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The usefulness of knowing end-user behavior is g important for allkey players of the mobil
industry (including mobile service providers, devimanufacturers and mobile operators) in orde
promote new mobile services and win customers @ highly competitive market. Here end-u
behavior refers to when and where people use madeNgces, and for what purpose and which ac
technologies they use.

This thesis studies the end-user behavior by amgjythe data (using statistical and visualizatioals
available inSPSSand Excel) collected from Finnish panelists owning akMophone based on the S
platform. The results of the handset-based measneranalysis highlight the usage of differg
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applications, the usage of different access netsv¢elg. WCDMA, GPRS, EDGE and WLAN) and the

daily data usage of WLAN and non-WLAN users withbi® handsets.

In addition to the handset-based measurement asaiysthis thesis, a system dynamics mode
proposed (using Vensim PLE software) to study h@wvork connectivity will be provided to indo
located devices in the future. The model is dewedopased on the scenarios for the future of thal
area access provisioning and consists of fourrgigtied domaindJser (Demand) domain, Infrastructu
(Supply) domain, Spectrum Regulation and Technal8gpply) domaimnd Market Share domainThe

domains focused on end-user dynamics, infrastrectiynamics, spectrum regulation and technolfgy

dynamics and market share dynamics, respectivélg.main objective of developing the model is no

find and simulate exact numerical values but tm gabroad level of understanding about the dynaofi¢

forces that affect the future of local area acpeesisioning.

The system dynamics model proposed in this theaislypnaddresses the question, “what are the p&s
evolution paths (business models) of the futuréheflocal area access provisioning?” and highltbkt
dynamics of forces that influence the structure éenklopment of network connectivity to indoor ltech
devices over the next 6 years (2009-2015).
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Chapter 1 — Introduction

1 Introduction

In this chapter, first the motivation of the resdais discussed. After that the research
guestions and objectives are presented, along thwtlscope and the methods used in the
thesis. Finally, an outline of the thesis strucisrpresented.

1.1 Motivation

The global mobile industry is showing a truly stumgnprogress after the introduction of
third-generation wireless technologies (e.g. 3GJ #EE 802.11-based WLAN systems
(e.g. Wi-Fi). Nowadays, mobile device ownershimaslonger considered being a luxury
item; rather it is considered being a necessity.itBy the end of 2013, the global mobile
industry is expected to see more than 5.3 billi@bihe subscriptions, according to a recent
study (Informa, 2008). In the developed countrtas, penetration of mobile subscriptions
already exceeds 100%, so the focus is shifting fisubscription growth to revenue

generation and improvements in average revenuagegr(ARPU) and average margin per
user (AMPU). The subscription growth in the devatgpcountries, particularly in China

and India, will continue to increase tremendously.

An increase in mobile subscriptions means the meobdrvice usage can grow, which
causes the mobile service industry to grow rapidlthe number of mobile services. There
are various key factors which affect the growthnodbile services; some of them are —
consumer (end-user) behavior, technological pregaesl regulatory actions to induce higher

level of competition between services.

Consumer behaviorThe usefulness of knowing end-user behavior i®iméeg important for
all key players of the mobile industry (including mebikervice providers, device
manufacturers and mobile operators) in order tonote new mobile services and sustain
themselves in a rapidly expanding and competitiabite services market. Here end-user
behavior refers to when and where people use mdeNgces and for what purpose. One
method of studying the end-user behavior is catligctlata from mobile devices (using

1



Chapter 1 — Introduction

different data collection mechanisms) and analyzing collected data (using various

tools).

Technological progressCurrently, there are two main types of technolsgleat provide

network connectivity to mobile devices. These deWLAN based local networks and
systems which provide network connectivity to indtmrated mobile devices (e.g. Wi-Fi),
and 2) wide area networks using cellular technolegyich mainly provide network

connectivity to both indoor and outdoor located iteotlevices (e.g. 2G, 3G).

Nowadays, due to the rapid increase of mobile u2€6$3G networks have become more
congested which creates a problem in providing agtwcoverage and high capacities
especially in indoor locations such as offices, desuand public transportation stations. In
order to solve this problem, network operators famising on indoor access solutions.
3G/HSPA and Wi-Fi indoor access points are amorgg shlutions. However, there is

considerable uncertainty about which solution Wil deployed in the future. Therefore,
one of the main questions regarding access prawmgjioto indoor located mobile devices

is, “how will network connectivity to indoor locatalevices be provided in the future?”

The thesis studies how people (end-users) use endbVices (especially indoor located
devices) with different access technologies (e.€DMA, GPRS, EDGE and WLAN).
The study utilizes empirical data (collected atamgd attended by Finnish smartphone
users) with statistical analysis methods. The thakkio explores how network connectivity
is provided to indoor located devices in the futanel proposea system dynamics model
for the future of the local area access provisignin

1.2 Research questions and objectives

There are two key research questions in this th€bsse are:

1. How do people use mobile devices (especially inttmzated devices) with different
access technologies?

2. How will network connectivity to indoor located dms be provided in the future?

2



Chapter 1 — Introduction

The main objectives of the thesis are:
* To identify similarities and differences in molskervice usage between local (e.g.
WLAN) and wide area networks (e.g. WCDMA, GPRS, EBGI HSPA).
* To study the dynamics of forces that influencesthacture and development of
network connectivity to indoor located devices aver next 6 years (2009-2015)

by applying the concept of system dynamics modeling

1.3 Scope

In the first research question, devices are limitedandsets in the Finnish mobile industry
and markets, while the second research questidades all mobile and portable devices
(e.g. handsets, PDAs, laptops, etc). However, wasanore on handsets and laptops since
they are the key drivers of the rapid growth inwwk traffic. The study period of the

future of the local area access provisioning is1f@009 to 2015.

1.4 Methodology

The research methods in the thesis include aftiteraeview, handset-based mobile service

usage measurement, system dynamics and brainstps@gsion.

A literature reviewis conducted to get an overall understanding ef iiobile industry.
Various definitions of mobile services, mobile apalions and business models are

discussed. The literature review includes bothi¢lelnical and business background.

A handset-based measurement platf¢gdeveloped for Nokia S60 class of mobile devices)
is used to collect data from panels attended byisinsmartphone users. The platform
consists of a Symbian application monitoring sofewvalient which is installed in the
mobile devices. The collected data is analyzed gusiatistical and visualization tools
available inSPSSndExcel.
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A method, calledsystem dynami¢cds used to understand the dynamics of forces that
influence the structure and development of netwsarknectivity to indoor located devices
in the futureVensim PLEsoftware is used to implement a system dynamiaieimo

A brainstorming sessiors conducted to model the interactions of main dercelated to
local area access provisioning and to understaadtigpn regulation interactions with the

local area ecosystem.

1.5 Structure

The thesis is structured as follows:

- Chapter 1states the motivation, objectives and scope ofdbearch as well as the
methods and tools used in the thesis.

- Chapter 2discusses the technological progress (evolutiopartp) in the mobile
industry. In addition, it introduces the conceptnadbile services, business models
and value networks in the mobile industry.

- Chapter 3introduces the research methods used in the thess& the handset-
based measurement method is introduced. After dhaintroduction to system
dynamics is presented together with the modelirmggss and other elements used
in the model construction for the future of the db@rea access provisioning.
Finally, the brainstorming session is introducedclvhwas held as a part of the
model construction process.

- Chapter 4 presents the results (e.g. usage of different egpdns, usage of
different access networks, and daily data usagé&/loAN and non-WLAN users)
from handset-based measurement analysis.

- Chapter 5proposes system dynamics model for the future of the l@cah access
provisioning.

- Chapter 6discusses the conclusions from this research akésmacommendations

for future work.



Chapter 2 — Overview of mobile industry

2 Overview of mobile industry

Year by year, the global mobile industry is showanguly stunning progress. In addition to
very fast market growth, the industry is experiagcrapid technological change. The
average penetration rate of mobile subscriptions 5a7% of the global population at the
end of 2007. Total subscriptions are expectedde to 5.32 billion by 2013 from 3.42
billion at the end of 2007 (Informa, 2008).

The rapid development of this industry is influethd®y two major factorstechnological
progressand regulation (Gruber, 2005). The basic technological concepthe mobile
industry isradio spectrum,necessary for transmission between the end-uskraacess
points/base stations. Radio spectrum is a scasmmuree so it should be utilized in an
efficient manner (betterspectral efficiency Technological progress permits greater
efficiency in spectrum usage which leads to bgtenformance, capacity and quality of
mobile communications, and, of course, a greatenb®an of mobile subscriptions. The

amount of spectrum allocated to the industry iggheined by a regulatory body.

In the mobile industry, providingoverages one of the primary tasks for mobile operators.
The network coverage is provided by two types aht®logies:wide area network
technologiessuch assSMandlocal area network technologiesuich adwi-Fi technology.

In this chapter, first we introduce the technolagjiprogress (evolutionary path) of both
wide area and local area network technologies.rAfiat the concept of mobile services is
discussed. Lastly the business models and valueoriet in the mobile industry are

presented.

2.1 Evolution of wide area mobile network technologies

Figure 2.1 presents the evolution of wide area teobetwork technologies from GSM
(Global System for Mobile Communications) to GPREiferal Packet Radio Service) and
to 3G (Third Generation) and to HSPA (High SpeeckBbAccess). Sandrasegaran (2002)
stated that this evolution will manifest in therfoof new techniques for modulation, multi-

5
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access, multiplexing, radio resource managementpbilityo management, traffic
management, parallel circuit and packet switchetivorxs, compression, ciphering,
authentication, handover, roaming, switching andandmission technologies,

communication protocols, user terminals, servie&s,

The GSM Family — delivering on promises

Standardization sacuring oA
evolution track HSUPA in 2008

HEDPA bn 3005

EDGE in 7003

e
o %
T
wnﬂ

GRS R0 |
[ttt e
GSM Fierl cal
mades in VB

Figure 2.1 Evolution from 2G

GSM (Global System for Mobile communications)

GSM is the European standard digital cellular pheystem that supports voice calls and
slow data transmission (up to 9.6 kbit/s), togetwéh the transmission of SMS (Short
Message Service). In Europe, GSM has been depkty2d0MHz and 1800MHz and using
a TDMA radio propagation scheme. It also operate850MHz in Australia, Canada and
many South American countries. Currently, 80% @ world’s population is covered by
terrestrial GSM networRs In areas where terrestrial coverage is not avigijaaccess is

provided by the GSM satellite roaming service.

GPRS (General Packet Radio Service)

GPRS is the second phase ETSI GSM specificatiorddta-over-packet radio access. In
contrast to GSM’s dedicated-channel dial access(3iARS radio interface supports shared-

2 http://www.gsmworld.com/technology/hspa.htiAccessed 08.08.2009]
? http://www.gsmworld.com/technology/gsm/index.hitcessed 08.08.2009]
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media packet access. Existing GSM network infrastines are used to deploy GPRS.
However, new network elements are required to tinekcore mobile network to the public
packet network. GPRS could provide data rates ybtkbit/s and can be used for services
such as Wireless Application Protocol (WAP) accddsitimedia Messaging Service
(MMS), and for Internet communication services sashe-mail and World Wide Web

access.

EDGE (Enhanced Data rates for GSM Evolution)

EDGE provides further enhancements to GSM netwarkiig enhanced modulation
technique - the eight-phase shift key (8-PSK)rdivies up to three times the data capacity
of GPRS. Thus it allows the delivery of advanceshttire-rich data services such as the
downloading of video and music clips, multimediasseaging, high-speed Internet access
and e-mail on the move. EDGE is built on top ofarsting GSM/GPRS networks. Only a
simple software upgrade is requited

3G/WCDMA (Third Generation / Wideband Code Divisidultiple Access)

WCDMA is the “UMTS standard for 3G digital mobileetworks, using CDMA

technology. It is the evolution path for GSM and @b to UMTS and offers increased
voice capacity and theoretical peak data speedspofo 2 Mbps” (Gartner, 2008). In
addition to voice, text and MMS services, it sugpaicher mobile multimedia services

such as music, TV and video, entertainment corsedtinternet access

HSPA (High Speed Packet Access)

HSPA is an evolution of WCDMA and uses the FDD srarssion scheme. It improves
downlink and uplink data speeds by using HSDPA (Higpeed Downlink Packet Access)
and HSUPA (High Speed Uplink Packet Access). Tleeritical maximum downlink and
uplink reach 14.4 Mbps and 5.7 Mbps, respectire§SPA has the high capability for
providing efficient voice and data services thangnather mobile broadband technologies
do not have.

* http://www.gsmworld.com/technology/edge.htm  [Accessed 10.08.2009]
® http://www.gsmworld.com/technology/3gsm/index.Hiccessed 10.08.2009]
® http://www.gsmworld.com/technology/hspa.hfAtcessed 11.08.2009]
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LTE (Long Term Evolution)

LTE is an evolution of HSPA. It includes objectivissich as 100 Mbps download and 50
Mbps upload peak data rates in 20MHz of spectrurh nfobility to speeds of up to 500
km per hour, support for 3G network overlay and dumers between 3G and LTE”
(Gartner, 2008). LTE uses MIMO (Multiple In Multgl Out), OFDMA (Orthogonal
Frequency Division Multiple Access) and single marfrequency division multiple access
(SC-FDMA) in the link layers, and it is likely toelbdeployed over the next few years by
several major mobile operators. The “Japanese malperator NTT DOCOMO has said
that it is aiming to launch a commercial LTE netlwby the end of 2009, while in the U.S.,
the largest CDMA operator, Verizon Wireless, isreatly trialing LTE with a view to
launching a commercial LTE service in 2010”

2.2 Emerging local area network technologies

Users on the go can use GSM/GPRS/EDGE/3G datacesrior connecting to the Internet
with a wide network coverage. The data rates aelbkevare not very high, though.
Wireless Local Area Networks (WLANSs) are anothetemdative for building wireless
networks with high data-transfer rates. Howevee, tverage of local area networks is
limited to indoor locations such as offices, hougmsblic transportation stations, etc. In
WLANS, there are high capacity radio networks vatemall diameter, and so calladcess
Pointsconnecting the local wireless networks to the oekvbackbone.

WLANSs are typically only access networks, providimp core network. They are
unlicensed networkd his means that they are networks where the ds\titemselves need
to be certified, but they can be installed and usgtthout separate licenses from the
authorities. The traditional cellular networks dieensed networksand installing and
operating them requires licenses from the autlesritiAs for licensed networks, the
unlicensed networks operate on regulated radiairegy bands that have been reserved for

" http://www.gsmworld.com/technology/Ite.htfAccessed 12.08.2209]
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use of specific unlicensed network types. WLAN rakg are typically designed for radio

access networks in small office or home environment

Currently, IEEE 802.11 (Wi-Fi) is the most populemerging local area network
technology and expands through businesses, homggudlic hotspots very rapidly. It is a
set of standards that can be used to connect censparid mobile devices to each other, to
the Internet, and to wired networks (Figure 2.2)-RMnetworks operate in the unlicensed
2.4 GHz and 5 GHz radio bands and provide highdspa&a services.

Figure 2.2 Summary of IEEE 802.11 standards
802.11: 802 802.11¢ 802.11r

11b

Standard approved t | January 20C | December 19¢ Decembe200¢
IEEE

Throughput (Mbps 27 ~5 ~22 144

Maximum data rat 54 11 54 60C

(Mbps,

Different data rat 8 4 12 57¢€
configuration

Typical range (fee 75 10C 15C 15C
Modulation OFDM DSSS,CCt DSSS,CCt | DSSS,CCK,0
technologie ,OFDM DM+

RF band (GH: 5 2.4 2.4 2.4 an(5
Number of spatia 1 1 1 Up to ¢
streams and antenr

Channel width (MHz | 20 2C 2C 20 or 4(
Number of channe 23 3 3 26

Wi-Fi may be thought of as similar to 3G since bath wireless access technologies and
offer broadband data service. Though, it is conabedifferent from 3G in issues such as

business models/deployment, spectrum policy andagement and stage of technology

development (Lehr and McKnight, 2006).

A seamless connectivity between 3G and Wi-Fi casugported by network architecture,
called the UMA (Universal Mobile Access). UMA iseh3GPP global standard for

8 http://www.ddj.com/mobile/193500531?pgnoff&cessed 10.08.2009]
® http://grouper.ieee.org/groups/802/11/Reports/8DZMmelines.htnfAccessed 10.08.2009]
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providing access to the mobile service cores ovdrdsed networks thorough an interface,
called the UMA Network Controller (UNC). Figure 2@esents the overview of UMA
architecture. Mobile users, having a dual-modedbaty can roam and handover
automatically between 3G and Wi-Fi access withoytiaterruptions in services.

 — e

Mobile Core
Network

{Circuit, Packet, ﬁ
Y IMS Servicer) ‘
oy Y .

e UMA Metwork
. | Controller (UNC)

UMA: A standard, secure,
scalable IP interface into the
maobile core network.

UMA.-Enabled
Softmebiles

/77

UMTS/GSM
| s > \\\ UMA-Enabled

Femtocells

Standard
Mobiles

" UMA-Enabled
Terminal Adaptors

Figure 2.3 Overview of UMA architecture™®

In addition to Wi-Fi indoor access points, there also other indoor access solutions such
as femtocell access points (Figure 2.4). “Femtecate low-power wireless access points
that operate in the licensed spectrum to connestdard mobile devices to a mobile
operator’s network using residential DSL or cahbieadband connectionS” They provide
better quality voice and data services for indecated users with lower cost than outdoor
service (Chambers, 2008).

10 hitp://www.umatoday.com/umaOverview.pfccessed 10.08.2008]
M hitp://www.femtoforum.org/femto/index.php?id=fccessed 10.08.2009]
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Figure 2.4 Overview of femtocell architecturé

Femtocell access points operate in a similar matm@G or 3G base stations. Though,
broadband Internet is used as interface betweetotathaccess points and the mobile core
network while the radio interface, called the lakerface, is used in case of 2G or 3G base
stations. The rapid growth of wide area networkfitaand the poor coverage of mobile
services are likely to be the major market driviens femtocell technology in the near
feature. By 2011, worldwide, the number of femtbgebduct users and access points is

expected to reach 102 million and 32 milfigrrespectively.

2.3 Mobile services

Services are “activities or benefits offered foleshat are essentially intangible and do not
result in the ownership of anything” (Kotler andmgtrong, 1996). In economics and
marketing, services are generally referred to &srtbn-material equivalent of a good.
There are two types of servicasyre servicesand support servicesA core service is a

service provider's main business, where as a stiggovice makes the provision of core
service more feasible and competitive. For instatiwe core service dfacebookthe most

famous of social networks, is connecting peoplédriends, families, partners and others
while support services are, for instance, providimjne games, advertising among other

things.

A mobile servicas defined in this thesis as the service that adrieser with a mobile
device receives from the network operator of%@arty service provider. In this context, a

11
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mobile device means any handheld computing deti@eend-users employ for the purpose
of data or voice communications. Some examples obilm devices are basic phones,
PDAs, portable media players, laptops and smargdhoBxamples of mobile services

include voice/video calls, SMS and MMS messagesssto content on web, e-mail, etc.

In order to deliver mobile services effectively, lole phones require running sets of
software referred to aapplications Verkasalo (2009) defined applications as “either
network or handset-based pieces of software thmseunvices”. The common examples of
mobile applications are Music Players, Logs, CadesdContacts and Handset Clocks.
Contacts and Logs are used to browse phonebooksoamyiew logs about recent calls,

call durations and packet data. In this thesis,etones the terms service and application
are used interchangeably, for example, when we tefeoice/video calls. The reader may

notice this in Sections 3 and 4.

2.4 Business models and value networks in the mobile

industry

Before delving in to the business models and vakte/orks in the mobile industry, various
definitions of business model and value networkdiseussed.

Business model

Currently, a commonly accepted definition fobasiness mode$ inexistent. A wide diversity
of understandings and usages of business moddl awxisng people, especially between
business-oriented and technology-oriented indivglu®sterwalder et al (2005) introduced
business model as a conceptual tool containing sthie of objects, concepts and their
relationships with thebjective to express the business logic of a speiim. Another
definition from Amit and Zott (2001) states it aslepiction of the content, structure, and
governance of transactions designed so as to crkedie through the exploitation of
business opportunities. Chesbrough and Rosenbl@062] propose that a business model
is the method of doing business by which a compaay sustain itselfBouwman et al

(2008) propose the following definition; “A busirsesiodel is a blueprint for a service to be
12
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delivered, describing the service definition ane ithtended value for the target group, the
sources of revenue, and providing an architectorettie service delivery, including a
description of the resources required, and therozgdonal and financial arrangements
between the involved business actors, includingstidption of their roles and the division
of costs and revenues over the business actorgreTik one similarity among all the four
definitions, which is, emphasizing the descriptmna method which generates revenue
(Heikkinen and Luukkainen, 2008). According to $@i2007), there are six common
elements in the definition of business models, ngmeource of revenues, strategy,
activities, assets/resources, and value/benefitvahee network. Table 2.1 summarizes the

definitions of a business model by including itssiituent elements.

Table 2.1 Elements included in the definition of bsiness model (Sainio, 2007)

Elements included in the definition:

Source of] Strategy JActivities| Assets/ Value/ |Value

Definitions of business model: revenues resources | benefit | network
EXTERNAL PERSPECTIVE:

"General vision or strategy” (Dickinson 2000) X

"Spells out how a company makes money” (Rappa 2000) X

"How inputs to an organization are transformed into X

value-adding outputs” (Betz 2002)

"Wireless approach: the nature of interaction and
the complexity of the value offering” (Lopperi 2002) X

INTERNAL PERSPECTIVE:
"Unique combinations and proportions of
a company's asset portfolio” (Boulton et al. 2000) X X

"Organization of product, service and information flows,
and the sources of revenue and benefits for customers” X X X
(Timmers 2000)

"Unique combination of value stream, revenue stream
and logistical stream” (Mahadevan 2000) X X

"Customer interface, core strategy, strategic resources X X x
and value network. (Hamel 2000)

"Entire system of delivering utility to customers and
earning a profit” (Slywotzky 1996) X X X X X X

Value network

A value network can be defined as “relationshipg tpenerate economic value and other
benefits through complex dynamic exchanges betwega or more individuals,

groups, or organization§ Organizations or stakeholders have their ownstolEhe

12 hitp://www.vernaallee.com/value_networks/UndersiiagdValue _Networks.htrlAccessed 12.08.2009]
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traditional set of relationships which is mainly acacterized by linear sequential
dependencies is referred to astue chainIn contrast to a value chain, the relationships i
a value network are built in the form of paralledanterlinked tracks of different chains
and systems. That means the value chain is basdteondustrial age production line, and
a value network can be considered as a set of ¢hlai®s. For instance, let us consider the

local access value network and perceive how tlaioelships are established.

The major stakeholders who are interested in indmless access (local access) are end-
users, device vendors, application service prosideervice operators, network operators,
network equipments vendors, regulators and poliekers and site owners (Smura and
Sorri, 2009). The role of each of these stakehsltepresented in Figure 2.5 (represented

by ellipses). One stakeholder can take multiplegalr activities.

Service
aggregator

Local area Wide area
access retailer access retailer

Device retailer

Device Local area Wide area
designers / access network access network
assembler operator operator

Service
producer

Service
Advertiser platform
provider

HW component
manufacturer

Op.sys + SW
developer

Network eq.
manufacturer

Figure 2.5 Major stakeholder in local access valueetwork (Smura and Sorri, 2009)

The value network in Figure 2.5 consists of thriséirtct value chains, nametievice value
chain, access provision value chandservice provisioning value chaand each of them
comprises a number of essential roles. Beginnirily thie device value chain, there are four
identified essential roles: device retailers, devaesigners/assemblers, hardware (HW)
component manufacturers, and operating systema@hwase (SW) developers while there

14
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are six in the access provisioning value chainall@cea access retailer, wide area access
retailer, local area access network operator, waid® access network operator, network
equipment manufacturers and site owners. And tsé Value chain includes service
aggregators, service producers, service platforovigers, and advertisers. Table 2.2 lists

some examples of stakeholders and their roles.

Table 2.2 Examples of stakeholders and their roles

Stakeholder Example roles Example of stakeholder
Mobile operator | Wide area access network operatdr &
access retailer, device retailer, servic | ‘
: \ﬂ"{/ . vodafone
retailer verizonyireless

Device designer/assembler, operating

-
Device vender | system + SW developer, service(\’% NOKIA
)

aggregator and service provider

Device operating systems and
Application software(Google  Android, Google e GO C )g‘[e
service and mobile services) '\ /
content provider MiC’OSOﬂ'

2.4.1Current wide-area centric business model

Here the wordvide-area centricsimply refers to wide area mobile networks, susiB&.
According to the Yankee Group (2000), a mobile gatetwork is consisting of five major,
value chains. These are network transport, apmitatoperation, content provisioning,
payment processing and providing device solutidiigufe 2.6). The figure also presents
the key stakeholders in each value chain (Ball®@42. In the figure, the arrows represent

the relationships between the value chains.
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Key stakeholders:

spectrumbrokerage,
mobile network

transport, and mobile

service provisioning

Network
transport

/ AN Providing
, N device
/ 5, solutions

Applications
operation

A

T AT
4 Key stakeholders: ST TN

S TN Key stakeholders:

Application \ e =

developers, systems / Handset vendors
integrators, and
applications
operators J C‘o_n_rem Payment
provisioning

processing

Key stakeholders: [
Key stakeholders:
content providers,
content aggregators Network operator, banks,
and portals specialised billing

companies, and mobile
commerce platform
vendors J/

Figure 2.6 The five value chains with key stakeholders in thenobile value network

For 3G, three potential generic business models baen promoted by ttUMTS Forum
(2000), namelynetwork operator centric service provider, conteggregator/r-portal
centric serice provide and content provider centric service provi.. Each of these

business modelsave different role whicacts as the main service provi (Ballon, 2004).

In the first modelnetwork operator centric service provi, there is a direct relanship
between the customer and the network operThe network operator has a role of set
the prices of services along with handling the payts. Content is offered by conte
providers or by th@etwork operator itself. In many cases, servicedoundled and sold as
packages to enddstomersThis business model helps network operators toorgARPU

and to keep customel

16
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In case of thecontent aggregator/m-portal centric service providrisiness model, the
customer has a direct relationship with the conéggregator. The network operators may
also have a relationship with the customer, tholigimany cases, content charges might be

separated from access charges.

The last business modebntent provider centric service provides similar to the second

model, except that “the content provider has a idenable portfolio of its own and wants
to align itself with a network operator, and thadke up the content aggregator role”
(Ballon, 2004). The customer has various optiomgdoeiving content. In this model, there

is high level competition between services.

2.4.2Local area business models

Smura and Sorri (2009)ave put forward four potential business modelsldoal area

access provisioning. These business models arkddlaes follows (Figure 2.7):

* Pick-n-mix — Internet ruledn this model, access and services are offerearatgy
and various players provide different service congmis. Thus there is higher level
of competition between services. Local access psirs¢ed from wide area access
provisioning, and the number of local access opesaand technologies is high,
which introduces a higher level of competition betw access technologies and
networks. In this case, end-customers have manycehoof both access and
services.

» Complete bundles — operator rule§his model is the opposite éfick-n-mix —
Internet rules.End-customers buy bundled access and services,logatl area
access is provided by indigenous mobile (WA) omegin this case, there are a
low number of access technologies, and end-custaEose only between similar
service bundles from established players.

» Operators as bitpipesThis model is similar tdick-n-mix — Internet rulesxcept
that established operators control the local aceeskets.

* Internet giants:This model is similar t€omplete bundles — operator rulexcept

that access is bundled to service offerings indhee.

17
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Figure 2.7 Local area business mode(&mura and Sorri, 2009
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3 Research methods and tools

In this chapter, we briefly introduce the reseancbthods used in the thesis. First the
handset-based measurement method (used in the emebilvice usage analysis) is
introduced. After that an introduction to systemmalyics is presented together with the
modeling process and other elements used in theelnoodistruction for the future of the

local area access provisioning. Finally, the bitaimsing session is introduced which was

held as a part of the model construction process.

3.1 Handset-based mobile service usage measurement

3.1.1Method description

The data, used in the thesis, was collected frguareel of Finnish smartphone users during
October — December 2008.

A handset-based measurement platform (developeddhkia S60 class of mobile devices)
was used to collect the data. The platform consifta Symbian application monitoring
software client which is installed in the mobilevibes. The software client has two
functions. First, it records all actions done bysar with the phone. Second, it writes them
to a log file and sends automatically the datattog centralized server (based in Finland)
for analysis. The reader can find more details abitaimeasurement platform and process
in Verkasalo (2009).

The measurement client records many things suctthasactive usage timéor every
application launched and used by the panelistsé dttive usage time is defined as “ the
time that elapses while the application is topmand visible on the screen of the
device ” (Smura, 2008). However, the measured tloes not necessatrily reflect the actual
usage time for some applications such as FM-radi®l®3 players since the applications
run in the background without the user’s activerattion. The measured time reflects the
actual usage time only if there is active inte@ttbetween the user and the applications
(e.g. phone calls, messaging, web browsing, orovplayback).
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In addition to the active usage time, “the measer@nclient also collects data about all
the packet data sessions launched by theceletogether with the used bearer
(GPRS/EDGE, WCDMA, WLAN) and the amount of datatsenuplink and downlink
directions. By mapping this network usage data wite application usage data it is
possible to analyze the usage of each applicatibn @ach bearer separately” (Smura,
2008).

Regarding the panelists, 223 panelists (havinggenod over 18 and owning a Nokia S60
smartphone) were included in the focal dataset theg all successfully installed the
software client on their devices. Out of them, I%i8lled the requirement that they “had
been in the panel for at least three active usaggksvor 21 active usage days. The day or
week being active means that the subscriber has hisehandset at least once during the
period of time (i.e. day or week), by e.g. launchian application or placing a call”
(Verkasalo and Hammainen, 2007). Out of 153 paselis’o were excluded because they
were only testing the software client and two oénthused unclear foreign language

settings. Therefore, 149 panelitwere included in the final dataset.

3.1.2Classification of applications

In this thesis, we use the framework developedoyr@ et al (2009jor classifying device

applications. There are two key classificationerié in the framework:

« The nature of interactivity that the applicationoyides (person-to-person
communications, content retrieval, content viewptayback, synchronization, or

standalone).

13 “Compared to the Finnish population in general, shenple of panelists was biased towards young men.
The panelists can also be expected to be ivellat advanced in using mobile devices, as theye
willing and capable to install the measurementvearfe to their devices themselves, by followingtrimstions

on aweb page” (Smura, 2008).
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* The type of content handled by the applicationl{tie@e video/voice, non-real-

time voice/video/text/image, client-specific daBeneric HTML/WAP pages etc).

The two classification criteria results in ten rellevice application classes/categories: 1)
calling, 2) messaging, 3) browsers, 4) infotainmerents, 5) servers and file sharing,6)

multimedia, 7) games, 8) business / productivity,s§stem / utilities, and 10) other

applications (as presentedTible 3.1).

Table 3.1 Application classes/categories (Smura at, 2009)

Class Classification criteria Examples
Nature of
: - Type of content
interactivity
Calling Person-to-person  Real-time voice / Applications for circuit- and packet-
communication video switched voice calls, video calls, Push-
to-Talk over Cellular, and “rich calls”
Messaging Person-to-person  Non-real-time voice Software clients for SMS, MMS,
communication / video / text / Bluetooth, instant messaging, and e-mail
images
Browsers Content retrieval Generic HTML /  Clients providing an access to HTML /
WAP pages WAP pages

Infotainment
clients

Servers and file

Content retrieval

Content retrieval

Client-specific data

Various

Specializéidnts to information or
entertainment content, e.g. weather,
navigation, RSS clients, widgets
Web servers, Bittorrent, FTP, media

sharing and sharing servers
Multimedia Content creation,  Music / video / Offline or online/streaming multimedia
editing, and image files or players, image viewers,
playback streams recording/capturing and editing software
Games Offline / data Game data Offline and network games
synchronization
Business / Offline / server Office documents Calendars, personal information
productivity access management, word processors,

spreadsheet and presentation
applications, enterprise systems

System / utilities Offline Local data / files Fileanagers, configuration, security,
system updates, compression
Other applications Various Various Uncategorizepliaptions
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3.2 System dynamics

System dynamics is “a method for studying the wodcbund us. It deals with
understanding howomplex systerfischange over time. Internal feedback loops withia t
structure of the system influence the entire sysbahavior.™® Bayless (2004) defined
system dynamics as “a methodology for using compuiedels and simulations to better
understand the impact of strategies on the perfocsnafcomplex systemsver time.”
Karikoski (2009) also defined system dynamics devis: “system dynamics is a systems
engineering method for enhancing learning in a dempystem. The basis lies in systems
thinking i.e. being able to see the world aomplex systewhere everything is connected
to everything and one cannot assume that a changme variable would not affect
anything else.” In short, system dynamics is a wetfor understanding the dynamic

behavior ofcomplex systenand the interrelationship of various elementhsmdystem.

System dynamics was originally developed in theO%9By Professor Jay Forrester of the
Massachusetts Institute of Technology in order étp fcorporate managers gain a better
understanding of industrial processes. Currentbyh public and private sectors are using

system dynamics for the purpose of policy analgsis desigif.

3.2.1Concepts

There are three basic concepts related to systeamaygs: 1) feedback loop also referred to
as causal loop, 2) stock and flow, and 3) Time yWelde feedback loop (Figure 3.1) is
used to model different forces/actors and theiernelationship. In the example in Figure
3.1 an increase in the fractional birth rate meaaesbirth rate will increase, and births add

to the population. An increase in the populationeterates the birth rate. The feedback

4 Herbert Simon (an American economist and psyclisfpgefined a complex system as a system that can
be analyzed into many components having relatiwgyy relations among them, so that the behavieaoh
component depends on the behavior of others.

15 http://sysdyn.clexchange.orpficcessed 04.08.2009]

18 hitp://www.systemdynamics.org/DL-IntroSysDyn/stdatim [Accessed 04.08.2009 ]
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loop between the birth rate and the populatioreisrred to as the reinforcing loop. In the
same example, an increase in the average lifetintkeopopulation means the death rate
will fall, and a decrease in the number of deatleams the population will increase and
balance the death rate. The feedback loop betweemeath rate and the population is

referred to as the balancing loop.

_Causal Link

Variables
e P ey
o i ; // Py
™ .S
y W i \
4 / + "'f 3 X
2 /:-Birth I.:ite @ Pop!.llz_?tion @} D:j}h Rate o W

e \ A s # 4 « y\\
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Fractional Birth ! Lifetime

Rate

i Link Pblarity
Feedback Loop

Notation

Figure 3.1 Causal loop diagram (Bayless, 2004)

The second concept in system dynamics is reprasent&igure 3.2. Stock refers to a
container holding an accumulation of units and flEimply refers to a pipe through which
units move. For example, in Figure 3.1, the vagaBbpulation and Birth Rate can be
considered as a stock and a flow, respectively.

o < B  Stock

Flow

Figure 3.2 Stock and Flow diagram

A delay refers to a situation that the output IHgsinput. “In system dynamics modeling,
identifying delays is an important step in the modgprocess because they often alter a
system’'s behavior in significant ways. The londer delay between cause and effect, the

more likely it is that a decision maker will notrpeive a connection between the twd.”

7 hitp://www.systemdynamics.org/DL-IntroSysDyn/stditka [Accessed 04.08.2009]
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3.2.2Modes of dynamic behavior

In system dynamics, there are four modes of dymarbiehavior, namely exponential
growth, goal seeking, s-shaped and oscillationufiei.3 a-d). Each of these is generated

by a feedback structure.

Exponential growth (Figure 3.3a) arises when thierea positive feedback. A typical
example of this is the growth of savings with comnpaing interest. An increase in interest
leads to an increase in savings, which in turn make interest growth since interest
earnings are proportional to the level of savinggkvood, 1998). With goal seeking
behavior (Figure 3.3b), the quantity of interesirtst either above or below a goal level and
over time moves toward the goal. Figure 3.3b shtwws possible cases, one where the
initial value of the quantity is above the goaldame where the initial value is below the
goal. In the case of s-shaped behavior (Figure) 3tBe value of a variable in the system
first grows exponentially then follows goal seekihghavior. Oscillation (Figure 3.3d)

arises when there is a negative feedback with diel@ys in the loop (Sterman, 2000).
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Figure 3.3 Characteristic patterns of system behasr (Kirkwood, 1998)

3.2.3Modeling process

Following a disciplined modeling process is vitaldevelop and use good quality system
dynamics models. The modeling process that we rugleis thesis has been introduced by
Sterman (2000). There are five fundamental stepbenprocess and presented in Figure
3.4. The modeling process is iterative and iterattan occur from any step to any other

step (indicated by the arrows in the right sidéheffigure).

The first step in modeling is problem articulatidinclearly answers the question, “what is
the purpose of the model?” and clarifies the keyabdes and concepts in the model. The

time horizon andreference modé® will also be defined in this step. Having a clear

18 Vensim (2003) stated a reference mode as a pattdrahavior over time. Reference modes are drasvn
graphs over time for key variables, but are noessarily graphs of observed behavior.
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problem in mind always plays a great role in depilg an effective model (Vensim,
2003).

In the second step, a theory, called a dynamic thgsis, is developed. The dynamic
hypothesis is all about understanding the probleated in step one. The hypothesis is
dynamic because it gives explanation of the dyndmeicavior of the problem. Either a
causal loop diagram or stock and flow diagram camsed to state a dynamic hypothesis.
Most importantly, the hypothesis is used to deteemivhat will be kept in models, and

what will be excluded using tools such as a modehblary chart.

In the third step, the dynamic hypothesis, modeinolary and conceptual model are tested
by formulating a simulation model. A simulation nebdincludes an explicit set of
mathematical relationships and generates behaWimugh simulation. Developing a
simulation model is an iterative and flexible pregeDuring the process, a modeler will
gain understanding that can change the initialdimns of variables, parameters and

equations in the model.

Once the simulation model is developed, testinginsedy comparing the simulated
behavior of the model to the actual behavior ofdixgem. In this step, the behavior of the
model is also tested under extreme conditions.ibdel should behave realistically when

stressed by extreme conditions.

The last phase of the modeling process is desigrang evaluating polices for
improvement. The results from the model are pui ide and their practical implications

are examined.
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Figure 3.4 The modeling process (Bayless, 2004)

3.3 Brainstorming session

As part of model developing process, a brainstognsiession was conducted with a group
of experts from Nokia Research Center (NRC) ofi a##May 2009. The purpose of the
session was to model the interactions of main ®reelated to local area access

provisioning and to understand spectrum regulatiteractions with local area ecosystem.
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4 Results from handset-based measurement
analysis

In this chapter, we identify the similarities antfetences in mobile service usage between
local area networks (e.g. WLAN) and wide area nektwoe.g. WCDMA, EDGE and
GPRS) based on the data collected at a panel attdndFinnish smartphone users during
October - December 2008. This is the extension akweported in Smura (2008), which

used the data collected from panel of 2007.
4.1 Usage of different applications

Analyzing applications which are widely used by niolhisers at different times of day is
one of the interesting topics in application ussiyelies. Figure 4.1 shows the active usage

time divided between different application categsrand hours of day.
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Figure 4.1 Distribution of active smartphone usagdime between application categories and hours of

day, averaged over Monday-Sunday throughout the paal period (N=149)
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The figure shows the dominance of voice calls ograge over the entire day followed by
browsing, messaging, business and productivitytimatiia and other applications. In the
panel of 2007, messaging was ahead of browsing &r@008). As one can observe from
the figure, Browsing was the second largest appticacategory in the panel of 2008,
which indicates rapid growth in data services. ¢éatalls accounted for 30.7% of the total
average daily active usage seconds per paneli&008. The next-largest application
categories, browsing, messaging and business addgivity accounted for 21.9%, 20.1%

and 8.5%, respectively while multimedia accountadst5%.

The active smartphone usage time distributionstlier four most important application
categories can be found in Appendix A: Figure A&-d. For voice calls (Figure A.0.1a),
the active usage seconds rises almost continuafigly6am, peaking at around 66 seconds
of active use per panelist between 4pm and Spnileer starts to decline after 8pm. The
active usage amounts for browsing (Figure A.O.hbjaase steadily after 4am, peaking at
around 39 seconds between 10am and 11lpm, at wimehbrowsing actually overtakes
voice calls as the top application category byvactisage amounts. Otherwise, the active
usage time varies in a non-uniform manner. Figui@ % shows messaging applications
are used more actively between 9am and 10pm evémeifpeak hour is unclear. For
business and productivity (Figure A.0.1d), the \actusage seconds are relatively small
compared to other application categories but adigiuee shows business and productivity

applications are used actively between 10am and 6pm

Table 4.1 lists the most actively used applicationger different application categories.
The table demonstrates that web, text messagecmiesyer and calendar are the most
widely used applications under their category.
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Table 4.1 Actively used mobile applications underitferent application categories (N=149)

Application categories Application names Average usage_seconds/day/panelis

Web 405.53
Browsing Services 36.36
Opera Mini 89.3
Text message 272.82
Messaging MMS 7.21
Music player 55.61
Multimedia Gallery 26.28
Camera 34.27
Calendar 57.36
Business and
productivity Contacts 39.9
Log 29.84

4.2 Usage of different access networks

WCDMA, GPRS, EDGE and WLAN are the four bearer tedbgies (access networks)
that we consider for the analysis of access netsvagage. Figure 4.2 and Figure 4.3 show
the distribution of daily data usage in kB and\aztisage time in seconds between bearers

and hours of day, respectively.

From Figure 4.2, it can be seen that on averagddhyg data usage in kB for WCDMA is
higher than other bearer technologies. The actsage (in seconds) for WCDMA is also
greater than other bearer technologies on avemgeflacted by Figure 4.3. In general, the

two figures show that WCDMA is the most widely useshrer technology.

Figure B.0.2a-d in Appendix Band Figure C.0.2&-din Appendix C showhe daily data
usage in kB and the active usage time in secongaraely for the four bearer
technologies, respectively.

For WCDMA (Figure B.0.2a), the daily data usage anis vary in a non-uniform manner,
peaking at around 40kB of daily data usage perlstietween 11am and 12 noon.
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Similarly to WCDMA, for WLAN (Figure B.0.2b), theaily data usage amounts vary in a
non-uniform way, peaking around 22kB between 12nnand 1pm. For EDGE (Figure
B.0.2c) and GPRS (Figure B.0.2d), the daily datggasamounts are less than 6kB per user

all the time.

In terms of active usage time, for WCDMA (Figure0@Ba), the active usage amounts
increase continuously after 5am, peaking at arol®t seconds of active use per user
between 2pm and 3pm. For GPRS (Figure C.0.3b)dliee usage amounts are significant
only between 12 noon and 2pm and between 9pm gmaeh.The active usage amounts for
WLAN (Figure C.0.3c) increase between 3pm and 1@pnte for EDGE (Figure C.0.3d),

the active usage amounts vary significantly betwkEznoon and 8pm.

The user’s choice between access networks whitectang various applications is also one
of the key points in mobile service usage analyBahle 4.2 shows that there were more
users for browsing applications than for messagindg multimedia in all types of access
networks. For multimedia applications, the numbese&ssions per user during the panel
was lower than other application categories. Howettee amount of data transmitted
during one session was significantly higher duridCDMA, WLAN and GPRS

connections.

For browsing and messaging applications, the ageegount of data per session (kB)
during WLAN connection was higher than during WCDMASPRS and EDGE
connections, i.e. a smartphone data session dWin§§N connections was higher in terms
of data volumes than during wide area network cotmes. More than 85% of WLAN
users used WLAN connections for web browsing, wB&&6 used it for communications
services such as messaging and 15% for streamittgrmadia content, as shown in Table
4.2.
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Table 4.2 Usage of application categories during WQMA, WLAN, GPRS and EDGE connections
(N=130)

No of sessions

per user Average data
Access Active Application  Applications Share of  during the per session
networks users categories users users panel (kB)
Browsing 102 90% 20.36 481.46
WCDMA 113 | Messaging 71 63% 10.30 109.12
Multimedia 27 24% 0.85 2474.26
Browsing 46 87% 3.72 1420.92
WLAN 53 | Messaging 17 32% 0.58 654.63
Multimedia 8 15% 0.15 1437.50
Browsing 60 74% 4.12 416.32
GPRS 81 | Messaging 46 57% 1.54 78.45
Multimedia 8 10% 0.10 735.25
Browsing 57 77% 2.87 429.81
EDGE 74 | Messaging 31 42% 3.13 28.64
Multimedia 6 8% 0.05 194.82

4.3 Comparing daily data usage of WLAN and non WLAN

users

In general, usage of WLAN correlated clearly witage of data services as described in
Table 4.2. Figure 4.4 presents the average dailyg daage for both WLAN and non-
WLAN users, divided between different bearers. As be seen from the figure, the daily
data usage of WLAN users was higher than that of\W.AN users in all types of bearer
technologies, and usage of WCDMA was significartigher than that of other access

technologies.

Among WLAN users, the share of WLAN access incrédsem 12% of total network data
traffic in 2007 (Smura, 2008) to 39% in 2008 whimbuld indicate that there is a rapid

growth in WLAN APs deployment in the mobile market.
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The share of WCDMA access went down from 79% amioog-WLAN users to 50%
among WLAN users. This shows that WLAN can be ad&i®d as a potential complement

and/or substitute to 3G networks for usage of datsices.

Non_WLAN users (N=77) I

WLAN users (N=53) I
0 200 400 600 800 1000 1200
kB per panelist per day
GPRS m EDGE = WCDMA B WLAN

Figure 4.4 Daily data usage per bearer for panelisteither using or not using WLAN during the panel
(N=130)

4.4 The user’s choice between alternative access method

So far, application category and time-of-day am ahly dimensions in our analysis. The
user's choice between the alternative access metisodnother dimension added to the
application usage studies. We focused more on WlAsEge because of its role as a
potential alternative to 3G networks in many ussesa The use cases can be found in
Smura (2008, Appendix D).

Out of the total 253 panelists, 130 initiated aadsssion at least once during the panel. Out
of these, 53 were WLAN users — panelists who uséd\M/connections at least once for
data access services. Figure 4.5 presents thédigin of WLAN usage events between
users and access points. On average, for each8@8érof WLAN connections were made

to the first access point, 12% to a second oneBé&htb other access points.
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Figure 4.5Distribution of WLAN usage events between users anaccess point*® (N=53)

We consideredtwo methodsto identify an access point asther privat or public.
Checking the list of WLAN access pt names was the first mett. For example, access
points having names such as “Reval Hot "TOT_HotSpot”,”alto” and “homeru” can
be considered as pul. The second method wakecking the security mode of acci
points.The data (collected from the panel) conta four types of scurity modes - Open,
WEP (Wired Equivalent Privacy), WPA (-Fi ProtectedAccess) and WP-PSK (WPA -
Pre - Slared key). Wegrouped access points which askied security keys before

connections aprivate.

Using thosewo method, we found that 9% of all WLAN connectionswere made from
private access points while the rewere madefrom public ones That means most of

WLAN connections are made from private access pdatated at home or offic

19 The reader may ask wt“User 1” in Figure 4.5had so many sessions (more than 1000 sessionstiie
first access point) during thenel. This was because the user configured his mokiécd to initiate WLAN

session automatically every 30 minut
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4.5 Summary and limitations

In general, we tried to illustrate how people usebite devices with different access
technologies by analyzing the data collected fr&s8 Einnish panelists owning a Nokia
phone based on the S60 platform, which is curreathongst the leading smartphone
platforms in the world. The panelist installed aaswement client in their device
voluntarily. As Smura (2008) mentioned in his papbke results of this type of analysis
cannot be simply generalized to all mobile userfimand due to the limited number of
panelists in addition to including only the advahcsers of mobile devices in the study. In
general, however, the results can describe sontbeofrends taking place in the mobile

industry in the near future.

WLAN continues its role as a potential complemerd/ar substitute to 3G networks. The
number of WLAN capable mobile devices is growingiddy, rising from 5% of the
Finnish mobile handset base in 2007 (Smura, 2@8)% in 2008 (Kivi, 2009).

In Section 4.4 we have seen that many of the WLANnections are made at home and
mainly used for the purpose of web browsing (TabR). Table 4.2 demonstrates that the
average amount of data per session (kB) during WLddnection for the purpose of
browsing and messaging applications is higher thasng WCDMA, GPRS and EDGE
connections, i.e. WLAN is mainly used by those sis@no in general use large amounts of
data services.

3G networks were the most widely used access téofies among all the panelists
including WLAN users. This can be because they idevhigher data rates than
GPRS/EDGE with better geographical coverage anétpation than WLA among mobile
users. In our panel, nearly 60% of the total nekwoaffic was generated from WCDMA

connections.

There were two limitations in this handset-base@dsueement analysis. The first one was
that the whereabouts of panelists were not knowiclwimade it difficult to identify which

applications and access technologies were usednae,hoffice and other locations. The
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other limitation was that only NOKIA S60-based stphones were monitored with a rather

small number of panelists.

37



Chapter 5 -System dynamics modeling for local area accessvadtworks

5 System dynamics modeling for local area access
value networks

In this chapter, we develop a system dynamics mfmtehetwork connectivity to indoor
located devices based on the scenarios constrogt&mura and Sorri (2009). Firstly, we
discuss the background of the model. Secondlyctimeeptual and quantitative models are

developed, and, finally, the results and limitas@f the model are discussed.

The main objective of developing our system dynammiodel is to study the dynamics of
forces that influence the structure and the devety of network connectivity to indoor

located devices over the next 6 years (2009-2015).

In terms of the quantitative model, the idea istodind and simulate the exact numerical
values, but to gain a broad level of understandingut the dynamics of forces that affect
the future of local area access provisioning. Thagivation for this is the fact that, while
examining the entire system behavior, it is morgadnant to understand behavioral
patterns than to find absolute numerical values.example, it will be interesting to know
how, say, the growth curve of Wi-Fi access pointghinbehave due to changes in some

parameters.

5.1 Background for modeling

5.1.1Time frame and scope

As mentioned above, the time frame for our systgmachics model is 2009-2015 and the
scope is limited to indoor provisioning in the Fsim mobile industry and markets. All
indoor located devices that need connectivity atuded in the model but our primary
focus is on handsets and laptops since they arketherivers of rapid growth in network
traffic. We focus on data traffic and, circuit sefied voice is not included in the model

since mobile data traffic is growing more dynamiic#than voice traffic (Cisco, 2009).
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5.1.2Key trends and uncertainties

Trend means “the general movement over time ofatissitally detectable chandg®”

Hubbard (2007) defines uncertainty as the lack extainty, a state of having limited
knowledge where it is impossible to exactly desetilve existing state or future outcome,
more than one possible outcome. Having clearlytified key trends and uncertainties in

the topic area is helpful in developing a systemayics modéf-

Smura and Sorri (2009) indentified seven key tre(ib@ble 5.1) and six uncertainties
(Table 5.2) which have an effect on the futureochl area access provisioning by applying
Shoemaker’s scenario planning method. The readtefirna details about the trends and the

uncertainties as well as the method from SmuraSaord (2009) if interested.

Table 5.1 Seven key trends (adapted from Smura arfsorri, 2009)
Id Trend
T1 | Devices’ capabilities and performance improve
T2 | Wireless traffic will increase
T3 | Number of base stations / access points increases
T4 | Importance of indoor wireless access increases
T5 | Role of developing countries increasing
T6 | Operational costs will dominate over hardware costs
T7 | Wireless emissions scare people

Table 5.2 Six key uncertainties (adapted from Smurand Sorri, 2009)

Id Key uncertainty Possible outcomes
ul Industry structure 1) Vertical
2) Horizontal
U2 |Competition between technology 1) Remain low
substitutes 2) Increase strongly
U3 1) Harmonized

Spectrum policy and regulation 2) Liberalized

U4 - 1) Limited
Role of unlicensed spectrum 2) Significant
US" INumber of connected devices 1) Grow modestly
2) Explode
1) Minimal

U6 |Role of emerging markets in affecting

technology choices 2) Significant locally

3) Significant world-wide

20 http://www.merriam-webster.com/dictionary/trend ciessed 13.07.2009 ]
%L In our system dynamics model, in general, we reéards and uncertainties as forces.

39



Chapter 5 -System dynamics modeling for local area accessvadtworks

5.1.3Scenario matrix

After identifying the key trends and uncertainti€mura and Sorri (2009) constructed a
scenario matrix (Figure 5.1) by selecting Ul antbenbination of U2, U3, and U4 as the
two dimensions. The four scenarios (Pick-n-mix efnét rules, Complete bundles —
Operator rules, Operators as bitpipes and Intgjiaets) in the scenario matrix are the local

area business models that we discussed in Subs&cti®.

Horizontal industry structure

Sc. 3: Operators as bitpipes Sc. 1: Pick-n-mix — Intern et rules
[ Customers J [ Customers ]
[
I I I
Voice ] E-mail 1 WA J Lic. LA ] Voice ] E-mail ] l-l
% — I I I - I I %
8 WA+LA Maps 1 Music Uil Maps 1 Music 3
o H H el & H H @
@ =
e : 8
% Sc. 2: Complete bundles — Operator rules Sc. 4: Internet giants o
g (@]
D o
Q [ Customers } [ Customers ] 0]
E A ((2
| — —1
Voice E-mail Voice E-mail
Maps Music Maps Music
WA+LA . el . 1: ‘.\
WA J Lic. LA J UT}:' J

Vertical industry structure

Figure 5.1 Scenario matrix (Smura and Sorri, 2009)

The y-axis of the scenario matrix defines the imiustructure. In the vertical industry
structure, end users buy bundled packages of ageags WA, LA in Figure 5.1) and
services (e.g. voice, e-mail, maps, and music gufé 5.1), and there is a lower level of
competition between services. In the case of hotaandustry structure, end users can get
services which are not bundled with access, ancedinere are a number of players who
are interested in providing different service comgmis, there is a higher level of

competition between services.

The x-axis of the scenario matrix is labeled asldével of technological fragmentation in

the access market — referred to as integrated siecesfragmented access. In the case of
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integrated access, wide area and local area aacessffered as bundles, and incumbent
operators have significant control over local aredworks. In this case, the level of

competition between access technologies is low.

In the fragmented access case, local area accessgide area access are offered separately,
and usage of licensed spectrum becomes more #exMsl a result, the level of competition

between access technologies and networks is high.

As mentioned earlier, the x-axis of the scenariotrimas the combination of three
uncertainties (U2, U3 and U4) and the y-axis idgrdef in terms of one uncertainty (U1).
More external elements are needed to model thasythan the x-axis. In order to keep the
scope of our system dynamics model reasonable,nlyenoodel the x-axis - the level of

technological integration in the access market.

Regarding the uncertainties and trends in our modeé to limitations in time and
difficulties of modeling abstract variables, itasrery challenging task to include all the key
trends and uncertainties in the model. Thereforeselected three uncertainties and trends,
which we believe are most important and easy toahqdantitatively. The selected trends
are T1, T2 and T3 while U2, U3 and U5 are the setkancertainties.

T1: Productivity, data rates, efficiency, procegsipower, memory sizes, connectivity
options and new features of mobile and portablecgsvcontinue to improve from time to
time, thus resulting in the devices becoming maotelligent and cognitive. However, these

improvements are limited by various factors suckrergy consumption and battery life.

For modeling purposes, we splil.; Devices’ capabilities and performance imprévep

into T11: device access selection capabilities and RR2self optimizing capability.

22 p naming rule [D: Name of trends/uncertaintipss used to refer to the trends and uncertaintiad, we

use italics in the text to highlight the elemenmnid the feedback loops that are used in the model.
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T2, T3: The volume of wireless traffic grows rdgics the number of wireless device
users increases. Consequently, more base statidrecaess points are required to meet the

wireless traffic demand.

T3 is dividedinto T31: Num of non-3GPP LA APs, T32: Number of 3GPPABS and
T33: Number of 3GPP WA BS%he Quantitative Model section discusses thesdmubs.

U2: The number of competing access technologies eidner remain relatively low or
increase strongly. We consider three different $yperadio access technologies: non-3GPP
LA (Wi-Fi), 3GPP LA (femtocell) and 3GPP WA (3G/4G3GPP LA and 3GPP WA
belong to the same technology family, thoud@h?: Competition between technology
substitutess split into three sub forces (groups), naméBi: share of 3GPP LA out of all
LA, U22: share of LA out of all indoor traffendU23: market share of 3GPP operator of
all indoor traffic. The sub forces compare 3GPP LA (femtocell) witHogal area access
technologies (Wi-Fi and femtocell); all local arescess technologies (Wi-Fi and
femtocell) with all indoor access technologies (Mifemtocell and 3G/4G); and 3GPP

technologies (femtocell and 3G/4G) with all indeacess technologies, respectively.

In our system dynamics model we define the markeres of the three technologies in

terms of traffic volumes (volumes of bits) from ass points/base stations (Figure 5.2).

/ Non-3GPP LA
S traffic share

Y

N
~

~

3G/4G WA |

traffic share |
| 3GPP LA

| traffic share /

All indoor traffic

Figure 5.2 Market share of the three technologies
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U21:represents the ratio of Wi-Fi traffic to the sumViFFi and femtocell traffic.

U22: represents the ratio of data traffic from WiRd femtocell access points to all indoor

traffic.

U23: represents the ratio of data traffic from feoal and 3G/4G base stations to all
indoor traffic. U23 can be seen as the combinadiod2 and U4 and represents the x-axis

of the scenario matrix.

U3: The possible outcomes of Spectrum policy angulegion are: liberalized and
harmonized. The first case refers to technologytraty and a larger degree of

liberalization, while the second one refers to gapgical and technological harmonization.

U5: The number of wireless devices may explode (@A0s of devices per user) or grow

modestly (lower than 10s of devices per user).
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5.2 Conceptual model

The conceptual model for the future of the locaaaaccess provisioning is shown in
Figure 5.3. It only sketches the direct causal egations between the variables. The
indirect influences are not usually shown in thecaptual model.

Wireless indoor traffic

/ supply (Metwork capacity)
Tz: Wireless indoor h
traffic (Served demand)
+
+
+ +

. T33 M umber of T3: Flexibility of
51 Hum of 32 Humber of 3GPD WABSs  spectnum policy and

non-3GFP LA APs 3GFP LA APs regulation

“Wireless mdoor
traffic demand -
B
E_nen kleie] B
3GFP
3GEE S @ WA
+
+
-

Thserved wireless
mdoor traffic demand

Figure 5.3 Conceptual Model

The aim of the conceptual model is to explain timedmental idea behind our proposed
system dynamics model. In Figure 5.3, the main ¢amknd assumption is thainserved
wireless indoor traffic demandyhich is the difference betweafireless indoor traffic
demandand T2: Wireless indoor traffic (Served demandjives wireless indoor traffic
supply i.e. the larger théJnserved wireless indoor traffic demanthe more base
stations/access points and flexibility of spectrpolicy and regulation is needed. Our
conceptual model is a goal seeking system (showhignre 3.3b), i.e. the increasing
demand is met by more supply. Table 5.3 lists amstiabes the elements and feedback
loops used in the conceptual model.
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Table 5.3 Elements and Feedback loops in the condepl model

Elements

Descriptions

Wireless indoor traffic demand

Reflects the sum of the subscribers and the suimeof
demanded data traffic (usage).

Wireless indoor traffic supply
(Network capacity)

Traffic supply from Non-3GPP LA, 3GPP LA ar
3GPP WA networks.

nd

T2:Wireless indoor traffic
(Served demand)

The traffic demand that is served by wireless netsid
It is the minimum ofWireless indoor traffic deman

andWireless indoor traffic supply (Network capacity).

Unserved wireless indoor traffic| The difference betweéwireless indoor traffic demand

demand andT2: Wireless indoor traffic (Served demand)

T31: Num of non-3GPP LA APS The number of non-3GPP local area access points (Wi
Fi) per knf area.

T32: Number of 3GPP LA APs | The number of 3GPP local area access points
(Femtocell) per krharea.

T33: Number of 3GPP WA BSs| The number of 3GPP wide area base stations pér km
area.

Feedback loops

B_non_3GPP This is a balancing feedback loop. Adnserved
wireless indoor traffic demandncreases, the more
non_3GPP_LA access poinfs3(L: Num of non-3GPP
LA AP9 will be required which improvesVireless
indoor traffic supply (Network capacityyhich in turn
increasesl 2: Wireless indoor traffic (Served demand
which finally reducesJnserved wireless indoor traffic
demand

B 3GPP_LA Similar to B_non_3GPP except femtocell technology
Is implemented.

B 3GPP_WA Similar to B 3GPP_LA except 3G/4G technology |s
implemented.

B_spectrum The largerUnserved wireless indoor traffic demand,

the higher U3: Flexibility of spectrum policy an
regulation is requiredwhich improves theWireless
indoor traffic supply (Network capacityin increase

in the supply means th&2: Wireless indoor traffi¢

(Served demandncreases, and thdnserved wireles
indoor traffic demandlecreases.

)
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5.3 Quantitative model

As mentioned at the beginning of this chapter,ni@n objective of developing our system
dynamics model is not to find and simulate exaahencal values but to get an overall
understanding about the dynamics of forces thatcafthe future of local area access
provisioning. The quantitative model is construcbeged on assumptions, available data
and the conceptual model. All the parameters andteans that are used in the quantitative

model can be found in Appendix E: Parameters anc&ans.

There are multiple tools to implement the quantieamodel which is developed based on
the conceptual model (depicted in Figure 5.3), aalgh only a few of them have
established their base in business and reseam&t (2000) suggests three main tools -
Vensim, iThink (or Stella) and Powersim. All of #®e tools offer the same basic
functionalities that system dynamics require. For onodeling purposes, we picked

Vensim which we found easy and provides the esaldefitures to complete the thesis.

5.3.1Data and Assumptions

Data gathering about the volume of traffic indoocdted devices generate on Wi-Fi,
femtocell and 3G networks was one of the majorlehgks in the thesis. The input data to
our system dynamics model was collected from a sluvk attended by the experts from
Nokia Research Center, from literature (UusitaldQ@ Smura and Saksela, 2006) , from
handset-based measurement analysis (discussedapteCh) as well as from analyst
reports (Informa, 2008a; Informa, 2009; Cisco, 2009

There are two key background assumptions in outesysdynamics model. The first
assumption is that the capacity of wired backhaativork is sufficient to support high
speed femtocell and Wi-Fi access points, and redesface is the bottleneck in local area
access provisioning. The backhaul network refersheo portion of the network located

between the access point and the core network.
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For the purpose of modeling, we consider a 100Migzkhaul data rate. The assumption is
that a significant part of the traffic stays withhe local area network (local traffic such as

video streaming between terminals) and does ntt ¢joe backhaul.

The second background assumption is that wireteksor traffic demand drives the supply
i.e. network service providers have to increasectipacity and data rates of their networks
in response to the growth of mobile data traffiecnded mainly from video applications
(Cisco,2009).

5.3.2 Domains

The larger a model is, the more difficult it isunderstand the model. When developing a
model diagram, if everything appears in one platengs can quickly become
overwhelming. The solution to this is to break tmedel up into a number of more

manageable piecEVensim, 2007).

In order to get a clear view of the dynamic behawabour system dynamics model, we
break the model into four interrelated domaiklser (Demand) domain, Infrastructure
(Supply) domain, Spectrum Regulation and Techndi8gpply) domain and Market Share
domain (Figure 5.4). The domains focus on end-dyeamics, infrastructure dynamics,

spectrum regulation and technology dynamics ankebahare dynamics, respectively.

% We refer a manageable piece of a model as domaiarisystem dynamics model.
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AW  Market Share Domain

Infrastructure
Domain

-

Spectrum Regulation and Technology

’ Domain

A sy D

User Domain

!

oA :represents demand/supply relation

’ :represents the domains are interrelated

Figure 5.4 The four domains in our system-dynamicsodel

5.3.2.1User (Demand)

The first piece of our system dynamics model ienmeid to as thé&Jser (Demand) domain
(presented in Figure 5.5), which is the sourcevioéless indoor traffic demandhe base
of the domain consists of one flow — the flow ofbite devices in the system — and one
stock variabldJ5: Number of mobile devicesthe number of mobile devices per¥kanea.

The number of mobile devices grows as the deviaeséss selection capabilities improve
and the role of access points (i.e. Wi-Fi and fexallp rises in the future of local area
access provisioning. However, the growth is limibgdl' 7: fear of wireless emissionghe

mobile devices are categorized into two groupsmary devices and secondary devices.
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Primary devices include handsets, laptops, PDAsCGat the other hand, secondary devices
consist of game consoles, televisions and otherehappliances that may embed a
communications chip (and possibly a SIM-card) ie fature. Thenumber of primary
devicesin the model is based on thember of userand the average number of primary
devices per person.

The wireless indoor traffic demandrows as traffic demand from both primary and
secondary devices increases. Typically, the daffidrvolumes from primary devices are
much larger than from secondary devices, and imtbdel it is based on theumber of

usersanddata traffic from primary devices (video) per parso
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5.3.2.2Infrastructure (Supply)

The traffic demand from the user domain is servedhle Infrastructure (Supply) domain
(depicted in Figure 5.6). The domain consists oéd¢hradio access technologies, namely
non-3GPP LA (Wi-Fi), 3GPP LA (femtocell) and 3GPRAUBG/4G).

The base of the model shown in Figure 5.6 consistsree flows — the first one depicting
the flow of non-3GPP LA access points, the secamel a@epicting the flow of 3GPP LA
access points and the last one depicting the flb®@GPP WA base stations - and three
stock variables 731: Num of non-3GPP LA APs, T32 Number of 3GPRAPAand T33:
Number of 3GPP WA BSs.

As one should recall from the conceptual model, ltnger theunserved wireless indoor
traffic demands (which is the difference betweenreless indoor traffic demandndT2:

wireless indoor traffiy, the more base stations/access points there are.

The number of non-3GPP LA APs (Wi-Fi) grows asserved wireless indoor traffic
demand T11: device access selection capabilitiesd market share of non-3GPP LA
increase. Thanarket share of non-3GPP Leeflects the current market positions and
economies of scale effects in the growvii: fear of wireless emissiongndnon-3GPP LA
APs yearly traffic volume supphegatively affect the growth (Equation 27 in ApgenE:
Parameters and Equations).

Similarly, the number of 3GPP LA APs (femtocellogts asunserved wireless indoor
traffic demand,and market share of 3GPP LAcrease. The growth is also positively
affected by self optimizing capabilities of accessnts (which mainly reduces OPEX
costs) and willingness of operators to subsidizetéeells.T7: fear of wireless emissions
and3GPP LA APs yearly traffic volume supplggatively affect the growth (Equation 25 in

Appendix E: Parameters and Equations).

The number of 3GPP WA base stations grows wherutiserved wireless indoor traffic

demandand market share of 3GPP Wicrease. The growth is negatively affected by
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3GPP WA BSs yearly traffic volume supphdpotential WA BS densiifquation 26 in

Appendix E: Parameters and Equations).

Table 5.4 presents the four balancing feedbackslddpnon_3GPP_LA, B_3GPP_LA,
B_3GPP_WA and B_OPEHK thelnfrastructure (Supply) domain

Table 5.4 Feedback loops in the infrastructure doma

Feedback loops

Descriptions

B_non_3GPP,B_3GPP_LA,
B_3GPP_WA

The moreunserved wireless indoor traffic demaride
more non_3GPP_LA APs, 3GPP_LA_APs and 3(
WA BSs there will be required which results in gher
volume of T2: wireless indoor trafficwhich in turn
reduces unservedireless indoor traffic demandrhe
growth of access points and base stations is inclee
by various factors e.gT11l: device access selecti
capabilities T12: AP self optimizing capabilityf 7: fear
of wireless emissioniterference issues, willingness
operators to subsidize non-3GPP LA APs (femtoc
the current market shares and economies of ¢
effects.

5PP

DN

of
ell),
scale

B_OPEX

A high number of femtocell access points resultsigh
OPEX costs that limit the growth rate of femtog
access points in the future. However, the OPEXsO
can be reduced by improving access points’
optimizing capabilities.

ell
ost
self
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Figure 5.6 Infrastructure domain
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5.3.2.3Spectrum Regulation and Technology (Supply)

If the traffic supply from thdnfrastructure (Supply) domaifeils to reach the level of
traffic demand from théJser (Demand) domajradditional spectrum will be required to

achieve higher data rates, thus resulting in tghdriinherent network capacity.

In our system dynamics model, tBpectrum Regulation and Technology (Supply) domain
(depicted inFigure 5.7) offers additional spectrum in a flexible way. Tihase of the model

consists of one balancing feedback I@spect _request

As the demand for unserved wireless indoor traficreases, network service providers
will request a regulator for the new spectrum. Hesve the regulator does receive the
request quite quickly, but is slow to react duééavy bureaucracy etc. The delays related
to frequency regulation becoming more flexible mr@deled with the variabldSELAYED
SPECTRUM DEMANRNADELAYED ADDITIONAL SPECTRUM

Flexible frequency regulationU@: spectrum policy and regulation flexibiljtyncludes
allowing e.g. technology neutral spectrum allogat{e.g. in Finland the 900 MHz band
originally allocated for GSM can now also be usedr WWCDMA), spectrum
trading/leasing, and opportunistic access in auollitio the unlicensed spectrum. The
additional spectrum enhances the throughput of3®RP LA and 3GPP LA access points
as well as 3GPP WA base stations which all in tnonease yearly traffic volume supply.
As the yearly traffic volume supply increasé&®: wireless indoor traffiggrows which in

turn reducesinserved wireless indoor traffic demand

The throughput of non-3GPP local area access pirtiso affected by factors such as the
availability of new IEEE 802.11x technologies, th#ilization of unused allocated

unlicensed bands such as the 5 GHz band and #récimnce issue.

Similarly, the throughput of 3GPP local area acqesats as well as 3GPP wide area base
stations are affected by the availability of newP¥Gtechnologies and the utilization of the
unused licensed IMT-2000 band.
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In addition to the throughput of the local areaesscpoint (or wide area base station), the
yearly traffic volume supply of a single accessnpdor base station) is influenced by
active yearly usage time per LA AP (or WA .BB)eactive yearly usage time per LA Ad
the same for both non-3GPP and 3GPP local aresapoits (even though their capacity
is different) and it remains constant throughoet$mulation period of the model.

Normally, theactive yearly usage time per LA ABr WA BS should decrease as the
capacity (throughput) of an access point or (b&éstos) improves, i.e., a shorter time is
required to download movies if one has access togh speed access point (or base
station). Therefore, the active yearly usage tohan access point should not be constant,
and rather should decrease as a function of thyuith This is a weakness the reader may
notice in our model. However, it can also be thautiat supply for more throughput
increases the demand (i.e. active usage time eslyatiull buffer TCP based applications
like torrents are in question) which would offdet decrease in active usage time. This can
be well observed in Section 4.2 which showed th&AW is mainly used by those users
who in general use large amounts of data serviees WLAN traffic volumes are higher
than for WCDMA because of high data rates of LA (@R). Wi-Fi with 54 Mbps).

4 This was a simplification that we had to make éefk the amount of modeling work reasonable.
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5.3.2.4Market Share

The Market Share domaiins mainly defined as an output of our system dyinarmodel
and it is depicted iigure 5.9.The base of the domain consists of three key bimsdJ21.:
share of 3GPP LA out of all LA indoor traffic, U2&nare of LA out of all indoor traffic
and U23: market share of 3GPP operator of all indooaftic. The variables compare
3GPP LA (femtocell) with all local area access tehgies (Wi-Fi and femtocell), all local
area access technologies (Wi-Fi and femtocell) aithndoor access technologies (Wi-Fi,
femtocell and 3G/4G) and 3GPP technologies (fentitacel 3G/4G) with all indoor access
technologies in terms of traffic volumes, respesdin(discussed in Subsection 5.1.3).

The Market Shaf@ domain also includes three elements that are asethput to the
Infrastructure (Supply) domainmarket share of non-3GPP LA, market share of 3GRP L
and market share of 3GPP WA which represent the ratio of Wi-Fi traffic voleshto all
indoor traffic volumes (the sum of Wi-Fi, femtocednd 3G/4G base station traffic
volumes), the ratio of femtocell traffic volumesalbindoor traffic volumes and the ratio of
3G/4G base station traffic volumes to all indoaiffic volumes, respectively.

As mentioned in Section 5.1.3 concerning the Scemaatrix, the x-axis of the scenario
matrix is labeled as the level of technologicalgfreentation in the access market
(integrated access and fragmented access) , amdepresented by U23narket share of
3GPP operator of all indoor traffi¢ranges between zero and oimepur system dynamics
model. The value of U23 goes from zero to one mélamgdype of access provisioning is
moving from fragmented access to integrated ad¢egare 5.8)

% Currently, in our model, the market share is daled based on supply. Yet, the supply does not
necessarily reflect the realized traffic (if demasdower than supply). This is one of the limitats in our
model. However, traffic demand is lower than supphly for a short period of time throughout the

simulation period.

57



Chapter 5 -System dynmics modeling fotocal area access value netwc

Integerated access fragmented access

e

UEEZ“I U23=0

Figure 5.8 The level of technologicalragmentation in the access marke

In the case of thimtegrated access, the level of competition betveemess technologiis
relatively small,and ew operators dominatgccess provisioning in indoor locations,
3GPP oprators captures the highest market share in kres access provisioning ( L

goes to 1).

In contrast to thentegrated acces U23 is considerably small thefragmented access case
(U23 goes to 0)j.e. most of the indoor data traffic godéisrough W-Fi access points

instead of femtocells or WA base static
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Figure 5.9 Market Share domain

59



Chapter 5 -System dynamics modeling for local area accessvadtworks

5.4 Results

5.4.1Base case results

In the thesis, the Base case simply refers to gstesn dynamics model simulated with

initial values. The most relevant initial values fbe Base case in the model%&re

Typical Finnish suburban area with 2300 users/km?2

* Indoor access provisioning is fragmented (W2302)

e T31: Num of non-3GPP LA APs (WiFis) = 300 APs/km?

* T32: Number of 3GPP LA APs (Femtocells) = 10 APS/km
e T33: Number of 3GPP WA BSs = 10 sectors/km?

When simulating the model with the initial valuéise demand versus supply for wireless

indoor traffic (Figure 5.10) grows exponentially.

Wireless indoor traffic demand and supply

2009 2010 2011 2012 2013 2014 2015
Time (year)

wireless indoor traffic supply : Base Caset + + + + + + T
wireless indoor trafic demand : Base Casez

Figure 5.10 The amount of wireless indoor traffic @mand and supply simulated with initial values

% The rest of the parameters and the initial va{aes the equations used) in the model can be found
Appendix E: Parameters and Equations.
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The increase in the amount of unserved wirelessantraffic demands zero until the end

of 2010 (Figure 5.11). This is because of the fhat the increasing mobile data traffic is
supported by the already deployed access pointbasel stations. Therefore, the supply is
greater than the demand during this period of @®mehown in Figure 5.10. The unserved

wireless indoor traffic demand declines through£28fd again increases through 2015.

Unserved wireless indoor traffic demand

400 M

300 M

200 M

MB/(Km2*year)

100 M

(0}
2009 = 2010 2011 2012 2013 2014 2015
Time (year)
unserved wireless indoor traffic demand : Base Case+ + + + + + +

1

Figure 5.11 The amount of unserved wireless indodraffic simulated with initial values

Until 2011 (when the growth of the traffic demandceeds the growth of the traffic
supply), served traffic demand4: wireless indoor trafficis the same as the wireless
indoor traffic demand (Figure 5.12), i.e. the ti@Bupply meets the level of demand.

Wireless indoor traffic demand/served demand

MB/(Km2*year)
IN o
oy} w

N
w

0
2009 2010 2011 2012 2013 2014 2015
Time (year)

wireless indoor traffic demand : Base Case—+% %+ h h + + ¥
'"T2: wireless indoor traffic" : Base Case

Figure 5.12 The amount of wireless indoor traffic @mand and served demand simulated with
initial values
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As the growth of the traffic demand exceeds thevtjiaof the traffic supply, the number of
non-3GPP LA (Wi-Fi) and 3GPP LA (femtocell) accessnts as well as 3GPP wide area
base stations increases ( Figure 5.13 a-c). Congpda the general rule stating “more
demand, more supply”, our model seems to behawaa@diogly. The number of non-3GPP
LA access points ( Figure 5.13a) declines slightiytii 2011 due to fear of wireless
emissions. Then it starts to increase, and in 2B&5growth is nearly 150%. The number
of femtocell access points per kmrea ( Figure 5.13b) is quite insignificant fro®02 to
2011 since femtocell is a new technology. Howeasrshown in the figure, femtocells are
on a positive growth path (500% growth during thedg period). The number of 3G/4G
base stations per Knarea reaches the maximum allowable number (inrdodeninimize

adjacent channel interference) in the beginning0df2 ( Figure 5.13c).

a) T31: Num of non3GPP LA AP

600
AP/Km2
400
200
2009 2010 2011 2012 2013 2014 2015
Time (year)
"T31: Num of non-3GPP LA APs" : Base case 1 1 1 1 1 1 1
b) T32 Number of 3GPP LA APs
60
45
AP/Km2
30
15
0
2009 2010 2011 2012 2013 2014 2015
Time (year)
T32 Number of 3GPP LA APs : Base case T T T T T T
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c) T33: Number of 3GPP WA BSs

20 T T T T T T

17
BS/Km2
14
11
T T T T T
8
2009 2010 2011 2012 2013 2014 2015
Time (year)
"T33: Number of 3GPP WA BSs" : Base case T T T T 1 1

Figure 5.13 Number of non-3GPP LA APs (a), numbeof 3GPP LA APs (b) and number of 3GPP
WA BSs (c) simulated with initial values

Spectrum policy and regulation flexibility also wr® fast once the traffic demand exceeds
the supply (Figure 5.14). There is a delay befa@itaonal spectrum is in use as discussed
earlier.

Spectrum policy and regulation flexibility

0.1

0.085

0.07

Dmnl

0.055

004 g3 44
2009

2010 2011 2012 2013 2014 2015
Time (year)

"U3: spectrum policy and regulation fexibility"Base Case 1 1 4

H
H

4 4 4
T T T

Figure 5.14 Spectrum policy and regulation flexibity simulated with initial values
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As mentioned earlier, we have defined the markateslof the three technologies - non-
3GPP LA (Wi-Fi), 3GPP LA (femtocell) and 3GPP WAGAG) — in terms of the data
traffic volumes and the level of technological fra@ntation in access provisioning in terms
of U23: market share of 3GPP operator of all indooaffrc. Figure 5.15 shows that the
value of U23 is near to zero which reflects fragtednaccess in the local area access
provisioning. This is mainly because the volumesraffic indoor located devices generate
on Wi-Fi access points is larger than femtocelld 86/4G base stations since there are a
large number of high speed Wi-Fi access points liaae been already deployed in the
model.

In general, the simulation of the model with iditi@lues seems to lead to Scenarios 1 and
4 (Subsection 5.1.3) in the future of the localaaaecess provisioning ( Figure

5.16). Next we will present the sensitivity anadysi

0.04
0.0325
E 0025
0.0175

0.01

2009 2010 2011 2012 2013 2014 2015
Time (year)
"U23:market share of 3GPP operator of all indoafidt : Base Cas 4 4 1 1 1 4 1

Figure 5.15 The market share of 3GPP operator of hindoor traffic simulated with initial values
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Horizontal industry structure

Sc. 3: Operators as bitpipes Sc. 1: Rick-n-mix — Internet rules

0 L
8 &
S 3
A [
- =
% Base Case L4
S I
5 g
= &

w

Sc. 2: Complete bundles — Operator rules Sc. 4: Internet giants

Vertical industry structure

Figure 5.16 The position of the rekwof the Base case in the scenario matrix
(adapted from Smura and Sorri (2009)

5.4.2Sensitivity case results

A sensitivity analysis refers to the process ofngiiag the assumptions on the value of
constants in a (system dynamics) model and angia resulting output. It involves

changing the value of a constant and running alation, then changing the value of the
constant again and simulating again, and repe#tisgction many times to get a spread of
output values for the analysis (Vensim, 2007). &@ime is to identify the impact of changes

on key trends and uncertainties in a system dyramaxel.

In our system dynamics model, we use the model laieal with the initial values (Base
case) as a reference model and define five casesefwsitivity analysis. In each of these
five cases, the value of some elements/variablestham model changes from the
original/initial value. The aim is to identify thiempact of the changes on key forces

affecting the future of the local area access gioding.
Case 1: High device access selection capabilities
The device access selection capabilities (rangtselea zero and one) in this case grow

more rapidly than in the Base case (Figure 5.17).
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Case 1: High device access selection capabilities

1
E 05
0
2009 2010 2011 2012 2013 2014 2015
Time (year)
"T11:device access selection capabilities" : BaageG . i . T
"T11:device access selection capabilities" : Case3+2 > 2 2 2

Figure 5.17 Device access selection capacities untte Base case and Case 1

As device capabilities such as ease of mobility agament, network prioritization and
selection and authentication improve, more usees able to utilize different access
technologies and networks of different operatorsis Tincreases the number of mobile
devices and favors the growth of non-3GPP loca axess points which finally reduces
unserved wireless indoor traffic demand (differertmetweenwireless indoor traffic

demandandT2: wireless indoor traffic( Figure 5.18).

Wireless indoor traffic demand/served demand

8B

6B

4B

2B

MB/(Km2*year)

0]

2009 2010 2011 2012 2013 2014 2015
Time (year)

wireless indoor traffic demand : Base Caset + us + + T
"T2: wireless indoor traffic” : Base Case

wireless indoor traffic demand : Case-13 3 3 3 3 3
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Figure 5.18 The amount of wireless indoor traffidemand/served demand under

the Base case and Case 1
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As one can observe from Figure 5.18, the gap letvibe lines marked with 3 and 4
(unserved wireless indoor traffic demand) is nagothan 1 and 2 in response to high
values of device access selection capabilitiest fii@ans, the better the device access
selection capabilities, the lesser is the unsem@dless indoor traffic, which in turn

reduces the need for a new spectrum (Figure 5.19).
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Figure 5.19 Spectrum regulation flexibility under the Base case and Case 1

Case 2: High AP self optimizing capability and higitlingness of

operators to subsidize femtocells

The better the AP self optimizing capabilities arel the more willing operators are to
subsidize femtocell access points by means suddy gmying for the equipment (Figure
5.20), the better chance femtocell technology gefl off the ground (line marked with “5”

in Figure 5.21). Thus the market share of 3GPPaipes grows which reflects the possible

evolution path towards integrated access in thal laca access provisioning (line marked
with “5” in Figure 5.22).
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Case 2: High AP self optimizing capability
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Figure 5.20 AP self optimizing capability and femtoells subsidization factors under
the Base case and Case 2
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Figure 5.21 Number of base stations/access pointsder the Base case and Case 2
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Figure 5.22 The market share of 3GPP operator ofleindoor traffic under the Base case and Case 2

Case 3: Number of users per km2 rises (suburbamiian areas)

The Base case environment is a typical Finnish d#vuarea (2300 users per km2). Case 3
addresses the question, “What are the impacts arigthg the environment to urban area
(3300 users per km2 as shown in Figure 5.23) onféees in the future of the local area

access provisioning?”

Case 3: Number of users per Km2 rises
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Figure 5.23 Number of users per km2 under the Basease and Case 3
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In Case 3wireless indoor traffic demandnd T2:wireless indoor traffiqserved demand)

show similar growth patterns with the ones in tlas&case except that the demand exceeds

the supply already in 2010 (Figure 5.24).
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Figure 5.24 The amount of wireless indoor traffic @mand/served demand under

the Base case and Case 3

The number of access points/bases stations risesben areas (Figure 5.25), and the
market share of 3GPP operator of all indoor tradfiows slightly (Figure 5.26). However,
it is still small due to the large number of alrea@ployed high speed Wi-Fi access points.
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Case 4: Fear of wireless emissions rises

As discussed earlier, the fear of wireless emissisrone potential factor which could limit
the growth of Wi-Fi and femtocell access points.eTgrowth of the fear of wireless
emissions (Figure 5.27) causes the growth of Waskd femtocell access points to decline,

which in turn increases the unserved wireless inttadfic (Figure 5.28) in the model.

Case 4: Fear of wireless emissions rises
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Figure 5.27 Fear of wireless emissions under the Bacase and Case 4
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Figure 5.28 The amount of wireless indoor traffic tends under the Base case and Case 4
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The higher the traffic demand, the larger numbeaaaiess points/base stations are required.

However, the growth of Wi-Fi and femtocell accests is limited (Figure 5.29) because

of the fear of electro-smog from those equipmeitss leads to increased pressure for

more capacity from the WA network and gives reabum3G/4G operators to request

additional radio spectrum (Figure 5.30). As a redhke market share of 3GPP operators (

Figure 5.31) grows which reflects the possible ettoh path towards integrated access in

the local area access provisioning.
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Figure 5.29 The number of base stations/access ptEunder the Base case and Case 4
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Spectrum policy and regulation flexibility
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Case 5: Backhaul network is a bottleneck

So far, we assume that the capacity of the wirezkheeul network is sufficient to support
high speed femtocell and Wi-Fi access points, adibrinterface is the bottleneck in the
model. Here, in Case 5, the idea is to see whaidregowhen the backhaul is the bottleneck.
For this case, the model is slightly enhanced (degdiin Appendix D: Figure D.0.4). The
changes are that the maximum number of non-3GPRNA3GPP LA access points are

limited by the speed of domestic broadband conoesti

If there are only 2Mbps domestic broadband conaest{instead of 100 Mbps in the Base
case), high speed Wi-Fi (54Mbps) and femtocell (MI3s) access points will be of little
use. Figure 5.32 shows that the growth of the nurab®Vi-Fi and femtocell access points
is limited since the capacity of wired backhaulwmk is not sufficient to support high
speed femtocell and Wi-Fi access points. As a tethe wireless indoor traffic supply
declines which in turn results in an increase muhserved wireless indoor traffic demand
(line marked with “5” in Figure 5.33). Similar to Case 4, this leads to increased press
for more capacity from the WA network and givessmafor 3G/4G operators to request
additional radio spectrum (Figure 5.34) and imprthair market share (Figure 5.35) in the

future of the local area access provisioning.

In this case, U23 is quite near to one (Figure 6s@ice WA BSs cater to a large part of the
indoor traffic, i.e. the access market goes tordegrated access type and the level of
technological fragmentation is low.

2" Here the reader may notice one deficiency in oadeh- thewireless indoor traffic demanih the figure
grows exponentially after 2011. However, in pragti€ a user has only 2Mbps domestic broadbandhédris
interest of downloading videos or music will deeljrand therefore, the traffic demand declines. This be

considered as one of the limitations in our model.
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Figure 5.32 The number of base stations/access ptEmunder the Base case and Case 5
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Spectrum regulation flexibility

1 ~ ~ ~ o ~ o o ~ o ~ ~
0.75
=
£ 05
0.25
oh—t—t+—+ 3+ 3¢ ——+ * £+ *
2009 2010 2011 2012 2013 2014 2015
Time (year)

"U3: spectrum policy and regulation fiexibility"Base Case s + + 4 T T T
"U3: spectrum policy and regulation flexibility"Case 5 2 2> 2 2 2 2 2

Figure 5.34 Spectrum policy and regulation under tk Base case and Case 5

0.8
0.6
E 04
0.2
0 b—s—3 S " i e +—+
2009 2010 2011 2012 2013

2014 2015

Time (year)
"U23:market share of 3GPP operator of all indoafi¢t : Base Cas
"U23:market share of 3GPP operator of all indoafi¢t : Case 5

a q q
T

a q
T T

2 2

r4

Figure 5.35 The market share of 3GPP operator of bindoor traffic under the Base case and Case 5
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5.5 Summary and limitations

In this chapter a conceptual model was first careséid to model the causal connections
between different forces regarding the future efldcal area access provisioning based on
the scenarios constructed by Smura and Sorri (20083 conceptual model gives an
overview of network connectivity to indoor locatddvices and has no functionality. The
guantitative model includes the functionality anddels the major forces in the future of
the local area access provisioning quantitativélye main objective of developing this
guantitative model was not to find and simulatecéxaumerical values but to obtain a
broad level of understanding about the dynamicfoafes that affect the future of local

area access provisioning.

The quantitative model consisted of four interedatdomainsUser (Demand) domain,
Infrastructure (Supply) domain, Spectrum Reguladod Technology (Supply) domaind
Market Share domain.The domains focused on end-user dynamics, inéretstre
dynamics, spectrum regulation and technology dyoamms well as market share dynamics,
respectively. The last domain was mainly about dbgut of the model - the level of

technological fragmentation in access provisioning.

Section 5.4 showed that most of the simulated ewolypaths led to a rather fragmented
indoor access provisioning scenario because oflaige installed base of Wi-Fi access
points (T31: Num of non-3GPP LA APs). Only heavysdization and high AP self-
optimizing ability (Case 2) led to a significant rket share for femtocells within the study
period. Femtocells were, however, on a positivemjnopath (e.g. in the Base case the
number of femtocells grew 500 % during the studyqok The section also showed that the
cases where disturbances were introduced (feairefess, backhaul is the bottleneck) led
to a large market share for WA BSs. Although tkeuits from the simulation were
preliminary, we believe that this model is a vdiidt step in understanding the dynamic
behavior of the future of the local area accessipianing and serves as a good basis for

continuing the work.

Nevertheless, the model is a rough and simplifeggre@sentation of the real world, and it

has some limitations. For example the active yeaslgge time of an access point should
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not be constant but should rather decrease asctidarof throughput. One other limitation
in the model is that end-users’ indoor traffic dechas not limited by the speed of their

domestic broadband connections (backhaul capaatityf).

There has not been previous research done in daeadrnetwork connectivity to indoor

located devices and system dynamics that the aushaware of. We believe that the

modeling work in this thesis is the first one. Tmade the quantitative modeling to be a
challenging task. The modeler’s skills were alsoitied since it was the first time for the

author to build a system dynamics model. Usuallyifiig experience make using a method
as complex as system dynamics simpler. In genb@kever, we believe our system

dynamics model is a useful tool and a valid fitsppsn modeling the dynamic behavior of
the future of the local area access provisionirggardless of the limitations.

Finally the author would like to emphasize thattegs dynamics modeling is an iterative
process and the results presented here should asriee first iteration round, and one
should focus on the usefulness of a model rather tn validation and verification of the

exact numerical values.
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6 Conclusion

6.1 Results

In the thesis, the first research question wasirimmdchow people (end-users) use mobile
device with different access technologies. Chagt@resented the results (e.g. usage of
different applications, usage of different accesswvorks, and daily data usage of WLAN
and non-WLAN users) from handset-based measureamnatysis.

The thesis work found that, on average over th@eciay, people use mobile devices
mostly for the purpose of voice calling applicatitwilowed by browsing, messaging,
business and productivity, multimedia and otherliapppons. Among the four access
networks (WCDMA, WLAN, GPRS and EDGE), WCDMA wasoped to be the most
widely used bearer technology by end-users to statata session, on average over the
entire day. The thesis work also investigated ther's choice between access networks
while launching various applications and found ttredre were more users for browsing
applications than for messaging and multimedia lintypes of access networks. For
browsing and messaging applications, the averagrianof data per session (kB) during
WLAN connection was higher than during WCDMA, GPR&] EDGE connections, i.e.

WLAN is mainly used by those users who in genesal large amounts of data services.

Regarding the daily data usage of WLAN and non-WLAders, the share of WCDMA
access dropped from 79% among non-WLAN users to &6%ng WLAN users, which
can prove the use of WLAN as a potential complenaedfor substitute to 3G networks for
usage of data services. In the thesis, it wasfalsod that 91% of all WLAN connections
was made from private access points while thewastfrom public ones, which shows that

WLAN connections are mostly made from private asqasints located at home or office.

The second research question, “how is network adiviy provided to indoor located
devices?”, was addressed by constructing a sysyeantics model based on the scenarios
constructed by Smura and Sorri (2009). The maieaibje of developing the model was to

study the dynamics of forces that influence theicttre and development of network
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connectivity to indoor located devices over thetr@years (2009-2015). In terms of the
guantitative model, the goal was not to find amdwdate the exact numerical values, but to
gain an overall understanding about the dynamic®mies that affect the future of local

area access provisioning and study the possibleitamo paths (business models).

Most of the simulated evolution paths in the mdddlto a rather fragmented indoor access
provision scenario in the future of the local ase&ess provisioning i.e. local access is
likely to be controlled by other players than ebsiied mobile operators and provided
both with licensed and unlicensed technologies. &i@w, it is not easy to make too
thorough conclusions from the model, since quantéamodeling of some abstract
variables and interactions between them and thatems used in the model were based on

the modeler’s subjective views.

6.2 Future work

Regarding the mobile service usage analysis pracess in the thesis, it is recommended
to include the whereabouts of panelists in colidaata in the future that can play an
important role in identifying which applicationschaccess technologies are used at home,
office and other locations. In addition to Noki&0Sbased smartphones, monitoring other
mobile devices such as 2nd Phones and laptopseirsttidy can be helpful in getting a

better view on the actual mobile service usage.

In this thesis, one of the biggest challenges ensystem dynamics modeling process was
the presence of many abstract variables and udl@itlata in the topic area. The future of
the local area access provisioning is full of uteiaties and thus a more detailed data is

required in the future to develop a better quatitgamodel.

The quantitative modeling, for the future of thedbarea access provisioning, could be
improved by defining the market share differentigni now (e.g. based on the number of
access points and base stations) and by develagdegter traffic model, where currently it

is based on static active usage time, and by damge work on the spectrum and
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technology domain (e.g. capacity of a technologyutth be based on spectral efficiency

and the available blocks of frequencies).

In the current model only operator femtocell sulzsition can be considered as industry
structure related modeling and thus better qudivitanodeling could be performed in the
future, when the y-axis (industry structure) of #eenario matrix (discussed in Section
5.1.3) is modeled. Including dual mode APs (i.esARat have both WiFi and femtocells)
in the model could also be helpful in getting atdéreview on the future of the local area

access provisioning.

In general, system dynamics modeling is an iteegpirocess and thus a more relevant and
reliable quantitative results from the model cobkl derived in the future by taking the
model through constant iteration, continual questig, testing and refinement. It is also
encouraged in the future to use an experiencecersysitynamics modeler, having good

background in the topic area.
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Appendix A: Usage time distributions (Application ategorie~*
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Appendix B: Daily data usage distribution (access&tworks)
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Appendix C: Usage time distributions (access netwé&s)
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Appendix D: Modified version of the infrastructure domain
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Appendix E: Parameters and Equations

Parameters

U5: Number of mobile devices (Unit: device/kmi®le number of mobile devices perkm

Potential device base growth (Unit: device/lkm2/ye&xpected growth rate of devices
based on the research which forecasts that therdeviLlOOO devices per person by 2017
(Uusitalo, 2006).

T11: device access selection capabilities (Unit:ngniRanges: 0 (low) — 1 (high) As

devices’ capabilities such as ease of network @igo mobility management, network
prioritization and selection, authentication, amhreectivity management improve, more
and more users are willing to employ them, whichum increase the number of mobile

devices.

U22: share of LA out of all indoor traffic (Unit:nanl, Ranges: 0 - 1)The ratio of data
traffic from non-3GPP LA access points (Wi-Fi) @@PP LA access points (femtocell) to

all indoor traffic (from Wi-Fi and femtocell accepsints and 3GPP WA base stations).

T7: fear of wireless emissions (Unit: dmnl, Ranges: 1): Wireless emissions have a
negative effect on the growth of the number of asgmints and active mobile devices. The

value zero refers to minimum fear while one indésanaximum fear.

increase rate in number of mobile devices (Uniuidelkm2/year)The annual growth rate

of mobile devices’ number per km2.

decrease rate in number of mobile devices (Uniiadkm2/year)The annual decline rate

of mobile devices’ number per km2.

number of users (Unit: person/km2, Initial valu&0® (Typical Finnish suburban arnesa

The number of households per km2.

average number of primary devices per person (Watiice/person, Initial value:)2
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number of primary devices (Unit: device/lkmZhie number of primary devices per km2.

number of secondary devices (Unit: device/lkmi)e number of secondary devices per
km2.

data traffic from primary devices (video) per perg@Jnit: MB/year/person)Annual data
traffic from primary devices per user. Based on discussion with experts in the topic
area, we assumed that the data traffic grows froen@B (2009) to 2000GB (2015).

average traffic demand per secondary device (UMiB/device/year, Initial value: 500):
Annual data traffic from secondary device. The ded#fic from tooth brush or refrigerator
in the future isn’t that high in contrast to handser laptops thus taking the value 500

seems reasonable for our model.

total traffic demand from primary devices (Unit: M&B12/year):Total annual data traffic

from primary devices.

total traffic demand from secondary devices (UNB/km2/year)Total annual data traffic

from secondary devices.

wireless indoor traffic demand (Unit: MB/km2/yeafptal annual data traffic from both

primary and secondary devices.

T31: Num of non-3GPP LA APs (Unit: AP/km2, Initialue: 300):The number of Wi-Fi

access points per Km

T32 Number of 3GPP LA APs (Unit: AP/km2, Initialue 10): The number of femtocells
per knf.

T33: Number of 3GPP WA BSs (Unit: BS/km2, Initalue: 10): The number of 3G/4G

base stations (sectors) perkm

increase rate in non-3GPP LA APs (Unit: AP/km2/yedihe annual growth rate of non-
3GPP LA APs’ number per Km
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increase rate in 3GPP LA APs (Unit: AP/km2/yedrhie annual growth rate of 3GPP LA
APs’ number per ki

T12: AP self optimizing capability (Unit: dmnl Rasy 0 (low) — 1 (hig)): Refers to self
optimizing capability of femtocells.

femtocells subsidization factofenit: dmnl, Initial value: 1 , Ranges: > =)1 Refers to

willingness of operators to subsidize femtocells.

increase rate in 3GPP WA (Unit: BS/km2/yedif)e annual growth rate of 3GPP wide area
base stations.

T2: wireless indoor traffic (Unit: MB/km2/yearYhe wireless indoor traffic comes from
traffic demand being served by three different saaltcess technologies: non-3GPP LA,
3GPP LA and 3GPP WA.

potential 3GPP LA AP density (Unit: AP/km2, Initisdlue: 500):The maximum number
of femtocells allowed per kin

potential WA BS density (Unit: BS/km2, Initial w&l20): The maximum number of base
stations allowed per km

U3: spectrum policy and regulation flexibility (Undmnl, Ranges: 0 - 1)The maximum
value (one) refers to larger degree of liberal@atand technology neutrality. It is the

function of three variables in the model.
e DELAYED SPECTRUM DEMAND

This is the spectrum demand (delayed by some tirog) operators when there is a

tremendous growth in wireless indoor traffic demand

* The ratio of flexible mobile spectrum to all spects feasible for mobile

systems.
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The total bandwidth of mobile spectrum allocated flexible way out of all
spectrums feasible for mobile systems. In Finlangd the total bandwidth
7545.5MHz, unlicensed spectrums take a share of5888z (Timo and Henrik,
2006).

» SDR (Software Defined Radio) capabilities

Software Defined Radio is a radio in which someatirof the physical layer
functions are software defined. We believe the aflsa common radio platform

plays a positive role on spectrum policy and reguiaflexibility.

ideal non-3GPP LA AP density (Unit: AP/kmZhe maximum number of non-3GPP LA
APs allowed per kfThe total capacity of access points will startiézline if their number

exceeds the limit because of interference issues.

non-3GPP LA AP throughput (Unit: MB/sec/APlhe capacity of non-3GPP local area
access point such as Wi-Fi. Lack of centralized RE®ddio Resource Management) in
Wi-Fi type access points may lead to many problesgg, interference between carriers of
different Wi-Fi APs.

non-3GPP LA AP throughput in 2008fers to the practical peak date rate of IEEE BD@
(e.g. 30% of 54Mbps).

non-3GPP throughput multiplierepresents improvement of the throughput of aressec
point due to new IEEE 802.11x technologies andization of the unused allocated

unlicensed bands such as the 5 GHz band.
3GPP LA AP throughpuilThe capacity of femtocell access point.

3GPP throughput multiplierepresents effects of new 3GPP technology anzatidn of
unused licensed IMT-2000 band.
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U21: share of 3GPP LA out of all LA indoor traffidnit: dmnl, Ranges: 0 - 1)The ratio
of data traffic through femtocell access pointsaliolocal area indoor traffic (Wi-Fi and
femtocell access points).

U22: share of LA out of all indoor traffic (Unidmnl, Ranges: 0 - 1)The ratio of data
traffic through Wi-Fi and femtocell access poirdasatl indoor traffic from the three access
technologies (Wi-Fi, femtocell and 3G/4G).

U23: market share of 3GPP operator of all indoaaffrc (Unit: dmnl, Ranges: 0 - 1Yhe
ratio of data traffic through femtocell access poi@nd 3G/4G base stations (sectors) to all

indoor traffic.

Equations

(01) "3GPP LA AP throughput (femtocells) in 20090:3*7.2/8
Units: MB/ (AP*sec)

(02) "3GPP LA AP throughput'= 3GPP LA AP throughgt#mtocells) in 2009" *
(1+DELAYED ADDITIONAL SPECTRUM)* "3GPP throughput uttiplier”

Units: MB/sec/AP

(03) "3GPP LA APs yearly traffic volume supply'=ti@e yearly usage time per LA
AP*'3GPP LA AP throughput”

Units: MB/AP/year
(04) "3GPP throughput multiplier"
Units: Dmnl
(05) "3GPP WA BS throughput in 2009"= 3*10/8

Units: MB/sec/BS
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(06) "3GPP WA BS throughput'="3GPP WA BS throughput2009"*(1+DELAYED
ADDITIONAL SPECTRUM)*"3GPP throughput multiplier"

Units: MB/sec/BS

(07) "3GPP WA BSs yearly traffic volume supply'=tige yearly usage time per WA
BS*'3GPP WA BS throughput"/8

Units: MB/BS/year

(08) active yearly usage time per LA AP= 365*60*@0*

Units: sec/year

(09) active yearly usage time per WA BS= 365*60*6D*

Units: sec/year

(20) all spectrum feasible for mobile systems= 7545

Units: MHz

(11) average backhaul throughput= 100/8

Units: MB/(sec*AP)

(12) average number of primary devices per person=2

Units: device/person

(13) average traffic demand per secondary devi€®= 5

Units: MB/device/year

(14) AVERAGING TIME=1
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Units: year
(15) “data traffic from primary devices (video) gearson”
Units: MB/year/person

(16) decrease rate in 3GPP LA APs= 0.1*T32 Numbe3@PP LA APs*'T7: fear of
wireless emissions"/TIME STEP

Units: AP/(Km2*year)

(17) "decrease rate in non-3GPP LA APs"= 0.1*'TRLm of non-3GPP LA APS"™*"T7:
fear of wireless emissions"/TIME STEP

Units: AP/Km2/year

(18) decrease rate in number of mobile devices="05: Number  of  mobile

devices"*"T7: fear of wireless emissions"/TIME STEP
Units: device/Km2/year

(19) DELAYED ADDITIONAL SPECTRUM= DELAY FIXED("U3: spectrum policy
and regulation flexibility", 1, "U3: spectrum poji@and regulation flexibility")

Units: Dmnl

(20) DELAYED SPECTRUM DEMAND=DELAY FIXED(unserved iveless indoor
traffic demand/"T2: wireless indoor traffic" , 1nserved wireless indoor traffic demand

["T2: wireless indoor traffic”)
Units: Dmnl
(21) femtocells subsidization factors= 1

Units: Dmnl
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(22) FINAL TIME = 2015

Units: year

(23) flexible mobile spectrum=538.5

Units: MHz

(24) "ideal non-3GPP LA AP density"= 500

Units: AP/Km2 [0,999]

(25) increase rate in 3GPP LA APs= (MIN(potenti@RP LA AP density-T32 Number
of 3GPP LA APs,(unserved wireless indoor trafficmdmd*market share of 3GPP
LA)/"3GPP LA APs yearly traffic volume supply”)*fetmcells subsidization factors*(1-
"T7: fear of wireless emissions")"3*MAX(0.2, (1-T&PP OPEX level)))/TIME STEP

Units: AP/(Km2*year)

For modeling purposes we limit the number of femlioeecess points, because after a

certain density of APs the total capacity won'twgrdue to interference issues.

(26) increase rate in 3GPP WA=(MIN(potential WA Bénsity-"T33: Number of 3GPP
WA BSs",(unserved wireless indoor traffic demandtkea share of 3GPP WA)/"3GPP
WA BSs yearly traffic volume supply))/TIME STEP

Units: BS/Km2/year

Here also, for modeling purposes we limit the nundiéase stations/sectors since there is
a hard limit to the number of sectors due to cdleimonetwork planning by mobile

operator.

(27) ‘"increase rate in non-3GPP LA APs"=((unserveckless indoor traffic demand
*'market share of non-3GPP LA"/'non-3GPP LA APsage traffic volume
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supply”)*(1-"T7: fear of wireless emissions")*3*MAR.1, "T11:device access selection
capabilities"))/TIME STEP

Units: AP/(Km2*year)

(28) increase rate in number of mobile devicesapaikedevice base growth*
MIN((1-"T7: fear of wireless emissions")"3*(1+"UZhare of LA out of all indoor

traffic")*"T11:device access selection capabilitié3

Units: device/Km2/year

(29) INITIAL TIME = 2009

Units: year

(30) market share of 3GPP LA= ("U23:market share3GPP operator of all indoor
traffic"+"U22:share of LA out of all indoor traffig - 1

Units: Dmnl

(31) market share of 3GPP WA= "U23:market share3GPP operator of all indoor
traffic"- ("U21:share of 3GPP LA out of all LA indo traffic"*"U22:share of LA out of all
indoor traffic" )

Units: Dmnl

(32) "market share of non-3GPP LA"=1-"U23:marketrghof 3GPP operator of all
indoor traffic"

Units: Dmnl [0,1]

(33) "non-3GPP LA AP throughput in 2009"=0.3 * 54/8

Units: MB/sec/AP
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(34) "non-3GPP LA AP throughput'="non-3GPP LA APrabghput in 2009"*"non-
3GPP throughput multiplier*(1+DELAYED ADDITIONAL BECTRUM)*the effect of
interference on capacity LOOK UP("ideal non-3GPP I&° density"/normalization
variable for capacity LOOK UP function)

Units: MB/sec/AP

(35) "non-3GPP LA APs yearly traffic volume supptyactive yearly usage time per LA
AP*'non-3GPP LA AP throughput”

Units: MB/AP/year

(36) "non-3GPP throughput multiplier"
Units: Dmnl

(37) normalization variable for capacity LOOK Umétion=1
Units: AP/Km2

(38) normalization variable for OPEX cost LOOK Uké€tion=1
Units: AP/Km2

(39) number of primary devices= average numberiofgry devices per person*number
of users

Units: device/Km2

(40) number of secondary devices="U5: Number of ileatlevices"-number of primary
devices

Units: device/Km2

(41) number of users=2300
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Units: person/Km2
(42) potential 3GPP LA AP density= 500
Units: AP/Km2
(43) potential device base growth
Units: device/Km2/year
(44) potential WA BS density= 20
Units: BS/Km2
(45) SAVEPER =TIME STEP
Units: year [0,?]
The frequency with which output is stored.
(46) SDR capabilities=0.1
Units: Dmnl [0,1]
(47) "T1l:device access selection capabilities"”
Units: Dmnl [0,1]
(48) "T12: AP self optimizing capability"
Units: Dmnl [0,1]

(49) "T2: wireless indoor traffic’= MIN(wireless @oor traffic demand,("3GPP LA APs
yearly traffic volume supply" * T32 Number of 3GRIA APs +"3GPP WA BSs yearly
traffic volume supply"*"T33: Number of 3GPP WA BSshon-3GPP LA APs yearly

traffic volume supply"* "T31: Num of non-3GPP LA AB)
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Units: MB/Km2/year

(50) "T31: Num of non-3GPP LA APs"= INTEG ("increasate in non-3GPP LA APs"-
"decrease rate in non-3GPP LA APs",300)

Units: AP/Km2

(51) T32 Number of 3GPP LA APs= INTEG (increaseeriat 3GPP LA APs-decrease
rate in 3GPP LA APs,10)

Units: AP/Km2

(52) "T33: Number of 3GPP WA BSs"= INTEG (increaate in 3GPP WA, 10)

Units: BS/Km2

(53) T6 3GPP OPEX level=the effect of increasingsAdd OPEX cost LOOK UP(T32
Number of 3GPP LA APs/normalization variable forEdPcost LOOK UP function)*(1-
"T12: AP self optimizing capability")

Units: Dmnl [0,1]

(54) "T7: fear of wireless emissions"=0.05

Units: Dmnl [0,1]

(55) the effect of increasing APs on OPEX cost LOOK([(0,0)-
(2000,1)1,(0,0),(500,1),(2000,1))

Units: Dmnl

(56) the effect of interference on capacity LOOK(Y®0)-
(1000,1)],(0,1),(500,1),(1000,0))

Units: Dmnl
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(57) TIME STEP=0.125

Units: year [0,?]

The time step for the simulation.

(58) total traffic demand from primary devices= rhen of users*'data traffic from

primary devices (video) per person”

Units: MB/(Km2*year)

(59) total traffic demand from secondary devicegerage traffic demand per secondary

device*number of secondary devices

Units: MB/(Km2*year)

(60) "U21: share of 3GPP LA out of all LA indooatfic"= (T32 Number of 3GPP LA
APs*'3GPP LA APs yearly traffic volume supply”)/(3I: Num of non-3GPP LA
APs"*"'non-3GPP LA APs yearly traffic volume supphf32 Number of 3GPP LA
APs*'3GPP LA APs yearly traffic volume supply”)

Units: Dmnl [0,1]

(61) "U22: share of LA out of all indoor traffic’®T31: Num of non-3GPP LA
APs"*"non-3GPP LA APs yearly traffic volume supply”+T32 Number of 3GPP LA
APs*'3GPP LA APs yearly traffic volume supply”)/(S3I: Num of non-3GPP LA
APs"*"'non-3GPP LA APs yearly traffic volume supphf32 Number of 3GPP LA
APs*'3GPP LA APs yearly traffic volume supply"+"T33Number of 3GPP WA
BSs"*"3GPP WA BSs yearly traffic volume supply")

Units: Dmnl [0,1]

(62) "U23:market share of 3GPP operator of all ordwaffic'= (T32 Number of 3GPP
LA APs*'3GPP LA APs yearly traffic volume supply"+ "T33: Number of 3GPP WA

102



Appendix

BSs""3GPP WA BSs yearly traffic volume supply")J81: Num of non-3GPP LA
APs"*"'non-3GPP LA APs yearly traffic volume supphf32 Number of 3GPP LA
APs*'3GPP LA APs yearly traffic volume supply"+"T3Number of 3GPP WA
BSs"*"3GPP WA BSs yearly traffic volume supply”)

Units: Dmnl [0,1]

(63) "U3: spectrum policy and regulation flexibylit 0.5* SMOOTHI (DELAYED
SPECTRUM DEMAND, AVERAGING TIME, 0)+0.2*SDR capdities + 0.3*(flexible

mobile spectrum/all spectrum feasible for mobilsteyns)

Units: Dmnl [0, 1]

(64) "U5: Number of mobile devices"= INTEG (increasate in number of mobile
devices-decrease rate in number of mobile devid#3¥))

Units: device/Km2

(65) unserved wireless indoor traffic demand= wessl indoor traffic demand - "T2:

wireless indoor traffic"

Units: MB/Km2/year [0,?]

(66) wireless indoor traffic demand= total trafiemand from primary devices + total

traffic demand from secondary devices

Units: MB/Km2/year
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