the side of the window containing the original area.
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4.5.1 Coverage probability - unitary transmit power

Fig. 4.12 presents the coverage performance of our models for each of our sharing scenarios and
technologies when base station transmit power is unitary. In each case the LGCP model with the
stable correlation function gets the closest to the theoretical coverage provided by a real multi-
operator network. In the case of full network sharing our models significantly over-estimate the
amount of coverage in the network (approx. 2dB vertical shift for the “LGCP stable” model).
However, in the case of infrastructure sharing we observe that the “LGCP stable” model provides
a very tight match to a shared network performance. The spectrum sharing scenario provides
significantly worse coverage, which should come as no surprise as we assumed worst-case interference.
Interestingly, in the case of spectrum sharing we observe a cross-over point, which we have reported
also in [99], which is related to the amount of clustering in the evaluated patterns. Clearly, a real
multi-network provides higher clustering than any of our models can produce. It is also worth noting
that, while statistical tests have shown that a superposition of independent realizations of the Strauss
process provide a reasonably good match to the real data, according to our coverage analysis this
way of modelling multi-operator patterns fails to reproduce coverage properties of multi-networks

in wireless network sharing scenarios.
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Figure 4.12: The coverage probability comparison for real deployment in Dublin (circle) and various fitted
point process models, for each radio access network sharing scenario and radio technology when transmit
power is unitary for all base station transmitters. Clearly, “LGCP stable” (hexagonal star) provides the
closest fit to real network data.

4.5.2 Coverage probability - transmit power assigned according to the pro-
posed model

The first thing we observe in Fig. 4.13 is base station transmit power assigned from a model based

on real data has a negligible impact on the coverage of the analysed network model (the coverage
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probability is degraded by roughly 1% for each SINR point), which is consistent with our prior
observations [57]. This is true also when the noise level of -130 to -90 dBW is included at the
receiver. This result is good news as it allows us to use, without loss of generality, a simplified

model for multi-network that includes unitary transmit power.
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Figure 4.13: The coverage probability comparison for real deployment in Dublin (circle) and various fitted
point process models, for each radio access network sharing scenario and radio technology when transmit
power is iid according to a truncated Gaussian distribution. Again, “LGCP stable” (hexagonal star) provides
the closest fit to real network data.

What we can conclude from the above results is that the chosen point processes provide a
reasonable representation of real base station deployments when sharing scenarios are considered,
even when exact information about operator-base station assignments is not available. Furthermore,
similar results hold even when transmit powers are assigned from a model based on real data [57],
which also suggests that this type of analysis may be robust to certain operator settings.

4.6 Conclusion

What we have shown here is that networks deployed by independent operators tend to cluster at
shorter distances, which may correspond to areas of high demand, and repulse at long-distances,
which would presumably correspond to coverage provisioning and low availability of shared sites.
This result implies that if one wants to model (or simulate) the performance of a generalized shared
infrastructure between N mobile operators, one cannot simply model the entire network as a super-
position of N independent realizations representing single-operator networks. Instead, the approach
we propose is to model such a network as a single clustered point process and indeed, as we have
shown in our results, clustered point processes that represent well such networks can be found.
What is even more appealing is that similar models may be used to represent networks of multiple
operators in different countries (herein, we examined Ireland, Poland and the UK), which suggests

that using such a model may come useful when deriving fundamental results about wireless network
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62 4. Multi-operator patterns in wireless mobile networks

sharing, or evaluating the performance of protocols and management strategies designed for shared
wireless infrastructure. Moreover, the analysis of downlink transmit powers leads us to conclude
that downlink transmit power allocations in a real wireless network, both in the single and the
multi-operator case, may be considered iid, and a single statistical model may be used to replicate

these allocations.
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5 Inter-operator resource sharing
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Inter-operator sharing

“When I talk about language (words, sentences, etc.) I must speak the language of
every day. Is this language somehow too coarse and material for what we want to say?
Then how is another one to be constructed? -And how strange that we should be able to

do anything at all with the one we have!”
- Ludwig Wittgenstein, Philosophical Investigations

Capital and operating costs of running wireless mobile networks have been increasing steadily,
while the growth in popularity of over-the-top services which utilize a flat-fee data service does not
translate into a proportionate stream of revenues for mobile operators. That means mobile network
operators have to seek ways for reducing their costs. It is thus inevitable that next generation
mobile networks will have to rely ever more heavily on network sharing, which is considered as one
of the most important cost reduction measures for mobile network operators. In the research to date
we find evidence for mobile network sharing leading to improvements in coverage, or transmission
rates, but little is known in general about the dependency between various network sharing policies
and spatial properties of shared networks. Herein, we develop a model for a shared mobile network
that allows us to study the efficiency of various infrastructure and spectrum sharing policies under
different, spatial models of radio access infrastructure deployment. Whenever the Poisson point
process (PPP) is used, we back up our analysis with analytical results. Yet one can only go so far
with analytical work and our study of coordination mechanisms and non-PPP spatial geometries,
which introduce a dependence that is considered in the state-of-the-art as intractable, is based on
Monte Carlo (MC) simulations, with the PPP models being used to validate them. The content of
this chapter is based on [99], as well as our ongoing work efforts, which are currently under revision
for publication.

5.1 Introduction

One of the prevailing pressures in the design of communications networks is known as the cost-
demand offset [6]. In plain words, the demand for capacity grows faster than the per unit cost of
capacity reduces. Indeed, the fast-paced growth in mobile data demand (see, for example, [7]) has led
to ever-more ambitious targets for the expected capacity of mobile networks [8]. This has resulted
in steadily growing costs: world-wide mobile communications capital costs have been predicted
to grow from around $216 billion in 2014 to $224 billion by 2017, as reported during the Mobile
World Congress (MWC’2015), while the annual fees for radio spectrum usage are also subject to a

major price revision; for example, in the UK the Office for Communications (Ofcom) has put out a
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proposal that will result in an increase in annual spectrum fees from £64.4 million to £199.6 million
for all domestic mobile operators. Yet, the capital as well as operational cost increases have not
been followed by a corresponding stream of revenues from mobile data services, which are the main
services being used by mobile subscribers today [111]. The reason for this, as pointed out in [9], is
that mobile data revenues are decoupled from the traffic.

One approach for mobile operators to ease the burden of these large costs is to share ownership
and control over some components of the network, for example, the radio access network or the
backhaul, that generate the most costs. This may mean establishing network sharing agreements
with other operators, and/or subletting elements of the radio access infrastructure from other mobile
operators, in which case we talk about infrastructure sharing. Another possibility is to re-use
spectrum between operators wherever and whenever capacity expansion is needed, which we refer
to as spectrum sharing. Indeed, we are starting to gather evidence (see [112]) that the spatial
correlation in demand experienced by mobile operators is low enough to encourage this type of
sharing. Both types of sharing can also be applied in combination, which we refer to as full sharing,
to result in even larger costs reduction to the mobile operators.

During the recent decade wireless mobile network sharing has grown in popularity and it is
considered an important cost reduction measure for mobile network operators [21]. Indeed, both
industry and research communities have already recognized the importance of network sharing in
the evolution of mobile networks. We have the 3" Generation Partnership Project (3GPP)-defined
standards for network sharing [18]: the Multi-Operator Core Network (MOCN), and the Gateway
Core Network (GWCN). We have the 2012 report from the European Commission entitled “Pro-
moting the shared use of radio spectrum resources in the internal market”. We have communications
regulators testing the feasibility of various spectrum sharing models, as is the case with, for example,
the recent ruling of the Federal Communications Commission (FCC) to open military frequencies
in 3550-3700 MHz band to mobile broadband services'. And most importantly we have some recent

commercial examples of mobile network sharing some of which we have listed in Chapter 2.

Joint infrastructure and spectrum sharing, based on simulations of a grid network deployment
in three scenarios of capacity, spectrum and virtualized resource sharing, has been studied in [106].
In [113] trade-off between the sharing of remote radio heads (RRHs) and spectrum was studied on
a simulation scenario with a single macrocell RRH and a number of uniformly distributed small-cell
RRHs. In [114] the interchangeability between massive MIMO antennas and shared spectrum was
studied as an inter-operator auction. In [115] infrastructure sharing in a real-world multi-operator
mobile network was shown to significantly reduce the number of base stations required to provide
mobile service and improve coverage in under-served areas. Similarly, in [116] an optimization-based
model of new infrastructural deployments by multiple mobile operators was applied to study the
effects of a shared greenfield deployment and its relationship to various techno-economic paramet-
ers. Gains in spectral efficiency from inter-operator spectrum sharing were studied in [107] using
computer simulations over a grid-based deployment for two spectrum sharing regimes: orthogonal
spectrum sharing, where operators exclusively assign spectral resources coming from a shared pool,
and non-orthogonal spectrum sharing, where the operators aggressively re-use spectrum by allowing

more than a single operator to use a specific spectral resource in any given area at a particular time.

It is only recently that stochastic geometry has been applied to the studies of wireless network

IThe ruling can be accessed here: http://transition.fcc.gov/Daily_Releases/Daily_Business/2015/db0421/
FCC-15-47A1.pdf
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sharing. In [117] stochastic geometry was applied to study the trade-off between spectrum and
base station density, given variable level of user activity. In [118] a stochastic geometric model
was developed to study orthogonal and non-orthogonal spectrum sharing between device-to-device
networks and macrocell users. And only recently, stochastic geometry was applied to make the
case for spectrum sharing in millimetre-wave (mmWave) spectrum bands (see [119]), whereby the

excessive interference is mitigated with the help of directional antennas.

In our work we assess fundamental trade-offs between spectrum and infrastructure sharing, and
whether (or to what extent) one can be substituted for the other. Moreover, we consider the two in
combination and quantify the resulting network performance gains. To achieve our goal we define
three network sharing scenarios: infrastructure sharing, spectrum sharing, and full sharing. For each
of the scenarios we analyze the resulting network performance in terms of coverage and user data

rate. Fig. 5.1 summarizes our main results and trade-offs observed.

Spectrum
Sharing

No Spectrum
Sharing

No Infrastructure Infrastructure
Sharing Sharing

Figure 5.1: Conceptual depiction of the effect of radio access infrastructure and spectrum sharing on network
coverage and data rate. Each square corresponds to the network performance of a different combination
of spectrum and infrastructure sharing. Each square is split evenly between network coverage and user
data rate. Saturation of the green-coloured cells reflects the gain with respect to the no sharing case
(grey cells), while red-coloured cells represent negative gain. Infrastructure sharing in isolation greatly
improves network coverage, but provides minor gain in terms of data rate; spectrum sharing (when worst
case interference scenario is considered) provides minor gains in data rate, but degrades coverage. When
applied in combination, both coverage and data rate are improved over the no sharing case, with network
coverage being slightly worse than in the pure infrastructure sharing case, as a result of increased interference.

For the cases when spectrum is shared, i.e., spectrum and full sharing, we consider two methods
for utilization of the shared spectral resources: channel bonding (operators simply treat the shared
spectrum as one band), and best channel selection (operators dynamically select between the shared
spectrum bands to obtain the diversity gain from mitigating detrimental fading effects). In addition,
we investigate two methods for managing inter-operator interference, one where operators do not
coordinate the use of spectrum, and another one where the use of spectrum is coordinated by means
of spatial spectrum sharing policies. We summarize the resulting scenarios in Fig. 5.2.

We generalize the resulting scenarios by considering various spatial distributions of base sta-
tions. Specifically, we consider two mobile operators whose networks have been deployed either
independently, or with clustering, i.e., there is strong spatial correlation between the locations of
base stations of one operator and the locations of base stations of the other operator. We also

consider an asymptotic case of clustering, i.e., co-location, where the nearest base stations of two
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— Infrastructure Sharing

—— Uncoordinated

—— Spectrum Sharing ‘ —— Channel Bonding
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Inter-operator
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Full Sharing ‘

Figure 5.2: Taxonomy of the studied scenarios.

operators are located an arbitrarily small distance apart. The clustering case is of particular interest
as it is representative of real radio access network deployments, which tend to be deployed to follow

social and geographical features, resulting in clustered deployment patterns (see [35, 75]).

It is worth noting that the decisions on whether to share (and how) are not purely technical and
involve consideration of various costs, legal /regulatory framework, operators’ position in the market,
corporate strategy, etc. [97]. Yet, consideration of these aspects is out of scope of this chapter and
some analysis which includes listed factors may be found in Chapter 6 and the works of Markendahl

et al. (see, for example, [120]).

The remainder of the chapter is structured as follows. First, we outline the system model of
a shared mobile network and define the reference scenarios. Subsequently, we present analytical
expressions of network performance under each of the considered scenarios for the PPP, which
we then expand onto a numerical analysis of our scenarios in various spatial geometries for both
uncoordinated and coordinated spectrum sharing. Eventually, we conclude with a discussion of the

obtained results.

5.2 System model and reference scenarios

5.2.1 System model

We model base station deployment by a single operator as a point process defined as a random
countable set? ®, C R2?, with elements being random variables z; € R? and n € N, with N
denoting the set of mobile operators. We also denote ® = J,, .\ ®n as the set of all transmitter
locations of all operators. We assume that the power of the signal received by the reference user
yn = (0,0) of operator n € N is affected by two factors: pathloss [(z) and power fading h,,
where = denotes the location of the serving transmitter. The pathloss function [ : R? — R, is
of the form [(x) = ||z||~%, where « is the pathloss exponent, while the power fading between the
transmitter in z and the typical user is spatially independent and exponentially distributed with unit
mean, i.e., we assume Rayleigh fading with unitary transmit power. We assume that the reference
subscriber will associate with the closest transmitter of operator n, ie., argmin,cq ||z — ynl|.
Note that, when infrastructure sharing is in place, the reference subscriber of operator n may
associate with any network of any infrastructure sharing operator, i.e., the association policy becomes
argming g ||z —yn||. Moreover, our model applies to the downlink only and presupposes a full buffer

transmission, i.e., each transmitter continuously operates in selected bands.

2Using the random set formalism we implicitly assume that base stations from more than one operator do not
occupy the same location. Yet, this does not preclude base stations to be located arbitrarily close to each other,
which we consider as co-location.
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5.2.2 Scenarios

Herein, we are interested in modelling resource sharing in wireless mobile networks for two types of
resources: spectrum and infrastructure. We assume that each mobile operator has a license to use
one spectrum band b,, and each spectrum band is of equal size and does not overlap with any other
spectrum band, hence b,, = b for each n € N. In a system where operators decide to share spectrum,
exclusive spectrum usage becomes a special case. Having this in mind a spectrum sharing policy for
location z € ®,, can be defined as a vector V of size |NV| (equal to the number of available spectrum
bands) consisting of binary variables v? denoting whether a transmitter in z may utilize spectrum
band belonging to operator n. In addition, the operators may share infrastructure in which case
their subscribers are able to freely roam between transmitters of any of the infrastructure sharing
operators. Therefore the joint network, as seen from the perspective of a reference user of operator
n, will be the sum of |[N| networks of the sharing operators ® = Unen @n- Based on this setup, in
the following we describe four scenarios: exclusive use (baseline), infrastructure sharing, spectrum

sharing and full sharing.

Baseline scenario

The conventional scenario of a commercial mobile market consists of competing operators, each of
which owns the network infrastructure and holds a license to spectrum, which also implies that
subscribers of one operator exclusively® utilize the infrastructure and spectrum of their operator as
depicted in Fig. 5.3(a). This serves as our baseline for comparison, and the coverage probability

and the average user rate for this scenario we have given in Eq. (3.15) and Eq. (3.21), respectively.

—>  Active link —> Active link
— = =P Interference link = — =P Interference link
(a) Exclusive use (b) Infrastructure sharing

Figure 5.3: Two operators (1 and 2) with subscribers (ul, u2) exclusively using their spectrum (w1, w2),
and either prohibiting or allowing for access to each other’s infrastructure (N1, N2).

Infrastructure sharing scenario

When infrastructure sharing is applied, subscribers of one operator are able to connect with trans-
mitters of another operator. To represent this scenario we assume that operators pool their radio
access infrastructure without pooling their operational frequencies (see Fig. 5.3(b)). Effectively, in-
terference to the desired signal is identical to the single-operator case, i.e., it comes from ®,, where n
is the operator to which the serving transmitter belongs. In this scenario users connect to the closest
transmitter belonging to the network of any of the || operators. Henceforth, the signal-to-noise

3Leaving international roaming out of the picture.
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and interference ratio (SINR) for this scenario takes the following form:

hyl(x)
W+ ca\(a) hyl(y)’

SINR = (5.1)

where W is the noise power.

Spectrum sharing scenario

In the spectrum sharing scenario we assume that operators allow access to their spectrum bands
from outside of their network, by means of the spectrum sharing policy, without sharing their
infrastructure (see Fig. 5.4(a)). Effectively, interference to the desired signal of a user of operator n
in spectrum band k € A comes from all transmitters of operator k and the transmitters of all other
operators that may access spectrum band k. The SINR for this scenario takes the following form:

vEhl(x)
W + ZyG@\{z} ’U];hyl(y) ’

SINR;, = (5.2)

where x € ®,, is a tagged transmitter of operator n.

Let us note that when inter-operator interference is uncoordinated U]; =1 for all k € N and

y € ®. In the case when inter-operator interference coordination is in place, v’y“ =1 for all y € Oy,

k
Y

while for the remainder of transmitters v is set according to the specifics of the spectrum sharing

policy applied.

—> Active link —>  Active link
— — =P Interference link — — =P Interference link
(a) Spectrum sharing (b) Network sharing

Figure 5.4: Two operators (1 and 2) with subscribers (ul, u2) sharing their spectrum (wl, w2), and either
prohibiting or allowing for access to their infrastructure (N1, N2).

Full sharing scenario

In the full sharing scenario operators both pool their radio access infrastructure and allow for shared
use of spectrum. Spectrum pooling results in increased interference as more transmitters may now
operate in the same frequency band and users may connect to any of the transmitters of the sharing
operators, see Fig. 5.4(b). The SINR model is essentially the same as in the spectrum sharing
scenario, with the only difference being that the tagged transmitter comes from the pool of all

infrastructure sharing operators, i.e., z € ®.
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5.3 Analytical results

In this section, we apply stochastic geometry to derive analytical expressions for the coverage prob-
ability and the average user data rate in the cases of spectrum, infrastructure, and full sharing
between multiple mobile operators with radio access infrastructure distributed according to the ho-
mogeneous PPP with intensity A, each. We assume no inter-operator interference coordination, and
two modes of shared spectrum usage: channel bonding and best channel selection. We validate the

obtained closed-forms using MC simulations.

5.3.1 Main results

Infrastructure sharing scenario

Operators pool their radio access infrastructure without pooling their operational frequencies. Ef-
fectively, subscribers of one operator are able to attach to transmitters of another operator. When

only infrastructure is shared, we get the following result.

Proposition 1. The coverage probability of a reference user of operator n in the infrastructure

sharing scenario can be expressed as:
pa(0) =213\, / exp(—0r° W) exp ( - W?( ST+ A3, a)))rdr, (5.3)
1EN 0 JEN

where 3(6, o) = 6%/« feoi/a Hu;a/zdu. The average data rate of a reference user of operator n can

be found as:

T =E, { n(exp('y/b) - 1)] (5.4)

Proof:
The proof is provided in Appendix B.1.

Corollary 1. When no noise and o = 4 is assumed, the coverage probability of a user of operator

n 18 given as:

g
Pn(®) = 162/\:/ djen At Aiv@arctan(vV0) (5:5)

Proof: Assuming no noise and o = 4, we can calculate the integral in Eq. (5.3). In addition,
3(0,4) simplifies to v/@ arctan(v/8). ]

Spectrum sharing scenario

In the spectrum sharing scenario operators bond their spectrum bands and allow for uncoordinated
access to the joint band by all the transmitters of all the operators. Yet subscribers may still only

connect to the transmitters of their operator. When spectrum is shared, we get the following result.
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Proposition 2. The coverage probability of a user belonging to operator n in the spectrum sharing

scenario with channel bonding can be expressed as:
pn(6) = 27T)\n/ exp(—0r“W) exp ( — mr? ((1 + 3(0,a)) A + 30(0, ) Z /\j))rdr. (5.6)
0 ,
JEN\{n}

where 30(0,a) = 02/“I'(1 4+ 2/a)(1 — 2/a). The data rate can be expressed as:
7o = N1y [pn (exp(a/0) - 1)]. (5.7)

Proof:
The proof is provided in Appendix B.2.
|

Corollary 2. When no noise and o = 4 is assumed, the coverage probability of a user of operator

n 1S given as:

An
A+ AV arctan(v0) + VI e N

pn(0) (5.8)

Proof: Similarly to Corollary 2, when no noise and « = 4 is assumed, Eq. (5.11) can be
simplified to Eq. (5.8). [ |

An alternative to channel bonding is to access shared spectral resources by means of best channel
selection to exploit the potential diversity gain present when the fading between the shared bands
is not correlated (coherence bandwidth is large enough). Assuming best channel selection, and
specializing to a two-operator case, we get the following result.

Proposition 3. The coverage probability of a user belonging to operator n from the shared spectrum

when best channel selection is applied can be expressed as:

Prm(0) = 2pn(0) — prm (0), (5.9)

where p,(0) is the single-operator coverage probability obtained in Eq. (5.5), and pnm,(0) is the
joint probability of coverage for a user of operator n in two spectrum bands n and m, which can be

expressed as:
An

- A + )\n%\/garctan\/g—i— )‘nﬁ + )\m%ﬂ'\/g-

Prm(0) (5.10)

Proof:

The proof is provided in Appendix B.3.

Full sharing scenario

In the full sharing scenario operators both pool their radio access infrastructure and allow for shared

use of spectrum by means of channel bonding. In consequence we get the following result.
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Proposition 4. The coverage probability of a user of operator n in the full sharing scenario can be

expressed as:

pn(0) = 27T( Z /\i) /O°° exp(—0r®W) exp ( — r? (1 + 3(6, a)) Z )\i)rdr. (5.11)

iEN iEN

The data rate can be expressed as:

Ty = Z E, {pi(exp('y/b) — 1)} (5.12)

€N

Proof: Let us first recall the following result: the superposition of PPPs is also a PPP, with
intensity equal to the sum of the intensities of the component processes [121][Proposition 1.3.3].
In the case of the full sharing scenario, the users connect to the closest transmitter of any of the
networks of the sharing operators and suffer interference from all the other transmitters. Formally
a fully shared network is a PPP ® = [ J;\r ®; with intensity A = ;- A;. Therefore its coverage
probability corresponds to that of the baseline case (single-operator and exclusive use of resources),
yet with intensity A. In order to calculate the average data rate we need to simply take an expectation
over the sum of data rates obtained from using each spectrum band, which can be written as the

sum of expected data rates obtained for each spectrum band. [ ]

Corollary 3. When no noise and o = 4 is assumed, the coverage probability of a user of operator

n simplifies to:
1

Pn(6) = 1+ V0 arctan(vV0)

(5.13)

The result, which also happens to describe a single-operator PPP network [62], is obtained via

straight-forward calculations.
two effects “cancel” each other out.

Similarly to the spectrum sharing scenario, instead of simply utilizing the entire spectrum band
we may exploit spectrum sharing for diversity gain (apply best channel selection, instead of channel

bonding), in which case we get the following result (derived for a two-operator case).

Proposition 5. The coverage probability of a user belonging to operator n from the full network

sharing when best channel selection is applied can be expressed as:

where p,(0) is expressed in Eq. (5.18), and pnm(0) is the joint probability of coverage for a user of
operator n in two spectrum bands n and m, which can be expressed as:

1
- 1+ % Qarctan(\/a) =+ ﬁ

Prm (0) (5.15)
Proof:

The derivation of this result mirrors that provided in Appendix B.3, with a modification to the

set of interferers in Eq. (7.27), which simplifies some of the calculations and allows us to obtain the
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—@— Full sharing (1)
N — % — Full sharing (s) 09
JAY —@— Spectrum sharing ()

— 3¢ — Spectrum sharing (s)

—@— Full sharing ()
— 3 — Full sharing (5)

CCDF
CCDF

SIR [dB] ' SIR [dB]

(a) Coverage probability (channel (b) Coverage probability (best chan-
bonding) nel selection)

Figure 5.5: Cross-validation of the simulations and the derived closed-form expressions for the coverage
probability, for a two-operator case where networks of the sharing operators are evenly-sized; in the legend,
“t” - denotes an analytical result, and “s” - denotes a simulation result.

joint, probability of coverage for a user of operator n in two spectrum bands n and m as:
DPrm(0) = 27( A + An) / exp(—0r*W) exp ( — 72 (14 3'(0,0) (A + /\m))rdr, (5.16)
0

where 3/(6, ) = 6%/« [,,. 1 — (1 4+ u/?) ~2du. ]

5.3.2 Validation

Before we move on to discuss the results, we cross-validate the correctness of the derived closed-
form expressions and our simulations. For that purpose we compare our closed-form expressions to
the MC simulation results for the PPP. We perform this comparison for two and more operators
(at least for the channel bonding case), with evenly and non-evenly-sized networks. However, to
illustrate the correctness of our analytical expressions we present the two operator and evenly-sized
networks case only. In Fig. 5.5(a) and Fig. 5.5(b) we see that our closed-form expressions tightly

match the results from our simulations for both modes of utilizing the shared spectrum.

5.4 Numerical results

In our work we analyze two types of relative radio access network deployments between mobile
operators: independent and clustered. For the sake of clarity of our argument, from now on we
assume |N| = 2. Now, we model the independent deployment as two independent realizations
of the PPP, while the clustered deployment as either of the following two point processes: the
Gauss-Poisson process (GPP), which allows us to vary the level of clustering between the two
networks, and the Log-Gaussian Cox process (LGCP), which, as we have shown in Chapter 4,
provides a good match with the real multi-operator mobile network deployments (both processes
are defined in Chapter 3). We derive analytical results for the former case only, while the latter two,
being analytically intractable?, we evaluate using MC simulations. In both the PPP and GPP case
the underlying process of distributing transmitters for a single-operator deployment is the PPP,
which according to spatial statistical studies to date (see [35, 68]) may be considered a reasonable

approximation of a real-world single-operator single-technology deployment.

4Bounds on the Laplace transform of the GPP can be found in [70].
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Whenever spectrum is shared, we differentiate between two methods of utilizing shared spectral
resources: (i) channel bonding (operators simply treat the shared spectrum as one band), and
(ii) best channel selection (operators dynamically select between the shared spectrum bands to
obtain the diversity gain from mitigating detrimental fading effects). We also distinguish between
two methods for managing inter-operator interference: uncoordinated (uncoordinated inter-operator
interference) and coordinated by means of spatial spectrum sharing policies (coordinated inter-
operator interference). In each case we look into the coverage probability and the average user data
rate for the scenarios of infrastructure, spectrum and full network sharing, for each deployment type.

When presenting the results, we assume no noise, i.e., we use the signal-to-interference ratio
(SIR), and the pathloss exponent @ = 4. The analysis based on these assumptions is in line with

similar investigations of network coverage and data rate made in [62, 68, 119].

5.4.1 Spectrum sharing with uncoordinated inter-operator interference

Coverage probability

The first thing we analyze is the comparative coverage results for various sharing scenarios, when
networks of the sharing operators are evenly-sized. In Fig. 5.6 we immediately see that infrastructure
sharing provides superior coverage as compared to spectrum and full sharing scenarios with channel
bonding. This is related to the fact that with the increase in radio access infrastructure sharing, we
also shorten the distance to the potential serving transmitter, i.e., we increase the strength of the
signal provided by the serving transmitter. This effect does not occur when both operators co-locate,
as any additional shared transmitters, will be co-located with the private ones. Let us note that, if
a comparison between different scenarios is made, the LGCP distributed network (see Fig. 5.6(b))
provides worse coverage than the PPP (see Fig. 5.6(a)) or GPP (see Fig. 5.6(c)) networks. This
is related to higher level of spatial clustering in our LGCP model. We can see from Fig. 5.6(c)
that some level of clustering may still yield coverage performance that is almost identical to the

performance of an independently distributed infrastructure (see Fig. 5.6(a)).

When, instead of channel bonding, spectrum is shared by means of best channel selection (see
Fig. 5.7), we see the coverage performance in each spectrum sharing scenario being significantly
improved, with the full network sharing faring very closely to the infrastructure sharing. Inter-
estingly, full network sharing provides better coverage at low SIR values, which may be especially
important for improving the performance for cell-edge users). Let us note also that in the co-located
case (see Fig. 5.7(c)) the application of spectrum sharing allows an operator to switch between the
performance of a fully shared network and a non-shared network (in the co-located case it provides

the same performance as infrastructure sharing).

In Fig. 5.6(c) we observed the coverage performance for a fixed level of clustering, corresponding
to the normalized cluster radius of 0.1 (normalized to the size of the simulation window). Now,
we change our perspective and observe the impact that clustering of infrastructure has on different
sharing scenarios (we assume spectrum sharing based on channel bonding). Figures 5.8(a) to 5.8(c)
present the coverage performance for each of our sharing scenarios when the infrastructure is: inde-

pendently distributed (ppp), co-located (v — 0), and clustered with a variable cluster radius.

As expected, in Figures 5.8(a) and 5.8(b) we observe that the increase in clustering (decrease

in cluster radius) deteriorates coverage (the direction of change marked with a red arrow) for both
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Figure 5.6: The coverage probability for different sharing scenarios with channel bonding.
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Figure 5.7: The coverage probability for different sharing scenarios with best channel selection.

full and infrastructure sharing scenarios. In the case of spectrum sharing (Fig. 5.8(c)) the impact of
clustering on the sharing performance is more complex. At low SIR values we observe that the co-
located infrastructure provides superior coverage while the independently distributed infrastructure
fares the worst. After the cross-over point (slightly below 0 dB) the situation reverses. This is related
to an interplay between intra- and inter-cluster interference. Clearly, decreasing the cluster radius
increases intra-cluster interference. However, as the cluster radius is decreased so is the inter-cluster
interference, as the distribution of distances to the interferers outside of the serving cluster changes
(pairs of interferers are getting closer to each other). Effectively, while we observe that clustering
reduces the probability of obtaining SIR-values above the cross-over point (due to increased inter-
cluster interference), we also observe an increase in the probability of obtaining STR-values below
the cross-over point (due to reduced intra-cluster interference), as compared to the independently

distributed infrastructure.
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Figure 5.8: The coverage probability versus the relative cluster size in a shared clustered network (the
performance of independently distributed network is marked with a dashed horizontal line).

Average data rate

When the average user data rate is considered (see Fig. 5.9), with the cluster radius being large
enough, we can observe that the rate performance with network sharing is always improved over
the non-sharing scenario, which, as derived in [62], is approximately 1.49 nats/sHz. Moreover, full
network sharing outperforms all other sharing scenarios for majority of the cluster radii. It is only
at small cluster radii when the data rate significantly drops, and, in fact, when the infrastructure co-
locates full sharing achieves the same performance as the spectrum sharing scenario. From the figure
we can also see that significant clustering and co-location of operator networks have a dramatic effect
on the data rate performance of the spectrum sharing scenario (due to strong interference present
in the shared network), which applies both to independent (see Fig. 5.9(a)) and LGCP-distributed
networks (see Fig. 5.9(b)). This result shows the need to apply smart spectrum resource allocation
techniques whenever a high level of clustering is present in a multi-operator network, which is

typically the case with real mobile networks [35].
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Figure 5.9: The average user data rate performance versus the relative cluster size in a shared clustered
network with channel bonding.

Unsurprisingly, in Fig. 5.10 we see that best channel selection results in lower average data
rates than in the case of channel bonding. Yet, the diversity gain obtained from the application
of best channel selection allows operators to mitigate some of the detrimental effects of increased

interference, and the more clustered the network the more efficient this mitigation becomes.
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Figure 5.10: The average user data rate performance versus the relative cluster size in a shared clustered

network with best channel selection.

Network density imbalance between sharing operators

We now show the performance of network sharing depending on the imbalance in the density of
the networks of two operators. We specifically look at the average user data rate. We define the
imbalance as the ratio between the respective intensities of their networks Ay /A1, with 0.1 meaning
highly unbalanced networks and 1 standing for evenly-sized networks. We can immediately note
from Fig. 5.11(a) that the imbalance has no impact on the performance of independently distributed
networks for the cases when infrastructure is shared, which is precisely the consequence of the
result stated in Corollary 3, whereby the density of the infrastructure has no impact on the SIR
performance. We can also observe that, in the case of spectrum sharing, the operator that has a
denser network benefits the most from sharing, which is consistent with the fact that there is less
interference created by the network of the smaller operator. Interestingly, at a specific imbalance
level, for the smaller operator it does not make sense to share the spectrum anymore, at least without
sharing the infrastructure. In the case of clustered deployment in Fig. 5.11(b), we observe that the
infrastructure sharing gains provide additional performance benefits as soon as the network of the
smaller operator is enlarged. Eventually, spectrum sharing for the larger operator outperforms
infrastructure sharing when the imbalance is significant, which is related to the minuscule level
of interference suffered from the smaller operator. When we look at the imbalance of a co-located
network (see Fig. 5.11(c)), we can see fast degradation of performance for the spectrum sharing cases,
which is again expected as increased co-location produces stronger interferers in the proximity of

the desired transmitters.
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Figure 5.11: The average user data rate performance versus the imbalance in the size of the networks

between the operators.
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5.4.2 Spectrum sharing with coordinated inter-operator interference

In the following we perform a numerical study of the impact that a spectrum sharing policy has on
inter-operator interference, and, effectively, the coverage and data rate performance. The resource
sharing policy we use is based on the concept of exclusion zones, i.e., discs of arbitrary size centred at
the locations of transmitters, in which a given resource cannot be shared. As illustrated in Fig. 5.12,
given a resource belonging to some operator n, transmitters of operators other than n which are at a
distance smaller than or equal to the radius of an exclusion zone from any transmitter of operator n
cannot utilize that resource. By adjusting the exclusion zone radius operators may switch between
more permissive and more restrictive attitude towards resource sharing (at an extreme resorting to

exclusive use). We apply the exclusion zones to coordinate sharing of radio spectrum.

Formally, a spectrum sharing exclusion zone for a spectrum band that belongs to operator n is
a disc of radius R, € Ry U {0} centred at the location of a transmitter y € ®,, which prohibits
transmitters of any operator other than n located within that disc from utilizing spectrum band
n. For the sake of clarity of our argument we assume that R, is the same for all operators, yet a
more general case requires simply an additional index. Now, the spectrum sharing policy for some

transmitter x for spectrum band n € N takes the following value:

—_

, ifxed,
ifered\d,V]z-—y| >R,y € Dy, (5.17)

)

0, otherwise.

Loosely speaking, the spectrum sharing policy implies that only two types of transmitters may
operate in spectrum band n: all the transmitters of operator n, i.e., ®,,, and transmitters of operators
other than n which are at least an R,, distance apart from any transmitter of operator n, i.e., (/ﬁj with
j € N\ {n}. Note that </ISJ- is a Poisson hole process (PHP) [50] which is known to be analytically
intractable, with typical approximations involving thinning a PPP with a function that corresponds
to the radius of the exclusion zone (see [122]). In our work instead of approximations we rely on

direct results obtained by means of MC simulations.
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Figure 5.12: Exclusion zone-based coordination in resource sharing. When operators are restrictive in
sharing of their resources, they simply increase their exclusion zones resulting in low sharing levels (bottom-
left corner). When operators become more permissive in the sharing of their resources, they decrease the
exclusion zones resulting in more resources being shared (top-right corner).
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Coverage probability

As noted previously, when spectrum is shared without inter-operator interference coordination,
the coverage probability gains from spectrum sharing become significantly deteriorated due to the
presence of an increased number of interferers, some of which being located in close proximity to the
reference user. When exclusion zones are applied evenly to each of the operators, we can, indeed,
observe an improvement in the coverage performance (see Fig. 5.13). In Fig. 5.13, in addition
to the normalized exclusion zone radius, we provide the percentages of transmitters from each
operator that are not permitted to use the shared spectrum (they can only utilize the spectrum
band belonging to their operator). As we can observe in Fig. 5.13(a), the elimination of the nearest
interferers (R = 0.1) does not yield a significant improvement to the coverage performance when
the networks are independently distributed. A significant improvement to the coverage performance
may only be observed if at least 50% of the transmitters of the other operator are removed (R >
0.2). When clustering is applied (see Fig. 5.13(b)) the situation changes and improvements to the
coverage performance can be observed even for smaller exclusion zone radii (R < 0.1). Interestingly,
when large exclusion zone radii are applied (R < 0.3), the coverage performance of independently
distributed network is slightly better than the LGCP-distributed network. This is related to the fact
that the LGCP-distributed network models both clustering and repulsion. So while the clustering
interferers will be removed at a relatively small exclusion zones radius, the interferers being repulsed
will require larger exclusion zone radii and will likely be distributed closer to the reference user than
the PPP-distributed interferers. Obviously, for co-located networks (see Fig. 5.13(c)) exclusion zones

prohibit any form of spectrum sharing.
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Figure 5.13: The coverage probability in the coordinated spectrum sharing scenario with channel bonding,
where R denotes the normalized exclusion zone radius and the percentages in brackets represent the number
of “shutdown” transmitters from each operator when operating in a spectrum band of another operator.

When instead of channel bonding we apply best channel selection to shared spectrum usage
(see Fig. 5.14), we can observe that exclusion zones do not impact the performance as significantly
as in the channel bonding case, and it is only for high SIR—values that the coverage probability is
improved. We also see that exclusion zones fare better when some-level of spatial clustering between
transmitters is involved. In general, we can say that spatial coordination in spectrum sharing

provides more improvement to coverage of the networks that exhibit some forms of clustering.

Average data rate

We have already shown that applying exclusion zones may lead to significant improvements to

network coverage. Quite remarkably this improvement does not deteriorate the average data rate!
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Figure 5.14: The coverage probability in the coordinated spectrum sharing scenario with best channel
selection, where R denotes the normalized exclusion zone radius and the percentages in brackets represent
the number of “shutdown” transmitters from each operator when operating in a spectrum band of another
operator.

As we can see in Fig. 5.15 imposing an exclusion zone that eliminates as much as 75% of the
transmitters has almost no effect on the average data rate. At first it may sound counter-intuitive,
yet the exclusion zones affect not only the set of interferers, but also the probability that our tagged
transmitter will be able to use shared spectrum. With spatially applied coordination these two
effects seem to cancel each other out, and we receive almost constant average data rate for a range
of exclusion zone radii. Contrary to coverage, more clustering has a negative impact on the average
data rate as we can see in Fig. 5.15(b) and Fig. 5.15(c).

I Spectrum sharing (PPP) 1 Spectrum sharing (LGCP) [ spectrum sharing (GPP.u  — 0)
25 — — = No sharing (PPP) 25 — — = No sharing (PPP) 25 — — = No sharing (PPP)

15— -

(a) Independent networks (PPP) (b) Clustered networks (LGCP) (c) Co-located networks (GPP, u —
0)

Figure 5.15: The average user data rate in a coordinated spectrum sharing scenario with channel bonding,
where R denotes the normalized exclusion zone radius and the percentages in brackets represent the number
of shut down transmitters from each operator when operating in a spectrum band of another operator.

When best channel selection is applied to coordinated spectrum sharing (see Fig. 5.16), we can
observe that the average data rate is significantly reduced (even in respect to the no sharing case)
due to increase in interference. Application of the exclusion zones does not readily translate into
an increase in the data rate, and large exclusion are required to result in any increase in the data
rate. Interestingly, for the LGCP distributed network (see Fig. 5.16(b)) we can observe that the
data rate offered by a network of a single operator is reduced with respect to a single-operator
PPP-distributed network. That is related to the spatial clustering inherent to LGCP-distributed

transmitters.
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Figure 5.16: The average user data rate in a coordinated spectrum sharing scenario with best channel
selection, where R denotes the normalized exclusion zone radius and the percentages in brackets represent
the number of shut down transmitters from each operator when operating in a spectrum band of another
operator.

5.5 Conclusion

In this chapter, we have assessed the fundamental trade-offs between spectrum and infrastructure
sharing in wireless mobile networks at, various degrees of spatial correlation between the networks of
sharing operators. What we have observed is that each type of sharing has its own distinctive trait,
which we summarize in Fig. 5.1. While spectrum sharing alone provides an increase in the achievable
data rate (at the expense of coverage), infrastructure sharing gives additional degrees of freedom
when choosing the point of attachment to the network, resulting in improved coverage. When the
two sharing types are combined, we observe significant increase in the average user data rate and
improvements to the network coverage as compared to the non-sharing scenario (yet, lower coverage
than in the pure infrastructure sharing scenario). Consequently, infrastructure and spectrum sharing
cannot, be simply substituted for each other, as there exists a trade-off in the coverage and data
rate performance between the two. Moreover, combination of the two approaches does not linearly
scale the respective coverage and data rate gains; yet it provides respectable improvement to both
over the non-sharing case, which together with the potential for cost reductions may make it a

commercially attractive solution.

Additionally, we observed that the way that spectrum is shared makes a difference to both the
coverage and data rate performance. In particular, when coverage is the main concern, it is more
beneficial for operators to pool their spectrum bands and allow for their transmitters to dynamically
select the spectrum channel, rather than simply bond the available channels. Also, the relative
spatial distribution, and the relative density of the networks of the sharing operators, have significant
impact on the performance, and need to be taken into account when evaluating the potential benefits
of network sharing. In particular, when the networks of two mobile operators are closely spatially
correlated, then any gains obtained from aggregating spectrum are significantly reduced due to
increase in interference. This effect may be combated by the application of coordinated spectrum
sharing, which especially for networks with more spatial clustering may significantly improve the
perceived coverage, without hampering the data rate performance. Eventually, the imbalance in the
density of the networks of the sharing operators has a significant impact on how the two operators
perceive sharing gains. Counter-intuitively, it is the larger operator that gets the most benefits

from spectrum sharing, in terms of user data rate. The improvements to network coverage through
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infrastructure sharing are the highest when the networks of the two operators are similarly-sized.
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OTT-MNO sharing

“We’re still behaving like the rebel alliance, but now we’re the Empire.”
- Pete Warden, Pete Warden’s blog

Over-the-top service providers, such as Google or Facebook, are asserting their role as the new
driving force in the developments in architectures of wireless mobile networks. The recently an-
nounced Google Project Fi is, in fact, an example of a new type of a player in the mobile networks
market, namely one that is simultaneously an over-the-top service provider, an infrastructure pro-
vider and a mobile virtual operator. From that perspective it is important to understand the
potential of the existing networks to satisfy the requirements of these new players, as well as the
strategies that they may take up to provide mobile service to their users. In this chapter we make
a contribution to the state-of-the-art in modelling: the efficiency of minimum cost selections made
by over-the-top service providers over shared wireless mobile networks, and the incentives for radio
access infrastructure deployments by over-the-top service providers. The lion’s share of this chapter

is based on our two articles [42, 115].

6.1 Introduction

The new technological challenge ahead for mobile network operators (MNOs) is to meet a 1000
fold increase in demand for mobile capacity [8]. However, meeting this challenge requires that
MNOs face the hard facts of ever-increasing infrastructure costs [123] and popularity of over-the-top
services which “extract revenue that would otherwise be generated by the MNO from traditional
voice and data services” [11]. Ensuring that mobile networks provide adequate capacity for over-the-
top services is of particular concern for over-the-top service providers (OTTs), such as Google, Skype
or Netflix, which rely on mobile networks to offer their services and content to their mobile users.
Taking Google as our prime example, we see an increasing push among the OTTs to assert their
role in shaping how mobile networks are accessed and deployed. The recently announced Google
Project Fi brings about a new type of a player to the mobile networks market, namely one that
is an OTT, an infrastructure provider and an Mobile Virtual Network Operator (MVNO) at the
same time. Subscription with Fi allows owners of Nexus 6 smartphones to connect with the Internet
using unlicensed WiFi infrastructure, contracted or deployed by Google, or, if WiFi is unavailable,
the cellular network of T-Mobile or Sprint.

It is precisely this kind of behaviour that we were envisioning as part of the concept of Networks

without Borders (NwoB) [10, 11]. One of the fundamental aspects underlying Networks without
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Borders is the ability of service providers to dynamically select a set of wireless access points from
the pool of all available resources' that meets the requirements of the end-user or the service, while,
perhaps, bearing the lowest possible cost for an operator. These requirements may have a variety
of forms, from the basic quality of service aspects such as coverage or capacity, to more complex
ones such as indoor coverage or low latency, or a combination thereof. Herein, we focus solely
on studying a first tractable formulation of the process, which we term coverage shaping. While
in the case of Google Project Fi these resource selection decisions are performed in a distributed
manner?, the coverage shaping is a centralized mechanism, which provides us with upper bounds
on the cost efficiency. Another aspect of the NwoB ecosystem, which we study in this chapter,
is related to capacity extensions of the existing infrastructure deployments. Assuming that these
extensions happen via network densification?, i.e., small cell deployments, OTTs face a dilemma of
whether to invest in their own radio access infrastructure, similarly to Google’s WiFi deployments
made in some North American cities, or enter into an service level agreement (SLA) with an MNO,
following the Google Project Fi example. In the former case the OTT bears the full costs of the
required unlicensed radio access infrastructure, while in the latter case it pays recurring charges to
the MNO. The MNO, in turn, may invest this additional revenue in the densification of its network,
for example, by deploying small cells. The two topics are slowly getting recognition and research

work that addresses these and similar concerns is finally finding its outlet in research papers.

Let us start by noting that, in its most general form, the process of coverage shaping resembles
the well-studied process of network planning, and more specifically coverage planning. Network
planning involves selecting locations to install base stations, setting configuration parameters, and
assigning carrier frequencies to meet the coverage and capacity demand of a given geographical area.
The objective of coverage planning is to select base station locations so as to provide sufficient signal
quality (under pre-specified interference levels) over a target area with minimum network cost [80].
A number of models and approaches to the coverage planning problem can be found in [79]. The
more up-to-date version of the problem is how to allocate resources in a shared virtualized wireless
network. In [125] the authors consider the problem of determining the optimal set of resources to be
leased from multiple infrastructure providers, which can then be sliced among different service pro-
viders to satisfy their demand. The authors model the problem as a two-stage sequential stochastic
allocation. In [126] a matching (through hierarchical auction) is found between spatially distributed
users and frequency resources available at the nearest base station belonging to some infrastructure
provider. This matching is intermediated by virtual operators that interact with a number of infra-
structure providers on behalf of their subscribers. In [127] the physical infrastructure, represented
as virtualized frequency-time resource blocks, is shared among multiple virtual operators. Then,
allocation of such virtualized infrastructure to the virtual operators is made by means of dynamic
greedy network embeddings. Similarly, in [128] a network embedding approach is considered to
dynamically split virtualized resource blocks between multiple public safety operators such that re-
source occupancy is maximized. Physical resource blocks are also allocated among service providers
in [129]. This time, however, multiple service providers cooperate in a bankruptcy game to allocate
virtualized resources provided by multiple infrastructure providers such that the number of resources

allocated is proportional to the traffic and fairness is ensured by means of the Shapley value [87].

IThese resources may include assets of the current mobile networks, remote radio heads, small cells, commercial
WiFi networks or household access points.

2The end-user device prioritizes WiFi connectivity over cellular.

3Network densification is considered as the most effective way to date to increase over-the-air throughput (see
[124]).
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Similar type of questions are also considered within the scope of multi-tenant heterogeneous net-
works [130], where virtualized resources are leased between spatially adjacent infrastructure to deal

with spatio-temporal variations in demand intensity.

The majority of models relevant to the dilemma that OTTs face, i.e., whether to invest in their
own radio infrastructure or to enter into an SLA with an MNO, have been proposed and studied
in connection with the “net neutrality” discussion. In [6] we find a summary of various possible
frameworks for the interaction between OTTs and MNOs. These interactions can be classified based
on the pricing regime applied, i.e., one-sided, where no additional fees are collected from service
providers, or two-sided, where service providers are charged according to the terms of bilateral SLAs
with infrastructure providers. Among one-sided pricing models we can find the status quo model,
where best effort traffic of various OTTs is subject to traffic engineering techniques which limit
certain types of services, for example, by blocking peer-to-peer traffic, or the strict net neutrality
model, where network operators apply non-discriminatory traffic management, yet they cap the
available capacity on a per user basis, or the user-tiering model, where the network operator charges
users for different Quality of Service (QoS) levels delivered. Two-sided pricing involves OTTs paying
either a guaranteed traffic fee corresponding to the guaranteed QoS level (service provider-tiering
model) or a termination fee which depends on the volume of OTT traffic that terminates in the
MNO network (termination fee model). Leaving aside the political (and business) implications,
each of these approaches has its strengths and weaknesses, and can possibly be combined into more
sophisticated pricing schemes, for example, the channel quality-based pricing [131]. We construct
our model based on two-sided pricing and service provider-tiering. This and similar pricing schemes
have been applied widely to study the impact of regulation on the wired networks and the Internet
market (see [132-134]). For example, [133] studies a model with paid prioritization of content
(as well as various forms of market regulations) under a system that maximizes end-user utility.
A two-sided pricing model with side payments is studied in [134] where both content providers
and Internet service providers charge users a subscription fee, with content providers generating
additional advertisement-related revenue. Another model with side payments, with the presence
of multiple competitive Internet service providers and a monopolistic content provider is studied
in [135]. In [132] a similar model is studied, along with the dynamics of the relationship between
Internet service providers and content providers. A somewhat related problem is that of shared
deployments made by multiple infrastructure providers: in [116] multiple operators decide whether
and how to share new deployments, with the problem being modelled as a mixed integer program
(MIP). In addition, the OTT-MNO interaction may also be projected onto a more conventional
relationship between an entrant MNO and an incumbent MNO, in which case the former may enter
into a national roaming agreement with the latter [136]. In our work we model the OTT-MNO

interaction using the axiomatic bargaining framework (see Chapter 3).

The remainder of the chapter is split into two parts. In the first part, we study a stochastic
optimization model to deal with the problem of minimum cost resource selection in pooled wireless
networks made by service providers. In the second part, we analyze the OTT-MNO interaction

modelled as a cooperative game over a spatially distributed demand.
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6.2 Efficiency of infrastructure pooling under minimum service

requirements

Wireless systems provide radio access by means of a set of wireless access points (in cellular networks
these correspond to base stations), which transmit and receive radio signals to/from end-user mobile
terminals within a specified service area. We define a service area as a set of geographical points
in which the received signal strength from the wireless access point in consideration is higher than
the reception threshold, and the received interference is kept below a pre-specified level [80]. The
size of the service area depends on wireless access point configurations, such as transmit power,
carrier frequency or antenna tilt, as well as on radio channel effects, such as pathloss, multipath
fading and shadowing. In the context of NwoB, wireless access points and their corresponding
service areas are virtualized to enable “on the fly” (the time-scale of this process should reflect the
daily changes in radio resource usage) reconfiguration of wireless networks. These wireless networks
can be reconfigured in line with a range of objective functions. One such objective is to meet the
desired coverage at a minimum base station cost, which we term coverage shaping. In general,
coverage shaping can be stated as follows: given a set of geographical points in an area, called a
universe, and a set of wireless access points (with their corresponding configurations), each of which
covering a subset of elements of the universe (service areas), find a set of wireless access points with
a minimum associated cost such that the union of their service areas will contain all the elements
of the universe. Figure 6.1(a) depicts a multi-operator wireless network prior to coverage shaping,
while Figure 6.1(b) shows a minimum cost instance of the same network. An alternative definition
of coverage shaping may be stated as follows: find a minimum number of wireless access points such
that the union of their service areas will contain a specified fraction of the elements of the universe
to meet a pre-specified service reliability. We will refer to the former as full coverage shaping, while

to the latter as partial coverage shaping.

Figure 6.1: Coverage shaping on a pooled wireless infrastructure.

In the following section we formulate the full and partial coverage shaping problems as extensions
to a classical combinatorial optimization formulation (the set cover problem (SCP), see [77]) which
we solve using state-of-the-art MIP solvers. Eventually, we study the efficiency of minimum cost
selections over pooled real cellular infrastructure in a number of locations in Poland, as well as over

cellular infrastructure distributed according to some stochastic processes.
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6.2.1 Network model and problem formulation

Let us define an extreme radio access network infrastructure sharing scenario in which a number
of wireless access points, deployed independently by a set of infrastructure providers M # 0, are
added to resource pool S = U, ,,c yg Sm, Where S, # () is a set of wireless access points deployed and
owned by infrastructure provider m € M. Each wireless access point j € S provides wireless radio
coverage corresponding to configured center frequency f € F,, and transmit power t € T, where
Fm # 0 is a set of non-interfering center frequencies used by infrastructure provider m, and T # ()
is a set of available transmit power classes. Let us also denote c; as the cost of including wireless

access point j in the instantiation of a wireless network.

Let us define an arbitrary geographical area which the operator wishes to cover. Acknowledging
the advantages of systematic sampling [80], we split the area into a rectangular grid, which consists
of a set of pixels P # (), such that each pixel is of size r-by-rkm where r € R, is the resolution of
the grid. For simplification, we assume that the considered area lies in two-dimensional Euclidean
space, and each pixel is represented by its centroid.

Full coverage shaping

In a cellular system, a communication link between a base station and a mobile terminal needs to
satisfy some minimum QoS. Starting from analogue systems, this QoS level was strictly related to
the signal-to-interference ratio (SIR) threshold, which accounted for inter-cell interference [97]. In
4*h generation (4G) systems this threshold relies on the signal-to-noise and interference ratio (SINR)
measured by a mobile terminal, which is used to optimize system capacity and coverage for a given
transmission power. If the measured SINR for a particular location is lower than the threshold, no
reliable transmission link to the base station may be established [137]. Following this, we assume
a mobile terminal located in pixel ¢ € P may establish a communication link with wireless access
point j € S only if the long-term average SINR for the access point’s received signal satisfies the
following condition:

¥i = higt;(n; + Z ]1[fj:f,c]hik?ka1 >, (6.1)

k€S, k#j

where ¢; denotes the downlink transmit power of wireless access point j, and h;; denotes the channel
gain between pixel ¢ and wireless access point j, which consists of fading term w;; and pathloss term
l;;. m; denotes the additive noise power received by a mobile terminal located at pixel i. We assume
this additive noise term to be normalized, i.e. n; = 1,Vi € P. Moreover, the indicator function
1(f,=s,) ensures that we account only for interference from wireless access points operating in the

same frequency.

The QoS constraint (6.1) is a non-linear constraint, and, hence, might be difficult to handle.
However, assuming that the pooled resources come strictly from the existing cellular networks we
can note two key facts: 1) networks of different MNOs use exclusively licensed and, hence, non-
interfering frequencies, 2) each of the operators has already optimized its network, and if the current
frequency and power configurations are not altered the interference thresholds shall not be violated.

Based on these assumptions we can re-state constraint (6.1) as the receiver sensitivity constraint:

ri = hijt; > 1" (6.2)
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Receiver sensitivity level r* and transmit power t; are predefined network parameters, while channel
state information h;; can be inferred from the existing network measurements. By pre-computing
the available values, and using indicator function 1, ,->1) we obtain the binary incidence matrix
A, where a single entry a;; specifies whether or not wireless access point j covers pixel i. Having
obtained the incidence matrix A we can formulate the full coverage shaping problem as follows:

min » c¢;x; (6.3)
{1J}j68
subject to:
Z Qi T4 Z 1 Vi S 7), (64)
JjES
z; €{0,1} VjeS, (6.5)

which is the classical SCP formulation [77], where constraint (6.4) ensures that every point of
a geographical area belongs to at least one service area, while constraint (6.5) ensures that the

minimum cost choice is a binary decision made for each wireless access point.

Partial coverage shaping

Full coverage provisioning may be perceived as a special case of the partial coverage provisioning
problem. In the partial coverage provisioning problem, constraint (6.4) is relaxed to allow fractional
coverage service requirements. This can be achieved by replacing the right-hand side vector of ones
in (6.4) with binary random vector £, where component &; denotes a service request stemming from

point ¢ at a given point in time:

1, one or more service requests originate from point i,
&= (6.6)

0, otherwise.

In partial coverage provisioning, the goal is to meet the new coverage constraint with probability at
least « € (0, 1], which represents some pre-specified service reliability level. Hence, (6.3)-(6.5) can

be re-formulated as follows:

minz CiT; (6.7)

subject to:

P(Zaijxj > 61) >a ViePpP, (68)

JjES
Tj € {O, 1} Vjes, (6.9)

where P(-) denotes probability, and (6.8) is a joint probabilistic constraint, as used in [138]. The
resulting formulation is a stochastic SCP, which in general might be hard to solve. However,
following the remark from [138], if we assume independence of the components of £, then the

deterministic equivalent integer program can be found as follows. Note that (6.8) is equivalent to
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the existence of a vector z € {0,1}/”| such that Az > z and:
P(z>¢) > a, (6.10)

where P(-) is a joint probability of |P| independent events. Taking the logarithm of both sides of

(6.10) we arrive at the following inequality:

> <]P’(zi > &)) > In(). (6.11)

ieP

Observing that P(1 > &) = 1 and P(0 > &) = P(& = 0), and assuming that P(& = 0) (the
probability that no service request will originate from pixel ) is known, we arrive at the following

combinatorial reformulation of (6.7)-(6.9):

min CiT; (6.12)
{zj,2i cs
subject to:
Zaijxj >z VieP, (613)
jES
> (1-z)h (P(gi = o)) > In(a), (6.14)
i€P
z; €{0,1} VjeS, (6.15)
z; € {0,1} VieP. (6.16)

Similarly to (6.3)-(6.5), the resulting formulation is a combinatorial optimization problem for which

we can apply the same set of solvers.

6.2.2 Numerical results

In this section we present exact coverage shaping results obtained with the CPLEX ILOG tool for
two datasets consisting of real and random network deployments.

Optimization tools

There are several exact and heuristic approaches to solving set covering problems [77]. Since both
of our problems fall under the category of MIP models, we decided to rely on commercial software
(IBM ILOG CPLEX 12.5 solver) that offers customizable solvers for general MIP problems and is
available for use under academic licensing. In order to find an exact solution to a MIP, the CPLEX
solver applies an optimized version of a branch-and-cut algorithm. This approach works well for
both full and partial coverage problems, and exact solutions to reasonably large problem instances
(approximately 1000 variables and 3000 linear constraints) can be found in acceptable time-scales
(in the range of an hour). We ran the solver on a computer with 8 Gbytes of RAM, and an Intel
Core i7-3740QM 2.70 GHz CPU with 64-bit instruction set, 8 logical cores and a cache of 6 Mbytes.

The version of Linux used was 3.5.0-31-generic x86_ 64 GNU/Linux. The solver was set to run
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deterministically the maximum number of available threads with the relative MIP gap tolerance of
3% for the full coverage problem and 5% for the partial coverage problem, and the absolute upper
limit on the size of the branch-and-cut tree of 100 x 1024 Mbytes. The other parameters were used
according to their default algorithmic settings. In the full coverage case, before a problem instance
is fed to the solver we preprocess it by removing redundancies and dominations inside incidence
matrix A [77].

Results

To evaluate the efficiency of the inter-operator infrastructure sharing we test the proposed coverage
shaping models against real network deployment data from Poland, as well as against a randomly
generated dataset. The real data we have contains base station deployment information from the
four major MNOs operating in the Polish mobile market, namely Orange, Play, Plus and T-Mobile.
For each of the MNOs we have extracted snapshots of base station geo-location data (from Groupe
Special Mondiale (GSM)/Universal Mobile Telecommunications System (UMTS) radio licenses listed
on-line at [139]) for four different cities that differ in deployment density (the average number of
base stations deployed per unit area) and in the mix of commercial and residential areas: Warszawa,
Wroctaw, Olsztyn, and Swidnica. Each snapshot is a 10.9-by-4.2km grid (which corresponds to
zoom 14 in Google Maps) with a resolution of 100 meters, centered at the city center, that contains
base station locations for three radio technologies: GSM in 900 MHz (GSM900), GSM in 1800 MHz
(GSM1800), and UMTS in 2100 MHz (UMTS2100).

In addition, we also present results for a random deployment of base stations, following a Poisson
point process (for this random geographical distribution model, we used the same intensity of base
stations per technology and operator as we observed from the real deployment data). The real and
random deployment for Wroctaw are depicted in Figures 6.2(a) and 6.2(b), respectively; qualitat-
ively, the deployment density in the two cases exhibits different properties, i.e. real deployment
tends to have a much larger peak density centred around the central area, while (not surprisingly!)

random deployment is more uniform.

[km]

(a) Empirical (urban area) (b) Random

Figure 6.2: Network deployment for Wroctaw with Voronoi tessellation (dots denote single base stations,
while squares denote co-located ones). Random network deployment with Voronoi tessellation (using the
same intensity of base stations as in Figure 6.2(a)).

For both datasets, we model the propagation according to the modified Hata model [140], with
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6.2 Efficiency of infrastructure pooling under minimum service requirements 95

base station height of 10 meters, and mobile terminal height of 1.5 meter. In our tests, we assume
two types of base station downlink transmit power allocation schemes: a) homogeneous, where
base stations are assigned omnidirectional macrocell coverage with an equivalent isotropic radiated
power (EIRP) of 45 dBm, b) heterogeneous, where base stations are assigned omnidirectional macro-
or microcell coverage (decided based on the inter-base station distance) with EIRP of 45 and 38 dBm
respectively. To ensure fair comparison for the homogeneous case we assume that all base stations
have a fixed unitary cost of usage, while in the heterogeneous case we assume the cost is directly

proportional to transmit power.

To quantify the gains of coverage shaping, we look at coverage shaping efficiency, which we
define as unity minus the cost of the shaped network divided by the cost of the baseline network.
For the formulation in question, the cost of the baseline network is simply the cost of all network
elements belonging to the MNOs, while the cost of the shaped network represents the total cost of
the minimum cost subset of the network elements that provides the desired coverage. The following
analysis is intended to describe limitations and provide arguments for the feasibility of base station

selections made under the scope of inter-operator infrastructure sharing and, more generally, NwoB.

Figures 6.3(a) and 6.3(b) show the full coverage shaping efficiency for the two power allocation
schemes and the two datasets. We immediately observe that the highest efficiency improvements
can be achieved for the areas with higher deployment density. In the densest real case (Warszawa)
the gains of coverage shaping were as high as 98%. This means that a single operator, in order to
provide full macrocell coverage, requires only 2% of all the existing base stations in the area (i.e.,
16 out of 934). This gain is also very high in comparison to the cost of a single-operator network
for both homogeneous and heterogeneous power allocations, which shows how much redundancy
is introduced to the network in order to secure the capacity and possibly ensure indoor macro-,
microcell coverage. For the lowest density case (Swidnica), the benefits of sharing arise as a result
of the collective resource usage, which may justify potential benefits of infrastructure sharing in
less urbanized areas. In this case a single operator may not need to roll-out all the base stations
required to fully cover the considered area; instead, infrastructure sharing among several operators

may make it economically feasible to provide service to such typically under-served areas.

Analyzing the differences in results between homogeneous and heterogeneous power allocations,
we can observe that the efficiency is reduced with the power allocated to the system. This reduction
is inversely proportional to the deployment density. In addition, if we compare the results for real
and random deployments, we can note that for low deployment densities (below approximately
5bs/ km2) the gains for random and real deployments diverge. This may be due to the fact that
real multi-operator deployments were planned to provide coverage for the given area following more
or less the same coverage pattern for every operator (hence, resulting in redundancies), while the

random deployments are more spread, resulting in lower redundancy.

Figures 6.4(a) and 6.4(b) show the partial coverage shaping efficiency. Our first observation is
that relaxing the full coverage assumption brings only moderate improvements to the efficiency and,
hence, the total cost of the system. This happens due to the fact that the full covering provides
very few overlaps (especially for areas of high deployment density). Effectively, every base station
covers large sets of pixels independently, which highly increases the probability that at least one
pixel will require service. Hence, no “fringe areas” policy can be enforced even if we relax the service
reliability level. One way to enforce moderately higher savings is to increase the pixel resolution

maintaining the same probability of a service request or by pre-specifying the fringe areas.
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Figure 6.3: Full coverage shaping efficiency for real and random deployments with homogeneous and het-
erogeneous power allocations.
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Figure 6.4: Shaping efficiency of partial covering for real and random deployments with homogeneous and
heterogeneous power allocations, with varying service reliability « and probability of no service request

P(& =0).

6.3 OTT-MNO interaction and service-driven deployment

As outlined in the introduction, there are two entities in our systems an OTT and an MNO. Fol-
lowing the example of Google Project Fi, we assume that OTTs, in addition to providing content,
will provide wireless connectivity to their mobile subscribers. In order to do so the OTTs will have
to decide whether to build their own infrastructure or enter into an SLA with some (or a group of)
MNO, to let the MNO serve their demand. The decision is not binary, as the OTT may decide
to serve a fraction of its demand using its own infrastructure, while the remaining demand will be
served by the MNO and can be subject to a per unit of served traffic charge decided by the MNO.
Effectively, the MNO may need to expand its network (for example, by deploying new small cells)
to host the subscriber base of the OTT with the required quality, and cover the resulting costs.
The decisions made by the OTT and MNO are coupled, i.e., the OTT will decide to serve a certain
portion of its demand through the MNO network only if the price per traffic unit is acceptable,
while the MNO will set the price to a certain level in response to the volume of the offloaded traffic,

and considering factors, such as the costs of deployment and operation of its own infrastructure.

PhD Thesis Jacek Kibilda
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The decisions made by both OTTs and MNOs are not independent, as whatever the decision
one party makes, it affects the outcome observed by the other party. A natural tool to model
this type of interaction is game theory, and cooperative game theory, in particular. In cooperative
games players typically have an incentive to enter into a cooperative agreement, yet they may have
conflicting views on the specifics of such an agreement. In our case the OTT requires radio access
infrastructure, which the MNO already has, while the MNO seeks additional revenues to cope with
the increasing infrastructure costs. At the same time the OTT would like to utilize the infrastructure
as cheaply as possible, while the MNO collects revenues from the usage of its infrastructure and
charges the OTT (or its subscribers) accordingly. In the remainder of this section we propose
the aforementioned model of cooperation between an OTT and an MNO, for which we define the
corresponding utility space and the non-cooperative point related to the Nash equilibrium. Then,
using the Nash bargaining framework [87], we derive an analytical expression for the Nash bargaining
solution (NBS) of the corresponding game. What we show is that the spatial distribution of mobile
demand has a significant impact on the outcome of cooperation, and that it unevenly affects the
utilities achieved by OTTs and MNOs. Moreover, the cost of MNO’s infrastructure, if excessively
high, may render cooperation between an OTT and an MNO ineffective.

6.3.1 OTT-MNO interaction model

Game model

We model the interaction between an OTT and an MNO in the following way. The OTT has to
provide service to a set of spatially distributed mobile demand points S C R2. Each demand point
is associated with some volume of demand r € N, and the marked set of demand points is denoted
as S = {(s,rs)}, with the total demand (per OTT) of R = >.,c§"s- In order to provide service
to its demand points the OTT may either deploy its own radio access infrastructure (at a unit cost
o) or enter into an SLA with the MNO. In the latter case the OTT has to pay the per traffic unit
charge decided by the MNO for the demand it decides to serve with the MNO network. The MNO
serves the OTT’s demand using the existing Long Term Evolution (LTE) macrocell infrastructure,
which bears no additional deployment costs, or, if that is not possible (due to lack of coverage or
capacity), using newly deployed small cell infrastructure at a unit cost ¢,,. Additionally, we denote
Q@ as the revenue received by the OTT from its mobile subscribers. Since we are interested in
studying the OTT-MNO interaction we assume that @ is fixed and no further assumption about
the OTT subscribers needs to be made.

From the system’s description we formulate the game model as follows: N = {OTT,MNO} is
the set of players; [0,1] x [0,1] is the action space, where 6 € [0,1] is the decision of the OTT,
i.e., the fraction of the demand to be served by its network, in case it decides to deploy its own
infrastructure (while the rest gets served by the MNO network), and 8 € [0,1] is the decision of
the MNO, i.e., the per traffic unit charge (normalized as described in the following paragraph); and
Q= (uo(ﬂ, 0), wum (B, 9)) is the utility space, with u,(8,0) denoting the utility obtained by the OTT
and u,, (53, 0) denoting the utility obtained by the MNO.

Up to now we have defined traffic-related measure r5 and various cost-related parameters, yet
we have not discussed their representation. First, we consider all of our economic parameters to

be per unit of traffic served during a certain time frame. This means, for example, amortizing the
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deployment cost of a base station over an appropriate period. This approach allows us to construct
utility functions that combine revenues and costs related to the user traffic with the costs of base
station deployments. Second, all our economic parameters are normalized against c,, which allows
us to simplify the utility functions used and make the model independent of particular choices of
monetary values. An additional implication of this assumption is that the traffic charge 3, when
normalized against ¢,, can be limited to [0, 1]. The rationale is as follows: when the cost of offloading
a unit of traffic is higher than the cost of deploying a base station per unit of traffic, then the OTT is
more likely to deploy a base station than to offload its traffic to the MNO. Ultimately, the traffic can
be represented as bytes, packets, flows, etc., with the selection of the traffic unit being independent

from our model.

Utility space
We define u, (3, 6) as follows:

uo(B,0) = —my(6,8) — B(1 — O)R + Q, (6.17)

-~

where m,(0,S) denotes the number of base stations to be built by the OTT, given 6 and demand
S. The rationale for this expression of the utility is straight—forward — the OTT has to pay for
any new infrastructure it decides to build and/or pay the traffic fee for the demand served by the
MNO network. In return the OTT receives revenue from its subscribers either directly, as part of a

subscription fee, or indirectly, from customized advertising.

The MNO obtains the following utility:

U (3,0) = —Cmim (Sees) + B(1 — O)R, (6.18)

-~

where m,;, (Sres) denotes the number of base stations to be built by the MNO to serve the demand
Sres, Where Spes = f(0,8), with f : [0,1] x (R2,N) — (R2,N), is the residue of the OTT’s demand
not served by the OTT’s infrastructure, which we discuss in the following paragraph. The MNO
pays all the deployment costs associated with the deployment of additional base stations (we assume
that the existing infrastructure bears no deployment costs) required to satisfy the residual demand,

while at the same time receiving revenue proportional to the served traffic.

The utilities of both the OTT and MNO depend on the number of new base stations required
to satisfy the demand, i.e., m0(9,§) and mm(gres). In its generality the problem of deploying
wireless access infrastructure is a complicated one consisting of various planning stages (see [95])
and requiring various smart ways to find solutions to NP-hard problems (see [79]). Since our goal is
to study the relationship between an OTT and MNO, instead of directly modelling the deployment
decisions (i.e., whether a base stations should be built in some given location), we are interested in
aggregate decisions, such as “How many base stations are required given certain volume of spatially
distributed demand?”’ In other words, we seek a mapping between the demand and a counting
measure of the number of base stations deployed to serve the demand, i.e., m, (6, <SA') and my, (§res),
which hereafter we will refer to as the deployment function. We determine the deployment function
for both the OTT and MNO empirically by applying the following procedure (detailed description

of the procedure is provided in Appendix C).

First, we generate the set of demand points S as the realizations of the Gauss-Poisson process
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Figure 6.5: The utility space for our model obtained from drawing a convex hull over utility pairs calcu-
lated for the action space of the MNO and OTT varied over [0, 1] x [0, 1], for a fixed clustering level and
infrastructure price; marked points denote special operating points (NE - Nash Equilibrium, NBS - Nash
Bargaining Solution); while the dashed curve corresponds to the Nash product curve.

[50], with the parameter cluster probability that allows us to vary the level of clustering in S.
Subsequently, we extrapolate real-world call-detail record information from an Irish mobile operator
into a continuous demand field, which we sample using points from S to obtain S. Effectively, we
construct a demand model with real demand volume information and varying level of clustering,
which we control through the cluster probability. We use S to feed an optimization model which
minimizes the deployment cost, given that 6 fraction of demand S needs to be served using the
OTT’s infrastructure. The outcome of the model is a set of WiFi access points which the OTT has
to deploy, and the residual demand §res, which will be offloaded to the MNO. To find the set of new
infrastructure required by the MNO to provide coverage to gres we use an optimization model which
minimizes the deployment cost, subject to covering all of Sves With either new small cell or existing
macrocell infrastructure (in both cases we assume single-antenna LTE system). This optimization
model also considers the requirement that the MNO must serve its own subscribers’ demand. Now,
for each value of cluster probability, we obtain a curve that represents the number of base stations
required as a function of 6, to which we can fit some well-known functions. We obtained the most
satisfactory fits with the quadratic function of the form ag 4 a10 + a26?, where the coefficients vary
with the cluster probability (the obtained coefficients are given in Tab. 6.1). We will use ago 1,2}
to denote the coefficients of m, (0, §) and byg1,2) to denote the coefficients of m, (§res). Since our
demand model S is stochastic, the deployment function should be interpreted as the average number
of base stations to be built for a given clustering level of spatially distributed demand.

The point of this whole procedure was to determine a closed-form representation for the deploy-
ment functions, such that some level of analytical tractability is achieved. Yet, our utility space §2,
resulting from the postulated utility functions, is not convex. However, if correlated mixed strategies
are permitted, then the considered utility space becomes convex [87]. An example utility space for
our model is illustrated in Fig. 6.5. It was obtained from drawing a convex hull over utility pairs
calculated for the action space varied over [0, 1] x [0, 1]. The point marked as NE denotes the Nash
equilibrium, which corresponds to a non-cooperative solution to our game model, while the NBS

corresponds to the cooperative solution, which we find analytically in Sec. 6.3.2.
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Disagreement point

In any cooperative game we need to define the disagreement point, which is the point of minimal
utility (payoff) expected by each of the players if bargaining (negotiations) breaks down. Obviously,
this implies that if the cooperation provides lower payoff(s) to any one of the players, she will not be
interested in cooperating, and will settle for the minimal utility. Often times it makes sense to choose
as the disagreement point, the point related to the Nash equilibrium (NE) of the non-cooperative
game. The NE corresponds to a set of strategies selected by players such that no individual player

can increase her utility by unilaterally deviating.

Proposition 6. The Nash equilibrium strategy (ﬂNE,HNE) corresponds to the following pair of

actions:

Bne = 1.0,

R—a .
0 . Tgl’ lf as > 0,
NE —

argmax(uo(BnE, 0.0), uo(SnE, 1.0)), otherwise.

Proof: Let us start by observing that, given 8 € [0,1], the MNO has a dominant strategy
Bne = 1.0 as un(BNg, 0) > un(8,0) for all § € [0,1] and 8 € [0,1]. Given the dominant strategy
of the MNO, we find the equilibrium strategy of the OTT by maximizing its utility, which leads to

strategy Ong = R;‘Z“, if as > 0, or argmax(u,(Ang,0.0), uo(SnE, 1.0)) otherwise, which concludes

2a

the proof of the proposition. [ ]
The pair of outcomes in the disagreement point corresponds to the element (uo(ﬁNE, Ong),

um(ﬂNE,ONE)). This disagreement, point should be interpreted in the following way: a rational

MNO has no incentive to set any other fee than Ong, therefore forcing an OTT to deploy either a

full infrastructure or a significant portion of it.

6.3.2 Bargaining solution

In the following we derive a formula that describes the Nash bargaining solution to our game. An

NBS is the unique solution to the following optimization problem:

argmax H (ui(B,0) — d;), (6.19)
ieEN
subject to:
wi(B,0) >d;, VieN, (6.20)
8,0 € [0,1], (6.21)

where d; = u;(OxE,Ong) for each i € N. In this formulation constraints Eq. (6.20) ensure that
our solution is no worse than the disagreement point, while constraint Eq. (6.21) ensures that the

strategies available to the players are feasible.

Theorem 1. Given, the problem in Eq. (6.19), the NBS is:

—ag + embo + diy, — d,
(BnBs, Onps) = (Q 0 0 ,0.0).

o (6.22)
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Proof: Given €2, which is non-empty, compact and convex, we can find the maximum of
Eq. (6.19) by first taking the logarithm of the product in Eq. (6.19) and then applying the Lagrangian

multiplier method:

L(B,0, p,m,7) = Y log(wi(B,0) —di) = > prs(di —ui(B,0)) + 160 +1mB—Yo(0 = 1) = ym(B—1),
iEN iEN
(6.23)

where p; > 0, 7; > 0, 7; > 0. Then, the necessary and sufficient Karush-Kuhn-Tucker (KKT)
conditions for optimality are:

VsL(B,0,1,n,7) =0, (6.24)

VoL(B,0,u,n,7) =0, (6.25)

pi(d; —ui(8,0)) =0, VieN, (6.26)
=1t < 0, =18 <0,

Yo(0 —1) < 0,9m (B —1) <0, (6.27)

where Eq. (6.24) and Eq. (6.25) are the stationary conditions, and Eq. (6.26) and Eq. (6.27) are the
complementary slackness conditions. After making substitutions and calculating the derivatives,

the stationary conditions yield the following forms:

“R(O-1) R(6—1) -

T u(3.0) g = (029

a]p — Rﬂ + 2&29 Rﬂ + Cm(bl + 2b29)
do*uo(ﬂ;e) dm*um(ﬂ;e)

When p; =0, =0, 7, =0, and § = 0.0, we get that 3 = (Q — ag + dm — do + cmbo)/(2R) and
o = (2(a1 + biem)) /(a0 — Q + dm + do + bocr,). This solution is not only feasible (provided that
Q—ao+dm —do + cmby < 2R and Q — ap + d, — do + cmbo > 0), but it happens to lie on the
Pareto frontier of our utility space, precisely at the intersection of the Nash product curve and the
Pareto frontier of €2, as presented in Fig. 6.5. Any other feasible solutions will not lie on the Pareto
frontier of €2, which concludes the proof. [ ]

Given Theorem 1, if the OTT and MNO cooperate, the OTT serves all of its demand through
the infrastructure provided by the MNO and pays the traffic fee Oxps. In the following we will
analyze the impact that the spatial distribution of demand and the infrastructure price have on this

cooperation.

6.3.3 Numerical results and discussion

We validate our analytical solutions in Theorem 1 by applying to problem Eq. (6.19) iterative
optimization methods, such as the sequential least square method. Indeed, in Fig. 6.6 and Fig. 6.7
we can see that the numerically obtained bargaining solutions match closely the ones expressed in

closed-form, confirming the correctness of our derivations.

In Tab. 6.1 we present estimates of the deployment function for various demand clustering levels.
Let us recall Property 6: given these estimates, we can see that as < 0, therefore for each clustering
level the NE corresponds to the pair (Oxg, Ong) = (1.0, 1.0), which means that the OTT fully deploys
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Figure 6.6: Utility obtained in the non-cooperative (NE) and cooperative (NBS) cases for different values of
spatial clustering in the OTT’s demand, with error bars accounting for the deviation in the number of base
stations required for a given cluster probability. When the cluster probability is close to 0.0, the demand is
almost uniformly distributed in space, whereas when the cluster probability approaches 1.0, the demand is
generated from a number of highly concentrated clusters. The cost ¢, is fixed at 1.0.
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Figure 6.7: Utility obtained from the cooperation for different price points of the MNQO’s infrastructure,
and three values of the cluster probability p. When ¢,, < 1.0, the MNO’s infrastructure is cheaper than the
infrastructure deployed by the OTT. When ¢,, > 1.0, the MNO pays more for the infrastructure than the
OTT does. We see that both utilities are inversely proportional to the price of the MNO’s infrastructure;
yet, there is a price point at which the cooperation collapses to the disagreement point.

(or contracts the deployment of) its infrastructure to serve its demand. In our numerical analysis
we also assume that the revenue obtained by the OTT, i.e., @, is fixed and equal to the total volume

of the demand R.

In Fig. 6.6 we show how the utility, obtained by the OTT (Fig. 6.6(a)) and MNO (Fig. 6.6(b)),
changes with the clustering of the OTT’s demand. What we can immediately note from Fig. 6.6(a)
is that the clustering of demand has a stronger impact on the utility obtained by the OTT. This has
to do with the fact that clustering means less infrastructure is required to cover the same volume
of demand, as we can observe in the NE case where the OTT deploys all the infrastructure on
its own. Clearly, having to deploy less infrastructure per unit of demand makes deploying its own
infrastructure a more attractive option for the OTT. To compensate for this fact an MNO has to
decrease the price it charges for carrying the OTT’s traffic, therefore giving up on some of its profits
(even though the MNO will also have to deploy less infrastructure due to clustering of the demand).

The infrastructure cost ¢, has a significant impact on the cooperation between the MNO and
the OTT. In Fig. 6.7(a) and Fig. 6.7(b) we observe that the utilities of the OTT and the MNO
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Table 6.1: Estimates of the deployment function for the OTT and MNO for varying levels of clustering in
demand.

OoTT MNO
Cluster probability Parameters {ag,a1,a2} Parameters {bg, b1, b2}
0.0 {0.1,108.0, - 12.9} {(30.8,47.8, —17.4}
0.1 {—1.1,134.7, —53.6} {30.7,47.9,-17.3}
0.2 {~3.0,152.2, —84.4} {26.6,39.9, —13.1}
0.3 {~2.0,150.0, —80.9} {27.9,42.3, -14.2}
0.4 {-4.3,163.7,—100.2} {26.7,37.1,—10.4}
0.5 {—1.3,151.8, —88.5} {25.4,35.5,-10.2}
0.6 {-3.7,149.8, —88.1} {23.4,34.0,—10.5}
0.7 {—4.6,166.4,—109.2} {22.8,30.1,-6.8}
0.8 {—2.4,149.7,-81.4} {24.3,33.4,-9.1}
0.9 {-3.5,162.9,—99.6} {23.7,29.9,-5.9}
1.0 {—5.0,176.5, —129.3} {20.2,27.9, —8.0}

are inversely proportional to the infrastructure price, i.e., the higher the price, the lower the utility.
The MNO compensates for higher infrastructure price by imposing a higher traffic fee on the OTT.
When the price of MNO infrastructure becomes excessive, the cooperation is no longer feasible and
the only reasonable solution for the players is to fall back to the disagreement point. The level of

spatial clustering in the demand has little to no impact on the point where cooperation collapses.

Reflecting back on the achieved results, we can note two things. In real relationships between
OTTs and MNOs, other considerations, besides cost, may influence the OTT’s decision of whether
to deploy its own infrastructure. If the expected monetary impact of these strategic considerations
could be quantified, it would be possible to incorporate them into our model. On the MNO side,
we do see that excessive cost of infrastructure, which in practice includes both the deployment and
the spectrum licensing fees, may cause MNOs to be very protective over who can use their network
and how. This may be comparable to the case of mobile virtual operators which were able to enter
the European market only after favourable regulation was in place. However, falling revenues may
be a motivator for MNOs to actually enter into deals with OTTs, as we can currently observe with
Google Project Fi.

6.4 Conclusion

Sharing of wireless communications infrastructure is happening more and more. We envision
this trend will continue towards networks constructed on-the-fly by over-the-top service providers,
which will necessitate more sophisticated understanding of the efficiencies and tradeoffs involved
in decision-making over aggregate wireless network resources. In this chapter we quantified the
efficiencies that result, under different coverage models, in small and large cities. Using the real
data we showed that considering the multi-operator network infrastructure as a collective may lead
to building up coverage provisioning networks which require just a fraction of all the available base
stations, even over single-operator networks. This may be especially important for the lowest dens-
ity areas, which benefit highly from infrastructure sharing, in which case a single operator may not
need to roll-out all the base stations required to fully cover the considered area; instead, infrastruc-
ture sharing among several operators may make it economically feasible to provide service to such

typically under-served areas, which may have its effect on the digital divide.
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Subsequently, we analyzed a model of cooperation between an OTT (or a group of OTTs) and an
MNO working together to deploy a wireless network crafted to the needs of a service offered by the
OTT. This cooperation is sustainable only if the cost of infrastructure to the MNO is not excessive.
In case it significantly exceeds the price paid by the OTT for the infrastructure, cooperation is no
longer feasible (the MNO is no longer able to increase the charge on the OTT, without the OTT
retracting to its own deployment). In the non-cooperative case, the OTT solely deploys an unlicensed
spectrum infrastructure such as WiFi. Moreover, spatial clustering of the OTT demand means less
radio access infrastructure is required to cover the same volume of demand. This means deploying
its own infrastructure becomes cheaper for the OTT, and therefore more attractive. Effectively, it

is the OTT that benefits the most from having spatially clustered demand.
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Broader vision

“A revolution is certainly the most authoritarian thing there is; it is the act whereby
one part of the population imposes its will upon the other part by means of rifles, bayonets

and cannon”
- Frederick Engels, On Authority

New trends in commercial mobile networks have emerged. These trends include the inter-operator
network sharing, the formation of Mobile Virtual Network Operators (MVNOs), and the increasing
role of over-the-top service providers (OTTs). Each of the trends comes at a range of flavours
each leaving a distinct trait on the general consensus about wireless mobile network ownership,
architecture, and regulation. The key purpose of this thesis was to quantify the impact these trends

have on modelling and performance of future mobile networks.

What we have shown in this thesis is that modelling of pooled radio access networks requires new
statistical models of deployment and, indeed, such models can be found, and will be representative to
many similar areas in different regions. Furthermore, allowing for resource sharing, among mobile
operators only, results in new, and to some extent non-intuitive, performance trade-offs, which
are further exacerbated by the spatial distribution of transmitter locations. Different resource
sharing schemes, such as spectrum and radio access infrastructure, when combined together, do not
produce linearly scaling performance gains. Yet a simple mechanism of inter-operator interference
coordination allows operators to partially compensate for this effect. Moreover, depending on the
preferred spectrum sharing method, different performance gains and trade-offs can be obtained. In
particular, when coverage is the main concern, it is more beneficial for operators to allow for their
transmitters to dynamically select among the pooled spectrum bands, rather than simply bond the

available channels.

Radio access network and spectrum sharing are key to opening up mobile networks to a new
type of OTT which offers seamless mobile service that spans networks of multiple mobile operators.
When network infrastructure of multiple mobile operators is considered as a collective, a coverage
provisioning network may be constructed such that just a fraction of all the available transmitters is
required. This network will be considerably less infrastructure-intensive, which may make the case
for shared infrastructure deployments in currently under-served rural areas. Furthermore, when
growth in mobile demand necessitates new network deployments, it is reasonable for this new type
of an OTT to pursue these deployments in cooperation with a mobile network operator (MNO). This
cooperation would rely primarily on the MNO playing to its strength and expanding the capacity

of the existing network, while the OTT provides it with a new stream of customers and revenues.
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This cooperation would also be conditioned on the price of the radio access infrastructure and, to

some extent, also on the spatial clustering in mobile demand.

All these studies are intended to build groundwork for the change in the way that mobile networks
are being owned, controlled and, ultimately, accessed. This change, if pursued further, will require
a revolution in the way that mobile networks operate. Indeed, Google Project Fi can be considered
an example for this type of a change whereby an over-the-top service provider becomes also an
infrastructure provider, a mobile operator, and a mobile virtual operator. Networks without Borders
is a reflection of this revolution and a possible path in the evolution of mobile access provisioning.
As we show, the proposed vision results in a substantially different mobile communications value-
chain, which results also in a number of socio-political challenges. The following text is based on
our paper, published in the Proceeding of the IEEE (see [11]).

7.1 Vision

We believe that the traditional view of wireless networks as systems which deliver voice and data
services to some pre-defined geographical areas no longer reflects the reality of wireless networks.
We have argued for a paradigm shift by outlining some key trends that have emerged in wireless
networks ownership and control model over the last few years. In this chapter we propose a vision
of wireless networks which in our view emerges from these trends. There are two reasons why we

believe such vision is needed.

First, a vision is a driver for innovation. As such a particular view and understanding of the role of
wireless networks and the development forces at play will direct the innovation process, especially at
an industrial level which often times requires society-wide consensus about the system requirements
in order to proceed with the development and implementation. An example of how the current
view of wireless networks limits innovation is the 3" Generation Partnership Project (3GPP)-based
standardization of integrated mobile and WiFi networks, or IP Multimedia Subsystem (IMS), which
presupposes an authoritative role of mobile network operators in setting up networks and delivering
reliable wireless services to users', as well as reinforces the split between traditional mobile services

(video or data) and over-the-top services.

Second, we want to design policies and regulations that are effective in implementing our political
agenda. In our view, this is no longer possible with the status quo model of coverage or capacity
provisioning, as it does not reflect all the relevant actors, changes in the business models or subscriber
behaviour. The spectrum licensing process is an example of a failure of policy and regulations to
recognize the growing discrepancy between the owners of exclusive spectrum licenses, i.e., the parties
that bear the brunt of costs of delivering mobile services, and the parties that actually extract

revenues from providing of wireless services to end users.

In the following we delineate our vision, discuss its implications to the mobile communications

value-chain, as well as enumerate some key challenges.

L Arguably, leading to a failure in widespread adoption of these technologies.
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7.1.1 Networks without Borders

The concept of Networks without Borders revolves around an over-the-top service and a network
that responds to change. With Networks without Borders the physical infrastructure provides phys-
ical connections between the service provider(s) and the user(s), and as such is merely a source
of heterogeneous resources subject to virtualization. Virtualization enables a competent actor to
dynamically partition and aggregate these resources. In consequence sets of such resources may be
combined to form intermittent networks instantiated only to deliver a particular service, possibly
even to a particular user. Many such networks with differing properties may coexist at any given
time, as virtualization provides isolation necessary for concurrent and uninterrupted use of com-
mon resources. Networks without Borders is about re-conceiving networks from a perspective of

significantly more fluid access to spectrum and all of the resources that comprise a wireless network.

In Fig. 7.1 we illustrate the key idea behind our vision. Depending on whether we read the figure
from bottom-to-top or top-to-bottom we arrive at different conclusions on how future networks may
be conceived. Reading it bottom-to-top, we start with infrastructure providers that are in possession
of some specific resource(s), this can be a license to a spectrum band, a set of wireless access points
deployed in a given area, a data center, or an authentication service. These resources, coming
from individual infrastructure providers, when subject to virtualization, may be aggregated to form
resource pools. A set of such resource pools constitutes all necessary and possible elements that
form a wireless network. In practice, however, only a handful of resources will be selected so as to
form a network, and many such networks (yet with differing properties) may be created. Eventually,
a decision is made to deliver a service (or a bundle of services) via such a network, or a set of such
networks, which also happens to exhibit some desired properties. This could be thought of as a
virtual operator-centric design. Changing our perspective to top-to-bottom allows us to recognize
that a service provider may want to design a network that suits the needs of its service (or a
bundle of services). Then, the decision is to select resources such that this network (or a network
of comparable properties) can be instantiated. Obviously, any selected virtual resource has to map
to some realizable physical connection. Therefore a competent actor has to either re-use existing
infrastructure, whenever possible, and/or deploy additional infrastructure, if the former cannot
be accomplished. This can be viewed as a service-centric design. These views are not mutually
exclusive and to some extent they represent a possible framework in which future service-driven

networks could operate.

In essence there are five points that make our vision substantially different to the contemporary

way of looking at wireless networks.

First, we see properties of future networks to be tightly coupled with specific over-the-top services
and their recipients. This approach mirrors that of the Internet, in the sense that the network
infrastructure merely provides physical connectivity for whatever service is transmitted. Our view of
a service is more nuanced than the traditional classification involving voice, text and data in that and
we think about services in a fine-grained manner. So, for example, a Netflix-like service specifically
focused on video-streaming will require a specific kind of connectivity, while a bursty machine-to-
machine (M2M) service will require a very different kind of connectivity. The service provider (or a
party operating on its behalf) will be able to select from a menu of virtual network operators, each
offering networks of different per user throughput or latency. The idea of an over-the-top service

no longer exists, as the service and virtual network over which it is delivered are interconnected,
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Figure 7.1: Networks without Borders explained — a vertical view.

which allows for the service provider to extract value from the network while compensating virtual
operators for their services. Of course, such an approach entertains the possibility of grouping

services into bundles which may be delivered jointly.

This leads to the second point, that virtualization is key. It hides from the users the notion of
resource ownership, as resource pools can be partitioned and aggregated in new ways, giving the
level of flexibility required to create customized networks. On a business-technological level whether
this is done through bilateral agreements, as with the MNO and the MVNO relationship, or an
auction mechanism becomes transparent to the user of a virtual network. Moreover, virtualization
is the catalyst of sharing as it brings about isolation required to enable a concurrent use of shared
resources. Virtualization may operate on a substrate of exclusive or shared resources, which may

give rise to virtual networks that also operate at different price points.

Thirdly, and perhaps most significantly, the resources which make up the network are considered
to come from a pool of all and every resource. This means that the borders between licensed and
license-exempt spectrum or commercial and user-deployed infrastructure are removed. Spectrum is
spectrum and infrastructure is infrastructure. Whatever types of resources are available or, more
importantly, whatever types of resources that are appropriate for different kinds of services are
used. This notion of a pool of resources leaves the door open for a wider range of contributors to
the pool, and a broader call for investment in infrastructure. Given the vast need for small cells to
deliver the capacities for future data consumption, it makes great sense that small cells, or indeed
other resources, can be crowd-sourced from the public, for example. The “bring your own” concept
can be extended. Bring your own device (BYOD) refers to the policy of permitting employees
to bring personally owned mobile devices (laptops, tablets, and smart phones) to the workplace.
These devices can then be used to access privileged company information and applications. We can
extend this to be not just about the devices that hang on the end of the network but to include the
devices/resources that constitute the network. Bring your own spectrum (BYOS), bring your own
base station (BYOBS), bring your own processing power (BYOPP) are all examples of how this can
be extended.

Following on from the idea of a pool of resources, opens up a way for making progress on how

spectrum is accessed. More than a decade of research work has taken place which has explored a
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myriad of ways in which spectrum can be accessed in a dynamic manner. There is technical work on
how radios can sense white spaces, use databases for identifying spectrum, use dynamic auctions of
all kinds in spot-markets or over longer time-scales, trade spectrum and much more. There is also
much work on the licensed or license-exempt constructs in which these more dynamic approaches
can reside. However, this has not yet translated into concrete regulatory action or change. The
preferred exclusive licensing model is to be blamed for perceivable spectral scarcity, while, given our
research findings to date and with the help of virtualization, we can create at least an illusion of
infiniteness of the spectral resources [3].

Fifthly, our view of things allows new entities to arise which may operate on various sets of
virtual resources and on various decision levels. In Fig. 7.2 we present an example realization
of the simplified telecommunications market value-chain. Here we use the notion of a content
provider rather than a service provider simply to invoke a broader understanding of an exchangeable
(tradeable) good/service as anything ranging from provisioning of wireless access to architecting a
wireless network. Also, the flow of currency may be expressed in a variety of forms dependent on
the business model of entities involved in the relationship, for example, for some relationships an
out-right monetary transfer can be made, yet for others, user (meta-)data may be the currency.
There are a number of new roles which appear in the mobile communications value-chain?. First,
the virtual operator is an entity that controls virtual network instances and couples a service to a
particular network instance, or a set of instances. These network instances are brought to existence
by network architects that select and aggregate subsets of virtualized resources which make up the
physical substrate on which the virtual operators reside. Each resource may remain as part of an
aggregated subset for an arbitrary period of time, and may be returned to the pool when not needed.
Finally, resource aggregators manage these pools of resources. Hence, they enable partitioning and
aggregation of heterogeneous resources coming from various resource (infrastructure) providers.
Each role in the figure may be played by one or more entities, and a single entity may function with

more than one role.

Currency Flows

User Content Virtual Network Resource Resource
Provider Operator Architect Aggregator Provider

\_/

Good/Service Flows

Figure 7.2: Networks without Borders — a simplified realization of the mobile communications value-chain.

All of these aspects are a mere declaration of our vision, yet what we offer here implies deep
changes to how wireless services are provisioned and sold, and how virtual and physical networks
are designed, deployed, and managed. These changes pose a number of challenges, which we discuss

in the following.

7.2 Outlook

Data is the new currency of the information age. Companies whose very business model relies on
capitalizing on user data, like Google or Facebook, not only dominate their respective markets, but

also expand way beyond them, for example, towards the mobile communications market. In this

2More details on the conventional value-chain can be found in [3].
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thesis we gave various examples, and, indeed, an entire vision, of service providers asserting their role
in the mobile networks landscape. The future has caught up with our vision rather quickly and it is
only last year that we have witnessed an emergence of a new type of a player in the mobile market,
namely one that is simultaneously an over-the-top service provider, an infrastructure provider, a
mobile operator, and a mobile virtual operator. Interestingly, this new entity arrived to the mobile
market despite falling revenues of the entities already in the market, as we exemplified earlier. The
new entity relies on a completely different business model that is flexible enough to allow it to alter
between two sources of revenues: direct payments from subscribers and online advertising systems

which capitalize subscriber data.

Mobile networks, due to their conventional ownership and control model, are a great and, to
some extent, unexplored source of information about subscribers, revealing user location, mobility
patterns, and even health, as mobile devices add sensors to monitor heart rate and other indicators,
in addition to any user provided content. But the data is not the only reason for service providers
to enter the mobile market. The other reason is control over ads distribution channels. Currently,
the majority of the content available to the users of the Internet is free of charge, but it is only free
of charge because, along with the content, users download ads. The point of issue is that those ads
create a non-negligible overhead that needs to be transported over communications networks. For
this reason some mobile operators (see [141]) are considering implementation of traffic engineering
techniques (essentially ad-blocking), which would force service providers to share their ad-related
revenues. However, service providers have at least two ways to avoid this scenario: implement end-
to-end encryption and/or route their user traffic through preferred access networks. Both of which
will be effective only if service providers secure some control over the access part of communications

networks.

One promising technology that may enable service providers to exercise the required level of
control over the radio access networks is network virtualization. Network virtualization allows a
competent actor to dynamically partition and aggregate network resources to create virtualized
networks instantiated only to deliver a particular service, possibly even to a particular user. Many
such networks with differing properties may coexist at any given time, as virtualization provides
isolation necessary for concurrent and uninterrupted use of common resources. Given that some
service providers, such as Google, exert control over mobile devices, their operating systems, web
browsers, mobile and backbone connectivity, end-to-end encryption, end-user service and even end-
server hardware, we could ask, paraphrasing [142], what is the form of power and authority embodied

in such virtualized networks?

Given the current knowledge, the answer to that question may only be — authoritarian mono-
polies/oligopolies, as there is no reason to believe that the dominance of the service providers is
likely to be endangered in any immediate future [143]. The problem is that as much as we like to
think of ourselves as customers to the service providers often times this is not the case, and we are
typically just their products (or rather our data is). The real customers of service providers are
companies that buy customized advertising channels. Therefore service providers grow stronger the
more data they have about their users, and that is why Amazon is assessing the introduction of
face recognition to authenticate its customer payments, that is why Facebook is experimenting with
influencing its users emotional states and that is why we have Google Project Fi. And, as argued
in [143], the expansion of control over user data is not just about profit maximization, it is about

reinforcing the monopoly that service providers have. All of this just means we cannot simply vote
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with our feet unless a political consensus on protecting our data is made.

In other words, to make sure that “connectivity is a human right”, and not just a buzzword
intended to promote a specific business model, action is needed and communications regulators and
policy-makers have to finally recognize that there are some important aspects to be considered in
respect to the evolution of mobile communication systems. First, they need to determine whether
some public intervention is required to enable full network virtualization, and perhaps new infra-
structure investments. If these are coupled with new policies mandating some form of spectrum
sharing in the exclusively licensed spectrum bands, or opening up of new shared spectrum bands,
we may invariably see the rise of new types of virtual operators as predicted in our vision. The pres-
sure from some service providers, who will require fast expansion of the wireless network capabilities
to enable a new generation of services (think, for instance, of virtual reality and self-driving cars),
may yield a situation in which these virtual operators act unregulated in a market whose goal is to
eventually provide connectivity to the society at large. Therefore appropriate regulations have to
be placed to ensure that new actors not only harvest the profits from the market, but also provide
connectivity as an egalitarian good. The Internet conglomerates, through their search engines and
recommendation systems, have the means to quickly monopolize areas in which they operate, as we
have already discussed, which brings us to the point that policy-makers have to re-evaluate the type
of communications market they intend to promote. Eventually, all these are invariably related to the
question of the expected public benefit, as compared to the status quo, and the necessary amount of
regulation, and public investment, required to achieve this benefit. Similar public policy questions
have been debated for the past decade in the context of dynamic access to spectrum, with concrete
steps taken by regulators such as the Federal Communications Commission (FCC), in the US, and
Office for Communications (Ofcom), in the UK. We advocate a broader discussion that encompasses

infrastructure associated with multiple wireless access technologies, in addition to spectrum.

Moreover, we as a society have to recognize that the data coming from our mobile phone usage
holds a great value to companies that capitalize on customer profiling and service customization. In
a way that is good news for the low-income part of our society, as it may expect to receive cheaper,
or perhaps, free of charge mobile service. But on the other hand, it is also apparent to us that due
to lack of protection of users privacy we are currently witnessing the emergence of the surveillance
society [144], with all its grim consequences [145]. If left unregulated, the service provider in the
ecosystem of Networks without Borders gets an unprecedented access to metadata revealing user
location, mobility patterns, and even health, as mobile devices add sensors to monitor heart rate and
other indicators, in addition to any user provided content. Regardless of the intent of the service
providers, it is in our best interest to ensure that any future discussion of privacy entertains the
possibility that the same service provider may hold data on both usage patterns (as is currently
true of Google, Facebook, etc.) and rich information about user routines, health and instantaneous
location. Effectively, a dividing line may need to be drawn between sensitive and non-sensitive data,
specification of minimum security for data storage and monitoring may need to be set in place, as
well as rules defining terms of resale, processing and usage of the data. At the same time, new
business models should be discussed that incentivize private entities to utilize data in a manner that

produces social benefit.

All of this discussion goes way beyond the technical questions addressed in this thesis, and is, in
fact, a reflection of our belief that applied science should be held accountable for its research. It is

not enough to insist that (sub-)optimal solutions are “best guarantees of democracy, freedom, and
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social justice” [142], while in reality the designs we make benefit only a handful of people and lead
to a world in which the Internet corporations have even tighter control over our lives. We can and
should do better than that. Even if we will, things may still go the wrong way, but then we will

seek solace in an affordable, or perhaps even free, mobile access.

PhD Thesis Jacek Kibilda



Appendix 115

Appendix

A Minimum contrast estimation

In the following we derive expressions for parameters of the point processes analyzed in Chapter 4,
applying the method of minimum contrast to the theoretical expression for pair-correlation function

¢(r) and its non-parametric estimate g(r).

A.1 log-Gaussian Cox process

For an Log-Gaussian Cox process (LGCP) we find the variance o2 for the stationary Gaussian
process and the scale parameter § of the correlation function fz(r) by minimizing the following

contrast function:

/ (log(@(r)? — (02 £5(r))7) dr. (7.1)

Tmin
Assuming fixed 5 > 0 and taking the square of the expression inside the integral, we achieve the

following expression:

[ ost@yar 20y [ tos@e)e (o) dr + 0h [ (g (1)
Since Eq. (7.1) is a quadratic function of (¢2)?, the extremum of this function can be found through

the first derivative test:

Tmazx

/ T Log (@) (f5(r) dr — (0)7 [ e ar=o. (7.3)

Tmin Tmin

Assuming that Br(8) = [ log(g(r)? (fs(r))* dr and AL(B) = [ " (f5(r))* dr, the above

T'm Tmin

expression attains its minimum for:

= (35) o

Given the second derivative test, Br(8) has to be larger than zero for the minimum of Eq. (7.1) to

exist.

In order to derive 8 one needs to plug in Eq. (7.4) into Eq. (7.2), in which case one obtains:

B = argmax (lleL((ﬁﬂ);) . (7.5)
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Given 52, an estimate of the mean can be calculated as 7i = log(\) — 52/2, where A denotes a

non-parametric estimate of the intensity function of the point process.

A.2 Matérn cluster process

In order to find a representative model for the Matérn cluster process (MCP) we need to find the

parameters R and x that minimize the following contrast function:

Tmazx 1 P
[ (@ s ) o (7.6)
Tmin R

where H(R) = (4wRr)~'h(g5). Fixing p = 2 and ¢ = 1, assuming fixed R and following similar
logic to the LGCP case allows us to express Eq. (7.6) as:

Tmax

/’I‘m,am (’g\(r)Q - 2§(T) N 1) o z /Tmam (‘/g\(r) . 1)H(R)d7" + % H(R)er. (7.7)

Tmin Tmin Tmin

Similarly to the above, Eq. (7.6) is a quadratic function of £~1, thus, the extremum of this function
can be found through the first derivative test:

/ " G0 - D H(R)dr + % / " H(R)dr = 0. (7.8)

Tmin Tmin

Assuming that By (R) = [

Tmin

meter Kk that minimizes the above expression:

"mar (1 —g(r))H(R)dr and Ay (R) = ™" H(R)?dr, we can find para-

Tmin

A]\/] (R)
By (R)

/’%:

: (7.9)

Clearly, By (R) has to be larger than zero for the minimum to exist. Then, given &, R can be found

as: Bur(R)?
R = argmax L) . 7.10
© ( Au(R) (7:10)

Finally, the mean number of points per cluster i is obtained as:

i = R\, (7.11)

where ) is the estimate of the intensity of the observed point pattern.

A.3 Thomas process

Derivations for the parameters of the Thomas process, i.e., o2 and &, follow the same logic as in the

MCP case and yield the following results:

(7.12)
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where Br(o?) = [ (1-g(r))N(0?)dr, Ar(c?) = [ N(0?)%dr, N(c?) = (4mo?)~} exp(—%),

Tmin Tmin

6% = argmax <%‘jﬁ;) . (7.13)

and:

Finally, it = EX, with A being the estimate of the intensity of the observed point pattern.

B Coverage probability derivation

In the following we derive expressions for the coverage probability and the average data rate for the

resource sharing scenarios presented in Chapter 5.

B.1 Infrastructure sharing

Let us recall that the superposition of Poisson point processes (PPPs) is also a PPP, with the
intensity equal to the sum of the intensities of the component processes [121][Proposition 1.3.3].
Effectively, in the infrastructure sharing scenario the point process that describes the serving base
station is ® with intensity A = ), s A;, and the transmitter association policy, as stated in the
system model (see Chapter 5), based on the nearest distance. The probability distribution function
(pdf) of the distance to the closest transmitter in the Euclidean plane (obtained from [146][Theorem
1]) can be expressed as follows:

fr(r) = 2w\ exp(—A7r?). (7.14)

Now, in the infrastructure sharing scenario the interference to which the user is exposed to
depends on the network to which the user is connected (since each network operates in an exclusive
spectrum band). To find the coverage probability over all networks of all the operators we need to
find the expectation over the coverage probability of each individual network, which requires defining
the probability of associating with the network of operator n € N. This association probability for
a user with the network of operator n in the infrastructure sharing scenario can be found as follows:

an:E[_G%i\?}Rj>Rn
J n
:E[ I1 P(T<Rj)’Rn:r],
JEN\{n}

:/OO Il P <R) fr.(r)r, (7.15)

O jen\{n}

Rn},

where fr, (1) is the distribution of distance from the reference user to the nearest transmitter of n,
and P (r < R;) may be interpreted as the probability that there is no transmitter of j closer than a
distance r from the user; this can be also referred to as the null probability for network j, which is

exp(—mA;r?). After plugging the null probability for network j and Eq. (7.14) into Eq. (7.15), we
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get that:

A, = 27T)\n/ 7 exp —mr? Z Aj | dr,
0 JEN
A
=" (7.16)
Djen i

Now, the coverage probability for the infrastructure sharing scenario can be expressed as (using
the expression in Eq. (3.15)):
= 3" (i), (7.17)
1N
where p(0]i) is the coverage probability conditioned on connecting to the network of operator i,

which can be expressed as:

p(0i) = /O " exp(—0r W)L, (9r°) . (r)dr, (7.18)

+

where the Laplace transform Ly, (6r®) of the interference in network i is described using the form in
Eq. (3.16), and f% (r) is the pdf of the distance from a user to the nearest transmitter of network 4,

given that it is also its serving transmitter among all networks. The latter can be derived as follows:

dFpg, (r)
dr
d
-4 1—P(Ri>r min R, >R) :
dr JEN\{i}
(a) d P(Ri > r,minge an {5 R; > Ri)
dr P(minjeN\{'}R' > Ri)
®) d 1

fr,(r) =

P R >r fRZ( )
ar 2 JGH{}
27r)\ 9
exp(fﬂr Z ) (7.19)
2 JEN

where I, (r) denotes the cumulative distribution function; (a) the denominator was derived in
Eq. (7.16); (b) the inner probability is the null probability of network j, i.e., exp(—mA;7?). Finally,

after making the necessary substitutions, we get the following expression:

=2 Z i / exp ( - OTD‘W) exp ( - 27Tr2( Z Aj+ N30, a)))rdr. (7.20)
JEN

€N

The derivation of the average user data rate requires plugging the obtained formula into Eq. (3.21),
which concludes the proof. Note that the special case of this result for two operators was derived
in [147].
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B.2 Spectrum sharing with channel bonding

Let us start by observing that the point process describing the closest transmitter to a reference
user of operator n is ®,, with intensity \,. Therefore, following the same logic as previously, the

probability of finding the closest base station at distance r is:
IR, (1) = 27 A7 exp(=A,7r?). (7.21)

In the spectrum sharing scenario the interference to a user of operator n comes from: (i) all the
transmitters of operator n that are at a distance r and further apart, which we denote as I.(®,,),
and (ii) all the transmitters of all operators other than n, which may be at any arbitrary distance
to the reference user, which we denote as Io(®;) and j # n. Now, the total interference is I =
1.(®n) + 32,4, Io(®;), and its Laplace transform can be derived as follows:

£1(s) = Er [exp(—sT)],
=E; [exp(fsl )exp(— ZIO ]
Jj#n
(@) E;, (o, )[exp( sI( } HEI()(‘I’ )[exp ZIO :|
Jj#n j#n
=Lr1,(2,)(s H Liy@,)(s (7.22)
Jj#n

where s = 0r®, and (a) follows from the worst case scenario interference assumption, which allows
us to treat the interference coming from the the networks of different operators as independent, and
therefore replace the expectation of the product with the product of individual expectations.

Now, L;, (s,)(s) is given in Eq. (3.16), while L1, (¢,)(s) can be obtained as follows:

a e’ 00 1
E[O((pj)(oT ) = exp ( - 7TT2AJ'92/ /0Jr md’u),

= exp ( —mr?X;30(0, a)), (7.23)

where 3¢(f,a) = 6%/“I'(1 4+ 2/a)I’'(1 — 2/a). Finally, when we plug Eq. (3.16) and Eq. (7.23)
into Eq. (7.22), and, subsequently, to Eq. (3.15), we get the following expression for the coverage
probability of operator n:

pn(0) =T, /000 exp(—0v®/2W ) exp(—Apmv) exp < — v (/\n3(9, a) + 30(0, ) Z )\j)) dv. (7.24)

+ -
J#n

Calculation of the average user rate across the shared spectrum requires observing that the
expectation of a sum of random variables is a sum of expectations of each individual random variable.
Hence, given the expression in Eq. (3.21), we get that the average user data rate in the spectrum

sharing scenario is:
Tn = [N|-E, {pn(exp('y/b) - 1)} (7.25)

where p,, () is the coverage probability from Eq. (7.24), which concludes the proof.
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B.3 Spectrum sharing with best channel selection

When instead of channel bonding operators select between possible bands such that a diversity gain
can be obtained, the coverage probability of a reference user of operator n in the spectrum sharing

scenario with two shared bands n and m can be obtained as follows:

Fam(6) 2 1 —IP’( |J SINR, < 9)
ie{n,m}
=1- P<iegm} Rl < 0;/1(z) (W; + L-)>,
Y1 g, [1 —exp ( — 0, /U(z) (W + In))}EIm {1 — exp ( = O /1) (Wi + fm))}

Yg, {exp ( — 0, /1(x) (Wy, + In))} Y E; {exp ( O 1) (W, + Im))] -

E;, [exp ( — 0, /1) (W, + In))} E; [exp ( O /1) (Wi, + Im))] : (7.26)

where SINR,, is the signal-to-noise and interference ratio (SINR) in spectrum band n; (a) conditioned
on the distance r to the nearest transmitter in x, the probability of coverage from at least one
spectrum band may be expressed in terms of the probability of outage in each shared spectrum
band; (b) assuming small enough coherence bandwidth?® and exponential fading, signal fading in
different bands from the tagged transmitter is independent; (c) the first two terms are precisely
the expressions for the coverage probability in the spectrum sharing scenario for operator n in each
individual spectrum band n and m, while the last term, which is the joint probability of coverage
in each of the spectrum bands (denoted as p,.,(6)), can be further simplified as follows:

pon(®) 2 expl-0/10W)Es | T] B [ex0 (= o101 [ [0~ o110 )] |

yed

D exp(—0/1(z ® 1
etttz 11 )

© (=01 - 1
n p( 9/1( )W) iegm} E(I)l |:y1;£1 (1 Jr@l(y)/l(x))Q],

1
@ exp(—0/1(x)W) exp ( - \n /R2\B(O7T) 1- 0+ Hl(y)/l(x)f)dy).

1
P < ~ /R (1 (14 0ly) /z(x))z)dy)’ (7:27)

where W = W}, + W, and B(o,r) denotes a ball of radius r centred at the location of the reference

user; (a) the set of interferers in each spectrum band is the same while the fading experienced by each
interfering signal, due to our previous assumption about the coherence bandwidth, is independent;
(b) given the assumption that fading is exponentially distributed; (c) we can divide the set of
interferers into two independent sets: a set of transmitters of operator n and a set of transmitters
of operator m; (d) using the expression for the probability generating functional (pgfl) of the PPP

[50][Theorem 4.9]. Now, by switching to polar coordinates and making the necessary substitutions

3When coherence bandwidth is small enough, fading across different spectrum bands may be considered independ-
ent.
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(and de-conditioning on ), we get that:

o0

DPnm (0) = 7r/\n/

0+

exp(—0r*W) exp ( — Aar? (1 4+ 37(0, a))) exp ( — Ammr?30(0, a))rdr, (7.28)

where 3/(0, ) = 6%/ [, 1— (1+ ua/Q)_Qdu, and 34(0,a) = 62/« [T1— (1+u~/?) ~2du.
When no noise and o = 4 is assumed, the joint probability of coverage probability from two
spectrum bands for a user of operator n is given as:

An
A+ A 3vVBarctan VO + st + Am2mvVE

Effectively, the coverage probability for shared spectrum with best channel selection can be

expressed as:
Prm(0) = 2pn(0) — pam (0), (7.30)

where p, () is given in Eq. (5.8), and pnm,(0) in Eq. (7.29).

Applying the above formula to Eq. (3.21), allows us to obtain the average user rate, which
concludes the proof.

C Constructing a deployment model for Dublin

In the following we provide details on the procedure of determination of the deployment function
for both the over-the-top service provider (OTT) and the mobile network operator (MNO), used in
Chapter 6. The procedure consists of the following steps:

e generate the set of demand points S;

e extrapolate real-world call-detail record information from an Irish mobile operator into a
continuous demand field, and sample it using points from S to obtain S, ;

e generate new base station locations for the OTT;

e generate new base station locations for the MNO;

e fit analytical functions to the curves that represent the number of base stations required as a
function of 6.

The point of this procedure is to find a closed-form representation for the deployment function, such

that some level of analytical tractability is achieved.

C.1 Modelling mobile demand

Our scenario is an urban scenario (the city centre of Dublin) that is rooted in present reality.
Specifically, we exploit two real-world traces, provided by an Irish mobile network operator. Said
traces contain call-detail records for voice calls and data sessions, collected over the entire territory
of the Republic of Ireland for a period of two weeks. In order to construct our demand model
we represent the location-specific demand data as a continuous demand data field (we apply the
Gaussian kernel smoothing to convert our discrete information into a data field), which can be

interpreted as a spatial function of the demand (see Fig. 7.3(a)). Then, for our given area, we
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Figure 7.3: Constructing a demand model with varying spatial clustering of demand: a) from our real data
we create a continuous demand field spanning the analyzed area (red colour represents a higher volume
of demand); b) we sample the demand field based on realizations of the Gauss-Poisson process for a fixed
cluster probability value to obtain S (radii of the discs are directly proportional to the volume of demand
originating in a given point).

generate a number of realizations of the Gauss-Poisson process (GPP), which we have already
defined in Chapter 3. Shortly, the GPP is a point process on R?, with uniformly and independently
distributed clusters, where each cluster consists of either one point or two points depending on
the cluster probability. By generating realizations of the GPP with varying cluster probability, we
obtain patterns of arbitrary level of clustering between points. Finally, we use such generated point

patterns to sample the demand field created in the previous step to obtain S (see Fig. 7.3(b)).

C.2 Modelling base station placement

The real data we have also contains positions and coverage information for real Long Term Evolution
(LTE) base stations. Additional base stations (small cells) required to cover the demand are taken
from a regular grid laid over the analyzed area, where vertices of the grid form the set of candidate
locations; for simplicity, we assume that any kind of radio access technology can be placed at any
such location (and, in fact, multiple technologies may co-locate at any single location). We formulate
the problems of determining the base station locations to serve the mobile demand as two mixed

integer optimization problems.

oTT

We formulate the problem that the OTT is facing as:

min chml, (7.31)
{zi,ms} et

PhD Thesis Jacek Kibilda



C Constructing a deployment model for Dublin 123

subject to:

Z max (Rs— Z tisYis, 0) > 0R, (7.32)

seS el
Yy <ap, VIEL, (7.33)
seS
x; €{0,1}, VieL, (7.34)
yis € Zy, Vl€EL. (7.35)

where £ denotes the set of base station locations, ¢; is the price of a base station in location [,
t;s states whether a base station in location [ is able to provide coverage to demand point in s,
p; is the capacity of a base station located in [. To simplify our notation we omitted the impact
a technology has on the coverage and capacity. FEach operator minimizes the number of deployed
base stations, so as to serve a pre-specified fraction of the demand Eq. (7.32), without violating the
capacity constraint Eq. (7.33), and by making binary decisions on whether to deploy a base station
in location Eq. (7.34).

MNO

Now, the MNO has to serve the OTT’s residual demand using the existing infrastructure, which
bears no additional deployment costs, or, if that is not possible (due to lack of coverage or capacity),
using newly deployed small cell infrastructure at a unit cost ¢,,. It is safe to assume that its goal is
to maximize the revenue; in the deployment phase this is equivalent to minimizing the deployment

cost, given some level of demand that needs to be served:

min xy, 7.36
{wz7yzs}z : ( )

leL
subject to:
Z ylstls > Ts, V(S; ’rs) S 3:resa (737)
lec
>y <ap Vi€ L, (7.38)
seS
x €{0,1}, ViecL, (7.39)
Yis € Ly, Ve L. (7.40)

The MNO minimizes the number of deployed base stations to cover the residual demand gres (de-
mand constraint Eq. (7.37)). Again, the decisions being made are subject to the capacity constraint
(Eq. (7.38)) and are binary (Eq. (7.39)), and concern whether or not to deploy a base station in
location [ € L. Note that we can model any demand the MNO has from its subscribers by adjusting

available capacity p; accordingly.
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Solver

The deployment problems of the OTT and the MNO, formulated as Eq. (7.31) and Eq. (7.36), have
the same structure. They are linear problems with binary and integer variables; for reasonably sized
scenarios such as ours they can be solved to optimality with branch-and-cut algorithms implemented
in commercial solvers. Here we utilize a commercial solver software Gurobi [148]. Let us note also
that exact solvers to combinatorial optimization problems yield notorious scalability issues. Hence,
if larger scenarios are considered, heuristic solutions need to be applied, such as the greedy algorithm
described in [149].

Regression analysis

After we apply optimal solvers to the problems in Eq. (7.31) and Eq. (7.36), we obtain a set of
curves that represents the deployment function with respect to the spatial clustering of the demand
data. Having an empirical function representing the deployment may just not be enough to arrive
at more general conclusions about the relationship between the MNO and the OTT. Therefore we
exploit the fact that our deployment function curves have an apparent parabola-like shape, and we
perform a linear (least-squares) regression on the empirical data samples. Using the least-squares

estimates method implemented in R software [108], we fit our data to three different models:

e a linear function of the form ag + a16;

e 3 piecewise function which is a hockey-stick type of a curve that is composed of two rays
meeting in a unique knot point (we perform the estimation using the SiZer package [150]);

e a quadratic function of the form ag + a10 + a»60?, which we fit using the Levenberg-Marquardt

algorithm [151], implemented in the minpack.lm package [152],

where ag,a1,as € R.

In Fig. 7.4(a) and Fig. 7.4(b) we present examples of the fitting results. We can qualitatively
assess that quadratic function provides the most satisfying fits for the deployment function of the
MNO. Both functions turn out to be good estimators of the deployment sizes produced by our
model. The benefit of having a quadratic function representation is that it allows us to apply the
Lagrangian multipliers method, which requires convexity of the objective function being optimized
(for this to hold, we also need to make the assumption that as > 0, which is in line with our

regression results).

We can now substitute the fitted deployment function to Eq. (6.17), in the OTT case:
uorr = — (a9 + a160 + az6%) — B(1 — )R + Q, (7.41)
where agg,1,2) are the coefficients of the deployment function, and to Eq. (6.18) in the MNO case:
unino = —pano (bo + 016 + b262) + B(1 — O)R, (7.42)

where by 12y are the coefficients of the deployment function.
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Figure 7.4: An example of the empirical deployment function (circles) and the fitted functions: linear,
piecewise linear, and quadratic.
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Acronyms

2G 2"d generation

3G 3'4 generation

3GPP 3'4 Generation Partnership Project
4G 4*h generation

AWS Advanced Wireless Services

CF1I European Court of First Instance
CRTC Canadian Radio-television and Telecommunications Commission
DPP determinantal point process

EIRP equivalent isotropic radiated power
FCC Federal Communications Commission
GPP Gauss-Poisson process

GSM Groupe Special Mondiale

GSM1800 Groupe Special Mondiale (GSM) in 1800 MHz
GSM900 GSM in 900 MHz
GSMA GSM Alliance

GWCN Gateway Core Network

iid identically and independently distributed
ILP integer linear programming

IMS IP Multimedia Subsystem

ITU International Telecommunications Union
KSS Kalai-Smorodinsky bargaining solution

LGCP Log-Gaussian Cox process

LTE Long Term Evolution
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M2M machine-to-machine

MC Monte Carlo

MCM minimum contrast method
MCP Matérn cluster process

MIP mixed integer program

MME mobility management entity
MMS multimedia messaging service
mmWave millimetre-wave

MNO mobile network operator
MOCN Multi-Operator Core Network
MORAN  Multi-Operator RAN

MVNE Mobile Virtual Network Enabler
MVNO Mobile Virtual Network Operator
MWC Mobile World Congress

NBS Nash bargaining solution

NE Nash equilibrium

NMT Nordic Mobile Telephony
NwoB Networks without Borders
Ofcom Office for Communications
OTT over-the-top service provider
pdf probability distribution function
pgfl probability generating functional
PHP Poisson hole process

PPP Poisson point process

PSTN public switched telephony network
QoS Quality of Service

RAN radio access network

RNC radio network controller

RRH remote radio head

SCP set cover problem
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SIM Subscriber Identity Module

SINR signal-to-noise and interference ratio

SIR signal-to-interference ratio

SLA service level agreement

SMS short-messaging service

SP Strauss process

TP Thomas process

UMTS Universal Mobile Telecommunications System

UMTS2100 Universal Mobile Telecommunications System (UMTS) in 2100 MHz
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