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SUMMARY 111

Summary

Tlie ways in which networks are built, owned and controlled have evolved in recent 

years. The traditional m odel, of a single entity owning or somehow participating in the 

entire telecom m unications value chain, has begun to fragment. New and interesting  

ownership structures have started to emerge in the telecom m unications industry and 

are beginning to shape and influence how the industry progresses. The premier barrier 

to entry to creating a viable wireless network service has, up to this point been the 

ability of new market participants to own or somehow gain access to the resources 

that make up a wireless network, specifically the infrastructure and the si)ectnim . 

However, there are two movem ents within the world of wireless com m unications that 

have done much to challenge this resources ownership paradigm, si)ecifically User 

Deployed Infrastructures (UDIs) such as small c e lls |l | and Dynamic Spectrum Access 

|2|. These two growth areas enable access and control of two key comi)onents of any 

wireless network, the infrastructure  and the spectrum. The scenario on which this 

thesis is based is one whereby the provision of wireless service is crowdsourced through  

the use of UDIs and easily accessible, temporary spectrum . If the concepts of dynam ic 

spectrum  access m odels and user deployed e(iuii)ment are integrated we come to the  

idea of geographically distributed and independent service providers offering wireless 

connectivity to users in their locality. The focus of this thesis is the development of a 

framework to enable these kinds of crowdsourced networks of what we call Independent 

Network Coaltions (INCs). The thesis approaches this task by tackling the problem  

on two different fronts. Firstly, this thesis devises a Spectrum  M anagement System  

(SMS) by which the Independent Networks can acquire spectrum  in a DSA fashion, 

small granularities of tim e, spectrum  and geographical area. This SMS includes a build 

in interference m anagem ent strategy that is capable of adapting to the constantly  

changing nature of the sjjectriim, both in terms of ownership and mode of usage. 

Secondly, this thesis creates a m echanism  to allow m obility between otherwise disparate 

networks that lack the level of integration that is normally relied uj^oii for handover 

throughout a network. This mechanism does not depend on any coordination or 

com m unication between participating networks. Furthermore, the ideas and concepts
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IV SUMMARY

posited in this thesis, which represent sohitions to  tackle the challenge of creating a INC 

framework, are tested are verified extensively by the construction of various working 

pro to types of various constituent parts of the framework.

The thesis also provides an overview of the current work in both  the fields of 

spectrum  m anagem ent and m obility m anagem ent where relevant and also provides 

m otivation for Independent Network Coalitions by contextualizing the breakdown 

of ow nership and control models w ithin telecom m unications w ith similar p a tte rn s 

th roughou t society as a whole.
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1. INTRODUCTION 1

1 Introduction

1.1 Overview

This thesis is a collection of works that go towards constructing a framework tha t 

enables independent networks to form Coalitions. Independent Network Coalitions 

(INCs) are small collections of gcograi)hically adjacent or co-located networks that 

knit together to act as one network for a certain period of time, without imposing 

a great deal of organizational overhead upon the networks. The concept of INCs 

draws ins{)iration from socio-economic trends of collaborative consumption and 

crow'dsourcing.

This thesis posits tha t INCs are the next step towards distributedly ow'ued networks, 

on a ijath on which the proliferation of Wifi and user deployed cellular networks such 

as femto cells (small cell technology) have already paved the way. The product of this 

thesis is the Independent Network Coalition framew'ork, which is a composite system of 

several mechanisms, protocols and procedures tha t have been developed to combat the 

various challenges th a t  arise in the pursuit the integration of independently controlled 

wdreless systems. The framework will endeavour to enable as smooth an integration 

as ])ossible from a user perspective, while maintaining a level of autonomy of control 

and ownership from the perspective of the network j)roprietors. Furthermore, the 

framework endeavours to achieve this integration while imposing as little overhead on 

the participating networks and to enable coalitions to form in a very unplanned and 

organic manner. In addition this thesis will place a premiinn on the experimental 

verification of the ideas put across in an effort to reinforce their feasibility.
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2 1 . INTRODUCTION

1.2 Change on the Horizon

The ways in which networks are built, owned and controlled have evolved in recent 

years. The traditional model, of a single entity owning or somehow participating in the 

entire telecommunications value chain, has begun to fragment. New' and interesting 

ownership structures have started  to emerge in the wireless communications industry 

and are beginning to shape and influence how the industry progresses. This chapter 

will outline, discuss and analyse the different factors and trends th a t  have led to these 

changes and will a t tem pt to pinpoint the different sources of inertia from both within 

the telecomnmnication industry and from external agents th a t  have caused a shift in 

mindset. The chapter will then go on to discuss a new concept in the formation of 

wireless cellular networks, the Indei)endent Network Coalition and dem onstrate how 

this concept fits into this new ownership and control trend within telecommunications 

a whole. Section 1.3 discusses the evolution of ownershij) and control structures within 

the teleconununications industry. Section 1.4 traces the different influences of this new 

mindset from different sources outside the teleconununications industry. Section 1.5 

lays out the new model of networks tha t are being pro])osed in this thesis, Section 1.6 

details the objectives and contributions of the thesis. Section 1.7 gives a map of the 

thesis. Finally, Section 1.8 itemizes the publications tha t relate directly to this thesis.

1.3 The Breakdown of Control and Ownership  

Models in Wireless Communications

W hen cellular mobile networks came to  prominence in the 1980s with cellular systems 

such as N T T  in Japan, NM T in the Nordic countries and AMPS in the US, |3] it quickly 

became a cornered market w'ith very few competing entities emerging in each market. 

This pattern  made sense since the m arket presented huge barriers to entry in terms of 

spectrum  owaiership and infrastructure deployment. In addition, this model of network 

ownership and control was suitable to the nature  of the industry as this homogeneity 

of control boosted the usefulness of the cellular networks in th a t  it lent itself to global 

harmonization and mobility. One of the first challenges to this ow'nership model came 

in the form of Mobile V irtual Network Operators (MVNOs). MVNOs emerged as an 

entity th a t  separated the sale of the service of cellular mobile access to the actual
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provision of the service. MVNOs exist in many forms from ones th a t  simply provide 

sales, marketing and branding of a network while renting service wholesale from MNOs, 

to  those th a t  exist as hybrid providers, renting some parts of the network while owning 

other ])arts themselves. MVNOs serve many positive purj)oses; they challenge some of 

the market dominance enjoyed by the incumbent MNOs while allowing the MNOs to 

monetize their resources which may have previously been sitting fallow.

From this point, the ownership and control models have continued to fragment 

across many facets of the wireless communications industry and inter-operator resource 

sharing has become prevalent in many different forms (sitesharing and mastsharing 

to name a few). Basestation sharing has proved quite nnitually beneficial in rural 

areas where wireless networks are sparsely used and can be easily serviced by a single 

basestation. Many different parts  of the teleconmmnications infrastructure have come 

to be shared by different operators for a variety of different, mutually beneficial reasons.

As previously mentioned, the large barriers to entry have been one of the main 

influences in maintaining the s ta tus quo of ownership and control within the industry. 

While M \'N O s have been able to overcome this barrier in certain respects, the 

ownership and control of the network and the resources that com])rise it have remained 

largely unchanged by the advent of M \'N O s. However, there are two movements within 

the world of wireless communications that have done much to challenge this resources 

ownership paradigm, specifically User Dei)loyed Infrastructures (small cells)|1| and 

Dynamic Spectrum Access |2|. These two growth areas enable access and control 

of two key components of any wireless network, the infrastructure and the spectrum. 

The area of User Deployed Infrastructures (UDI) has come to prominence from both 

within the traditional wireless value chain in the form of femto cells and in the form of 

an external wireless value chain, namely Wifi.

Small cell or femto cell technology has come to prominence as a possible solution 

to s])ectrum capacity problems. A small cell is a small cellular base-station, typically 

designed for use in a home or small business. It connects to the service provider’s 

network via broadband such as DSL or cable |1|. 802.11 technology or Wifi came 

about as a method of creating a local area connection within a home or business 

in a wireless fashion. This technology utilizes the unlicensed Industrial, Scientific 

and Medical (ISM) spectrum  bands so th a t  it can be used without the prohibitive 

overhead of a spectrum license. Since its introduction in the 1990s, 802.11 technology 

has exploded in popularity and has firmly entrenched itself as both  a com])lenientary 

and competitiv’e market presence within the world of wireless conmmnications. In fact, 

Thanki |4| points out th a t  cellular operators save between 30-90 billion US dollars a
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year through offloading ceUular d a ta  users to Wifi. These are two clear exanij)les of 

how the trad itional ownership models of wireless infrastructure have begun to break 

down.

Owaiership structures surrounding spectrum  have gone through changes recently in 

different ways. Inefficient usage of spectrum  by long-term  incum bents has sta rted  to 

cause an apparent spectrum  scarcity in the world of wireless com munications. These 

inefficient spectrum  m anagem ent techniques, and the fallow^ spectrum  blocks th a t they 

proliferate, have given b irth  the the research area of Dynamic Spectrum  Access (DSA).

The term  DSA encompasses a wide variety of approaches from more structured  

approaches such as dynam ic spectrum  allocation where users are able to freely trade and 

exchange spectrum  to  suit their needs; to  hierarchical access structures with prim ary 

and secondary users; to  com pletely open spectrum  commons models, whereby there 

are no owners of any spectrum  and all users employ sophisticated algorithm s and 

strategies for seamless coexistence [5|. In the Dynamic Spectrum  Allocation model, 

spectrum  is tem porarily  assigned to services for their exclusive use |5|. This concept 

is explored in detail in (6) where a common spectrum  block known as a C oordinated 

Access Band (CAB) is established. This band is m anaged by a spectrum  broker from 

which any user can request and be assigned sijectrum  on which to  operate (This is just 

one exam ple of a huge area of research). This spectrum  access model is api)ealing to 

potential sm aller operators because it presents an opportunity  for an operator to  use 

spectrum  exclusively, w ithout the sizeable overhead of j^urchasing j)erm anent spectrum . 

The Dynamic Spectrum  Allocation model opens the door to  more flexible spectrum  

pricing models wdiereby a sm aller operator can purchase the use of a small am ount of 

spectrum  for a small geographical area for a relatively small am ount of money. The 

basic m otivation of all the diff'erent forms of DSA technology is to  somehow decentralize 

the  control and ownership of spectrum  and devise algorithm s and mechanisms th a t 

allow the use of spectrum  in more efficient and autonom ous w'ays. W here User Deployed 

Infrastructures enable the d is tribu ted  ownership of a key com ponent of the wireless 

com m unications network: the Infrastructure, DSA enables the d istribu ted  ownership 

of another key com ponent of the wireless netw^ork: the Spectrum.

Before delving into a discussion about the interesting kinds of netw'orks th a t these 

new ownership paradigm s enable, the next section unravels some of the trends and 

ideas from outside the environm ent of wireless com mim ications th a t provoke the idea 

of w hat could be referred to  as Crowdsourced Networks.
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1.4 Trending towards New Ownership Paradigms

C ollabora tive  co iisv iiiip tion  and crowdsourcing are two in tr in s ica lly  linked 

socio-economic concepts th a t have come to  prominence in recent years. C o llabora tive  

consum ption as an economic model is defined as sharing, swapping, trad ing , ren ting  

products and services or enabling access over ownership |7]. C rowdsourcing is the 

com pletion  o f a goal th rough en lis ting  the in p u t o f a large num ber o f people (8|. 

The form  th a t th is  in p u t can take varies w ide ly  from  the com pletion o f tasks to  the 

provision o f financing. The o u tp u t could range from  perform ing geological surveys on 

M ars [9j to  p rov id ing  advanced fund ing  fo r a sm all music band to  p u t on a gig |10].

I t  can be said th a t crowdsourcing and co lla lio ra tive  consum ption are very closely 

linked and are often though t o f interchangeably. C learly  the concej)ts o f sharing 

resources or co llabo ra ting  in  order to complete a task are not new and indeed examples 

o f bo th  can lie dem onstrated throughout human history. However, the idea o f the 

"sharing  economy" as a d is rup tive  business s truc tu re  began to  emerge in the m id  2000s. 

^ ’ochai Benkler w ro te  two seminal texts on the concei)ts o f Open-source p roduction  |11| 

and the shared consum ption o f goods |12]. These conce])ts have grown in p o p u la rity  

over recent years bo th  from  a theoretica l, academic standpo in t and in practice. F igure 

1.1 shows the increase in the use o f the term  crowdsourcing th roughou t texts  on 

the In te rne t in  bo th  its  capita lized and uncapita lised form . S im ilarly , co llabora tive  

consum ption was m entioned ju s t 14 times in  documents on Google scholar up to  2005 

b u t since then has been mentioned in over 800 texts th a t are indexed by Google scholar 

|13|.
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the term  "crowdsourcing" 
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P ractical exam ples of crowdsourcing and collaborative consum ption can be seen 

in many different environm.ents. In 2001 former ])hilosophy professor Larry Sanger 

and entrepreneur Jim m y Wales s ta rted  a non profit website th a t aimed to provide 

a com prehensive, free, online encyclopaedia service to  anyone who needed it namely 

W ikipedia [14], Originally they intended for the database of articles to be populated by 

specific experts in the relevant field bu t this proved restrictive so in January  2001 it was 

opened up to  contributions from the general public and by 2007 the site boasted nearly 

10 million articles in over 270 different languages |3]. Crowdsourcing has also found a 

place in the  commercial world w ith com panies such as InnoSentive |8|, a pharm aceutical 

company, posting research issues online to  be solved by Pharm aceutical experts around 

the world for a fee. K ickstarter [15] brought the crowdsourcing ])aradigm to the sphere 

of venture capitalism  when they developed a platform  for budding entrepreneurs to 

pitch their business ideas to  the In ternet com m unity in search for funding. T he platform  

allows for funding goals to be met by large am ounts of small financial contributions 

from interested parties across the In ternet.

The collaborative consum ption cu lture has also seen many practical successes. Bike 

sharing system s have enjoyed global grow th in recent years w ith 515 program s cropi)ing 

uj) in cities across the world, boasting a collective fleet of over 517,000 bicycles |1C). 

This idea of shared transpo rta tion  has even spread to cars w ith system s like Zipcar jl7 | 

having an estim ated  767,000 mem bers worldwide. This shift in m indset has perm eated 

throughout society and has even altered how people think about the ownershij) and 

consum i)tion of their own homes. New models of domicile sharing have emerged in both  

com mercial and non-comm ercial forms. Couchsurfing |18] is an online com m unity in 

which people express an in terest in either providing or availing of a spare couch for a 

person to sleep and an opportun ity  to  share a cu ltu ra l/soc ia l experience. The premise 

is a pay-it-forward scenario whereby you provide someone w ith a place to  stay  and 

someone else will in tu rn  provide you w ith tem porary  accom m odation. AirBnb [19| is 

a more com mercial version of this idea whereby people rent all of or p a rt of their homes 

to  holiday m akers, this offers an alternative to the im personal experience of a hotel to 

the consum er, while providing the proprietor w ith the ability to  m onetize their spare 

living space.

Moving back into the wireless sphere, the notion of distributively owned and 

controlled networks has already been posited in several forms. As a brief example, in 

(20) and [211 the possibility of using user equipm ent as an infrastructure for performing 

d istribu ted , collaborative spectrum  sensing is discussed. The idea being th a t large 

groups of people, theoretically  everyone w ith user equipm ent, performs spectrum
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sensing operations which is then reported back to some central entity which utilizes 

the information in some way.

Another example th a t  is perhaps more analogous to the kind of scenario being 

proposed in this thesis is tha t of the Wifi sharing community "Fon" [22]. Fon is a 

Spanish company, founded in Madrid by Martin \ ’arsavsky. Since being founded in 

2005 it was enjoyed commercial success, entering into collaborations with the likes of 

BT (resulting in BT-Fon) and Deutsche Telekom [23]. The principal of Fon is th a t  

members offer up part of their bandwidth and in exchange are granted access to other 

participating Wifi nodes. The service also allows for users to receive payment for the 

use of their bandwidth and also for people to pay for access to other nodes w ithout 

offering up any of their own bandwidth. As of May 2014 BT-Fon boasted 4.2 million 

hotspots and expects th a t  number to rise to  10.5 million by 2018 (24|.

In addition to these technical and sociological trends towards distributed ow’nership, 

there is sco])e for new kinds of networks from an economic standpoint. The dem and 

for mobile da ta  is ever increasing while pricing models for access are remaining low. 

The demand for unlimited da ta  has not been met with a willingness to pay for it 

under the current model. Today’s model of wireless da ta  provision is (piickly becoming 

unsustainable. There is a clear need to redistribute control of resources, create new 

networks, improve technology and manage costs. All of these factors lead us to the 

conclusion th a t  a paradigm shift in the way network services are provided is looming.

Rather than  telecommunications infrastructure being owned and controlled by a 

small number of service providers, could it be feasible tha t it could be owned in a 

very distributed fashion? To put it another w'ay, imagine a world where anyone who 

wished to provide wireless coverage could simply purchase some cheap, user dej^loyed 

infrastructure and connect it to their broadband, request the use of a small am ount of 

spectrum  through some dynamic spectrum allocation system and subsequently be ready 

to provide service. In this model, small coalitions of service providers could provide 

service for a particular locality or even sell the use of their infrastructure to virtual 

mobile network operators. It is conceivable th a t  instead of investing in infrastructure 

in a particular area which may prove overly costly, an operator could rely on the 

coverage provided by smaller, local coalitions.' It is these kinds of ideas th a t  serve as 

the principal motivation of this thesis.

'There has been cases where local coinniuiiities in Mexico have installed cellular basestations and 
formed local community-wide networks |25]
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1.5 Independent Network Coalitions

The scenario on which this thesis is based is one whereby the provision of wireless service 

is crowdsourced through the use of UDIs and easily accessible, temporary sj)ectrum. 

I f  the concepts o f dynamic spectrum access models and user dej)loyed equipment are 

integrated, arrive at the idea of geographically d istributed and indej)endent service 

providers offering wireless connectivity to users in the ir locality. As spectrum could 

po tentia lly  become available easily through a spectrum broker approach, any interested 

party can decide to provide services in an ad hoc and uncoordinated manner.

tr
^  Coalitions of Independent 

Networks

Coalition 1

Coalition 2

For the purposes of this discussion consider a number of indei)endent service 

providers A, B, C, D and E as depicted in Figure 1.2. Each service jjrovider network can 

have one or more base-stations or access points but for the sake of c la rity  we currently 

consider the network as consisting of one base-station. Ind iv idua l service providers erect 

base-stations in different geographical locations and use what spectrum they can find 

to offer services to  users in tha t location. Service providers in Figure 1.2 could deploy 

dynamic spectrum access techniques over a wide range of frequencies. Consider now 

the situation in which service providers A, B and C w'ish to form a coalition in order to 

allow’ m ob ility  across the ir service areas. For this to be feasible, a system tha t allowed 

for the ir seamless integration w'ould be necessary and furthermore, each network would 

have to be deployed in such a way tha t would allow for such an integration to occur 

easily, regardless o f whether or not such an integration ever takes place. This necessity 

leads to what is the prim ary goal in th is thesis, to devise a framework tha t w ill 

enable independent networks acquire spectrum in an autonomous manner and enable 

independent networks to kn it together to form a coalition, essentially a crowdsourced
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network. In this thesis the notion of crowdsourced network is referred to as Independent 

Network Coahtions. This INC framework, inspired by socioeconomic and technological 

trends, aims to further disrupt the s ta tus quo in the sphere of wireless communications 

and suggest a new direction in how cellular wireless networks are formed, owned and 

controlled.

1.6 Objectives 8̂  Contributions

In order to distil a more penetrable list of goals from the wider target of constriicting 

a INC enabling framework, we consider what continuant parts  would be included in 

sucli a framework. Upon considering this, two areas s tand out as appropriate spheres 

to tackle the challenges we have outlined above:

1. The design of a system by which Independent Networks can efficiently acquire 

spectrum, and a mechanism by which the spectrum  can be managed effectively, 

more specifically:

(a) A process by which s])ectrum tisage can be assigned and managed.

(b) A process by which the interference can be managed within this 

assignment system th a t  accounts for the highly changeable natiire of the 

assignments.

2. A mechanism to allow mobility between these otherwise d isparate networks, 

while striving to maintain some level of autonomy between the networks, more 

specifically:

(a) A process th a t  identifies a coalition to  its end user participants.

(b) A process th a t  enables the handover process between participating 

coalition members, without disrupting the autonomous nature  of the 

Independent Participants.

The method of spectrum acquisition desired for this INC framework must have 

certain characteristics, it nuist lend itself to a very fine granularity of both  temporal 

and geographic ownership. The built in spectrum  licensing interference management 

aspect of this service must be capable of a certain level of dynamism in accordance with 

the changeable nature of the spectrum ’s ownership. As for the mobility mechanism, 

obviously seamless mobility between independent networks nnist be the primary 

objective. In addition, the mechanism must require as little coordination between 

independent networks as j)ossible leaving the resj)onsibility of executing the handover
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to the terminal station itself. Furthermore, in designing this mechanism we must 

strive to ensure as much no more control than  necessary is taken from the independent 

networks themselves.

In an effort to  fulfil these objectives, the following contributions have been made:

•  A Spectrum Management System tha t assigns spectrum to participating 

Independent Networks and manages th a t  spectrum  in an efficient and dynamic 

fashion.

•  Two distinct and complementary interference management mechanisms th a t  

interact with the Spectrum  M anagement System to j)rovide a comprehensive 

approach to  interference mitigation between Independent Networks.

•  A mechanism th a t  allows mobility between otherwise disparate networks 

th a t  lack the level of integration th a t  is normally relied upon for handover 

throughout a network. This mechanism does not depend on any coordination or 

communication between participating networks.

•  A number of proof of concept implementation tha t verify the feasibility of the 

ideas proposed in this thesis in a real setting.

1.7 Map of Thesis

The thesis is laid out as follows: Chapter 2 discusses Spectrum Management specifically 

focusing on topics relevant to Dynamic Spectrum Access before continuing on to 

outline the Spectrum  Management System th a t  will govern the Independent Network 

Coalitions access of spectrum, this chai)ter relates to objective 1(a).

Chapters 3 & 4 outline two different methods of calculating Spectrum Mask levels , 

which in turn  fit into the wider Spectrum Management System outlined in the previous 

chapter. These chapters relates to objective 1(b). Chapter 5 discusses mobility and 

handover in general before delving into the requirements of the Independent Network 

Coalition framework in term s of handover and mobility. The chapter then goes on to 

outline the mechanisms created to fulfil these requirements. This chapter relates to 

objective 2. C hapter 6 outlines, discusses and analyses the prototyping th a t  has been 

carried out to verify the different components of the Independent Network Coahtion 

framework which is a m ajor priority for the thesis. Chapter 7 concludes the thesis.
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2 Spectrum Management for 

Independent Network Coalitions

2.1 Introduction

One of the key challenges in designing a framework for these more organic unplanned 

networks will be the design of a licensing regime th a t will define their use of the 

spectrum  and sufficiently m anage interference. For Independent Network Coalitions to 

operate and exist in the m anner th a t we have described, i.e. for independently owned 

networks to  jjrovide coverage in the form a cellular network or otherwise, the networks 

will have to have available to  them , a m ethod of autonom ously acquiring spectrum  

on which they can transm it. The transm it rights could be exclusive and i)otentially 

for a very fine level of granularity  in term s of bandw idth, space and time. Spectrum  

regulation has come on in leaps and bounds in recent years from the days of com m and 

and control, when spectrum  licenses were long term  and very costly. Spectrum

liberalization, as well as the technologies surrounding it have evolved considerably 

in recent years, allowing for a broader range of players to  enter the wireless sphere. 

The opportun ities presented by these changes are encouraging when considering the 

requirem ents of the  INC framework. Ideally, if a private user were able to  easily rent 

a small am ount of spectrum  for a short period of tim e, this would break down one of 

the m ajor barrier to  entry in the j)rovision of wireless com m unications services.

This chapter will discuss the developm ents in spectrum  m anagem ent th a t can enable 

INCs to operate from both  a regulatory and a technical perspective. The evolution of 

how' spectrum  is owned and licensed is outlined briefly before entering a discussion 

of the technical realizations of spectrum  liberalization in the form of a sum m ary of 

the field of dynam ic spectrum  access. It then goes on to  isolate the regulatory and
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technical develoj^ments relevant to the proposed solution and outlines the spectrum 

management framework th a t  we envision for Independent Network Coalitions.

Section 2.2-2.4 will provide the background and s ta te  of the art bo th  in terms 

of spectrum  management licensing and technology surrounding the field of Dynamic 

Spectrum  Access. Section 2.6 will outline the system for spectrum licensing and 

management for crowdsourced networks and section 2.7 will conclude the chapter.

2.2 A Summary of Spectrum Management

Radio Spectrum is a finite natura l resource and as such invites regulation to ensure 

its proper use.|27| Spectrum differs from many natura l resources in tha t it is occupied 

instead of consumed. Spectrum can be occupied in the sense tha t users transm itt ing  at 

the same location and frequency could interfere with each others transmissions, making 

both of their efforts futile. Theoretically, spectrum  is a plentiful resource in the sense 

tha t the spectrum band goes from IHz to a virtually infinite upper bound. However, 

not all spectrum is suitable for all applications and some spectrum has not as of yet, 

proved usable in a meaningful way. The effective hnite nature of spectrum  creates a 

need for it to be regulated. This regulation can be complex and exists at different 

levels from national (FCC, OFCOM  etc) to international (ITU). |28|

In the beginning of sj)ectrum regulation, the regulators were tasked with assigning 

spectrum  in a m anner th a t  would maximise the benefit to the public, seeing spectrum 

as a public natura l resource. To this end, when more than  one applicant sought to 

use a ])articular block of sj^ectrum, they would participate in hearings ito determine 

which of the parties could best serve the public interest through their use of said 

spectrum. These regulatory processes however were not imnnme to political influence 

and corruption. For example in the US, when a large numl)er of applicants wTre received 

for the cellular services, the FCC realized th a t  the traditional system of comparative 

hearings would not be feasible in this band and instead utilized a lottery system between 

applicants th a t  met certain criteria. The licenses were then assigned to applicants at no 

cost and when some w'ere sold for a huge profit the regulators came to realize tha t there 

was huge value associated with these licenses and begun the processes for competitive 

bidding for licenses from 1993 onw'ards.

W ith  spectrum  being widely used both in commercial and public scenarios, the job 

of the regulator is to attemj)t to maximize the benefit to society while ensuring effective
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interference management between the users of the medium. For the most part, the 

regulator chooses both wlio uses the spectrum and what it is used for. This tight control 
of the spectrum  has clear benefits. Firstly, it facilitates interference management 
in that having complete control over the output on a particular band, allows for 

complete control over the interference output from that band. Secondly, control over 
what technology is used allows the regulator to coordinate and ensure continuous 
coverage over its area of control e.g. pan-European coverage for a cellular technology, 
allowing users to roam easily. A example of a problem created by insufficient/improper 
coordination can be seen within Long Term Evolution (LTE) as the US has different 
bands assigned for this technology than the rest of the world, preventing roaming 
between regions. Thirdly it allows for efficiencies in the manner in which bands are 
assigned. By grouping like technologies together causes less interference and hence 
allows the regulator to pack the different users together more tightly. |29|

2.3 Problems with the Top Down Model

While the traditional, more top down models of spectnnn management have proven 
to be effective in some respects and have clear benefits, disruptions within the 
telecommunication industry has forced us to reconsider everything about the way 
we manage spectrum in an effort to increase efficiency. The increase in mobile data 
usage has consistently confounded expectations and does not show any signs of slowing 

down. [30]

This consistent increase in usage must be met with an appropriate increase in 
resources, including spectrum. Despite this apparent spectrum scarcity, there has also 
been extensive evidence published, discussed and analyzed by the Spectrum Occupancy 

Company |31]|32][33]|34||35|, the FCC [36] and others [37] tha t suggest tha t large 
portions of spectrum are grossly underutilized.(It should be noted tha t these power 
measurements do not accurately reflect low power spectrum occupancy)
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Spectrum Occupancy 
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Spectrum  Occupancy

An exarn{)le of thLs is shown in Figure 2.1 [S?) where it can be seen that for the 

majority of bands, the spectrum is significantly underutilized. An examination of the 

manner in which spectrum is managed and regulated has resulted in many inefficiencies
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being pointed out.|38]|39]. While the current system may prevent interference it is also 

likely tha t it is not the best approach to maximize the economic value |29]. This issue 
of inefficiently managed spectrum is one tha t has been mused for a long time, Nobel 
prize winning M artin Coase spoke about market solutions for spectrum management 

as early as 1959 [40]. While there will always be spectrum unused some of the time 
and some inefficiencies are unavoidable, there are huge potential benefits to spectrum 
deregulation and liberalisation. When spectrum deregulation and liberalisation are 
combined with Spectrum Access technologies, the potential benefits may be amplified 
(as discussed later in this chapter).

2.4 Market solutions to spectrum regulation

The recurring theme when considering the development of spectrum regulation is that 
of spectrum  trading and more generally, the use of market forces to drive spectrum 
assignment as an alternative to a toj) down ai)])roach. This is the idea tha t spectriim 
can be sold, rented or leased to another user other than the original holder of the 
license. The idea being th a t without any transaction barriers, the market will find the 
most efficient use for the spectrum  and if spectrum is not being used or even not used 
efficiently, it will economically benefit the holder of the license to sell or in some way 
trade the use of this spectrum to an operator tha t has a better or more efficient use for 
it.[29| One of the most critical factors in the success of a market solution for spectrum 

is appropriately defining property rights for tha t spectrum. This is an issue tha t will 
be discussed a little later. Cave |29] defines efficiency in three ways:

1. Pareto efficiency : This is said to be achieved when no party can be made 
better off by any exchange without making another party worse off.

2. Inform ational efficiency : when prices accurately reflect the underlying value 
of a resource.

3. O perational efficiency : when markets work efficiently from an institutional 
perspective.

In order to achieve these kinds of efficiencies a number of criteria irmst be met:

1. Thick markets : There needs to be many buyers and sellers in a market.
2. No M arket power : there is no trader tha t is large relative to the market.
3. Property rights : property rights over the spectrum need to be well defined 

and transparent.
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4. F u ll  i n f o r m a t io n  : information about the property rights need to l)e readily 

available.

5. N o  u n fo re s e e n  e x t e r n a l i t i e s  : use of spectrum does not impose any costs 

upon another party.

While the benefits of achieving economic efficiency through a m arket driven 

spectrum  solution are attractive, some consideration must be given to the potential 

negative effects of such an approach, the most significant of which is the potential loss 

of harmonization th a t  could result from allowing spectrum  to be freely bought and sold 

for use for any purpose. An example of the negative effects of a lack of harmonization 

can be seen in the contrast between the Second Generation (2G) roll out in the EU 

and the US. In the EU, the band for GSM was assigned on a pan European basis 

which created critical mass for good economies of scale which in tu rn  catalysed the 

technology in the region.On the other hand, a variety of standards emerged in the US, 

which resulted in a comparatively slower rate of 2G penetration in the US market. 

As such, unilateral regulation streamlined the process and boosted the efficiency. The 

fungibility of spectrum  as a resource is another im portant factor in the consideration 

of a market driven solution for spectrum assignment. Fungibility is a measure of how 

easily one good may be exchanged or substitu ted  for another examjjle of the same 

good at ecivial value. In the case of spectr\im we are interested in how easy it is to 

exchange or substitu te  the the S])ectrum used in delivering a service from one range of 

frequencies to the other |41]. There is no doubt th a t  certain spectrum  is less useful for 

some apj)lications and if all of the market demand is for one kind of sjiectruni while 

all the supply is for another, then there is no liquidity in a market. This scenario can 

even arise in a period of plentiful supply and strong demand, leading to inefficiencies. 

Several studies have investigated the fungibility of spectrum  [42] and analysed its effect 

on spectrum  trading |43]. Despite this, market solutions remain a viable strategy to 

achieve efficiency of spectrum  utilization. However, it is not this efficiency th a t  a ttracts  

us to a market solution to spectrum  regulation in the context of this thesis. A market 

approach enables new ownership structures to emerge, ones tha t could indeed prove 

beneficial to independent networks striving to acquire spectrum.

2.4.1 Property rights

The im portance of property rights to a regime endeavouring towards an efficient market 

solution for si)ectrum assignment were mentioned earlier. As things currently stand, the
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definition of p roperty rights when it conies to spectrum is somewhat vague. Operators 

are issued with 3^early renewable hcenses tha t liave a ’reasonable expectation’ of being 

extended.(29] This kind of uncertainty creates a problem in the context of moving 

to a system th a t  allows secondary trading because it makes valuation and estimation 

of risk difficult and feeds market uncertainty. The solution to this is to a t tem p t to 

more clearly define property  rights as is the case for other assets such as land. Coase 

(40] outlines how' a property  rights framework should be set up in order to achieve an 

efficient market. The contention is th a t  any set up would evolve to a point of efficiency 

provided that:

•  Property  rights over the spectrum  are clearly and precisely defined

•  There are no transaction costs

•  Efficiency is defined without reference to distribution of income

The crux of this notion is th a t  if there are tradeable, rights then the market will 

naturally  adjust to the most efficient version of itself. In terms of what form these 

rights would take, one aspect th a t  seems to be of importance to the success of any 

market solution is th a t  of the tenure of the license. Considering an operator may have 

to invest millions, possibly billions in the infrastructure, a more concrete definition 

of w hat a purchase of a spectrum  license would actually entitle them to in terms of 

longevity is desirable. Cave (29] certainly contents th a t  the most beneficial apj)roach 

would be to make a license perpetual as it would be with land. The argument being 

th a t  tem porary  licensing can cause problems with contimiity of service. Taking the 2G 

bands for example, if when the licenses associated with this service runs out, will users 

be left w ithout service? and if not, what will this negotiation for new licenses look 

like? Furthermore, in a system where spectrum licenses have become tradeable and 

transferable, any spectrum  being unused or even underused would surely be traded, 

swapped or even rented until it reached its utilization potential. In (29] a number of 

o ther considerations are made with regard to what form these property  rights w'ould 

take;

•  W hether or not to impose an annual charge on license holders. This charge 

w'ould need to be low’ enough so that it does not reduce interest in the spectrum. 

Preferably it would also be non-discretionary to prevent uncertainty when j)ricing 

the spectrum.

•  An effort should be made to avoid windfall profits w'hen changing to a market 

based system. This could occur if current holders of spectrum  w’ere given 

autom atic property rights over the spectrum they currently hold licenses for.

•  W hether or not all spectrum  be put on the market and sold.
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•  W h e th e r  or not sub le t t ing  of spec trum  should be allowed and  if so w hat 

restric tions (if any) should be pu t on it.

T h is  last point leads us onto ano the r  in teresting  topic w hen considering a  sys tem  of 

m arke t  based sp ec tru m  and  how they  m ay prove useful to  an independen t network: 

b a n d  m anagem ent.

2.4.2 Band Management

In a regime w ith  sp ec tru m  liberalization an d  trad ing , j)roblems can arise as a  result of 

these  freedoms. These  problem s can be caused by small holdings, a  lack of knowledge 

or f ragm ented  ow nership.|29 | A rem edy  to  these problem s th a t  has been suggested  is 

one of in te rm ediary  b and  m anagers. If proj)erty rights  on spec trum  developed such 

th a t  tem j)orary  ren ting  or leasing of sp e c tru m  were allowed, then  the  emergence of this 

k ind of body  in the  sp ec tru m  value chain would be a d istinct i)0ssibility. These  band  

m anage r  entities could po ten tia l ly  take  m any  different forms, from the conservative 

vision of an j)rivate adm in is tra t ive  body  to  which the  mechanics of the  m anagem en t 

of sp ec tru m  is ou tsourced , to  m ore am bitious  notions of a connnercial en ti ty  ren ting  

access to  a "private  com m ons" for use by complex cognitive radios. For the  m om ent 

we are  going to  focus on the  case of a comm ercial en ti ty  ren ting  licensed access to  a 

band . T he  emergence of such an en ti ty  could produce  m any benefits. Firstly, these 

])rivate in term ediaries  could utilize the  spec trum  m ore efficiently th a n  the  regu la to r  

or a single en ti ty  could by devising more intelligent way of div iding the sj)ectrum. 

Secondly, it could open uj) the  m arke t for smaller users, users th a t  m ay no t need 

large {)ieces of sp ec tru m  over long periods bu t r a th e r  are looking for a m uch m ore 

flexible m arke t where sp ec tru m  can be bough t  in m uch finer g ranularities  in te rm s 

of of t im e, space and  m egahertz , this kind of sp e c tru m  availability could po ten tia l ly  

e lim ina te  a significant ba rr ier  to  en try  for users whose needs exist in betw een licensed 

an d  unlicensed use. Thirdly, it could provide m ore flexibility for users w ith  different 

use requ irem ents  such as users looking for lower QoS a t  lower prices or users t h a t  wish 

to  engage in in te rm it te n t  use.

T h e re  are a few issues th a t  would have to  be considered by anyone looking to  en ter 

the  ban d  m anagem en t sphere. M uch s tu d y  would need to  be done in to  the  es tim a tion  

of value in such an industry . T he  cost of accjuiring spec trum  as well as the  cost of 

runn ing  a sp ec tru m  m anagem en t scheme would need to be scrutin ized in order to
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devise an appropriate pricing system, taking in to account the potentia l income delay 

while filling  the spectrum (the band manager would have to purchase the spectrum 

w ith  its own capital to  start) and the inevitable temporary fallow spectrum between 

rentals tha t would be inevitable w ith  any short lease system.

Cave 129) does not foresee a proliferation of band managers from  an economic 

standpoint, however the notion of an en tity  that provides the service of cheap, quick and 

temporary access to spectrum is appealing when considering the goal of crowdsourced 

networks/Independent Network Coalitions and the ir Dynamic Spectrum Access nature. 

Before unravelling th is idea, we take a look at the DSA taxonomy and the research 

surrounding the field. Dynamic Spectrum Access has come to be a prominent research 

area w ith in  teleconmmnications and is one tha t relies greatly on the liberalization of 

spectrum regulation. I t  also has an im portant role to play in the conception for the 

Spectrum Management System for INCs.

2.5 Dynamic Spectrum Access: Utilization of

liberalized spectrum

As we have seen, spectrum is trad itiona lly  managed in a very static manner. 

Incumbents buy long term  spectrum licenses tha t dictate what spectrum they transm it 

on and how they transm it on it. Dynamic Spectrum Access ambitions fly  in the face 

o f these tried and tested spectrum management methods. DSA as a research area, 

aims to devise new and interesting ways of explo iting liberal spectrum regimes by 

using different spectrum as it  becomes available instead o f sticking to the one piece of 

spectrum. These ambitions have resulted in research tha t has explored a m ultitude of 

spectrum management techniciues. These techniques deal w ith  access models ranging 

from open access spectrum commons models to dynamic exclusive use models and 

everything in betw'een. In Figure 2.2 [5| we see a breakdown on the different modes of 

DSA.
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There are three main subcategories of DSA, specifically:

1. Oi)en Sharing Model; The Spectrum Commons Model

2. O pportunistic Shared Access

3. Dynamic Exclusive Use Model

The next few sections give a brief overview of the s ta te  of the art on these three 

subcategories and a t tem p t to extract the aspects of DSA th a t  we can cajutalize on 

when designing a spectrum management system.

Open Sharing Model; The Spectrum Commons Model

In |44| the different models of spectrum conunons are considered. Lehr discusses 

spectrum  commons in more general terms, referring to any regulatory scenario where 

spectrum  is shared including exclusive shared use and unlicensed. For the purposes of 

our discussion we group this ’exclusive shared use’ as part of the dynamic exclusive 

use model as in Figure 2.2 and jus t  focus on the ’unlicensed’ mode of commons in this 

section. The notion of unlicensed spectrum does not necessarily mean unregulated.

The spectrum  commons model employs open sharing among users as the basis for 

spectrum  management |5 |.The right to access the spectrum  is shared among all users, 

who are simply regulated by some eticjuette framework tha t ensures the band remains 

mutually beneficial to all users. The ISM band is a good example of such a framework 

where different entities are allowed to transm it at any time or place j^rovided they
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adhere to some conditions and do not cause each other excessive interference. This 

is ensured by setting power hm itations on ISM band transmissions, thereby ensuring 

reasonable levels of performance. There are of course alternative methods a band such 

as this could be regulated to prevent in ter system interference. The band could be 

reserved for exclusive use by intelligent cognitive radio systems which are trusted to 

transm it in any way they see fit, reassured in the knowledge tha t they are capable of 

detecting and avoiding each other. This k ind of intelligent liberalization is an ambitious 

notion at best but it  serves as a good example of the extreme logical conclusion to nmch 

o f the research surrounding cognitive radio and spectrum liberalization.

As a consequence of the vague manner by which this idea of a spectrum commons 

is defined, there is a large amount of research proposing a plethora of ideas that are 

somewhat disparate.

A variety of research has proj)osed different techniques by which a ’unlicensed’ 

spectrum band m ight be managed. In |45] and |46| solutions tha t involve some 

centralized coordination are posited. In |45] a scheduler of variable rate links is 

proposed. This solution utilizes a spectrum server to coordinate the transm itters of 

groups of links sharing a common spectrum. The method maximizes the sum rate 

by creating an optim al sum schedule w ith  some power constraints. The method is 

however lim ited  by the fact tha t it  assumes equal length links and knowledge about path 

gains. The solution proposed in |46] also explores the use o f a centralized coordination 

mechanism in the form of an iterative bidding solution tha t allows potentia l users to 

dynam ically compete for customers and spectrum. The solution was found to improve 

the revenue and bandwidth u tiliza tion  compared to an equal division system.

In contrast some solutions tha t do not rely on coordination from a centralized 

entity  have been proposed as a solution for the regulation of unlicensed bands. |47| 

suggests tha t efficient solution can be achieved w ithout the burden of depending on 

a central au thority  to verify compliance. This solution relies on the possibility of 

bu ild ing reputations for good behaviour and receiving punishments for l)ad. The results 

show tha t the approach produces fa ir and efficient solutions tha t are optim al for a 

non-cooperative strategy.

In [48] Asynchronous D istributed Pricing (ADP) is proposed whereby the 

transm itte r can select a channel from a set o f channels and choose a transmission 

power to use. Each of these choices has an associated price and the transm itter makes 

selections to maximize its net benefit (u tility -p rice ). Many of the methods proposed 

for s])ectrum management in spectrum commons involve complex game theoretic and 

optim ization approaches, most of which have only been sinnilated.
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Opportunistic Shared Access

Since licensed spectrum is often left fallow for j)eriods o f time, much research in the 

DSA/C R  sphere has come to focus on how CR radios can capitalize on this phenomena 

in order to gain access to usable spectrum and improve the overall efficiency o f the 

band. Figure 2.3 from [49| gives us a nice visual representation of the philosophy of 

opportun istic secondary user access. We are shown here how the secondary user moves 

between different blocks at different times, avoiding interfering w ith  the prim ary users 

while i)rovid ing itse lf w ith  a continuous transmission medium.
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One of the first pieces o f research to propose this notion o f a cognitive opportunistic 

secondary user was M ito la  in 1999 |50|. M ito la  discusses SDR and its potentia l for 

spectrum pooling and creating spectrum rental protocols. The paper also, introduced 

the cognition cycle for cognitive radios (Figure 2.4). This cycle outlines the process 

l)y which a cognitive radio can observe, learn about and adaj^t to a situation in 

such a way as to seamlessly co-exist w ith  its environment. More specifically, the 

cycle also demonstrates how a cognitive radio can opportun istica lly  coexist w ith  other 

radios. The opportunistic access model involves secondary users oj)erating in licensed 

bands when the incumbents or "prim ary users" are not transm itting . The main focus 

of research in this area is spectrum management mechanisms by which incumbents 

are protected from interference. Sj)ectrum sensing and geo-location databases are 

the two main approaches tha t are adopted to achieve this. Sensing can either be
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perform ed locally by individual nodes or collaboratively as part of clusters of nodes. 

Both approaches have their obvious advantages. For example, individual sensing 

does not rec}uire the overhead and com plication of coordination and inter device 

signaling bu t perhaps fails in providing results as robust as a collaborative approach. 

Furtherm ore, individual sensing requires a more complex sensing system  in order to 

achieve acceptable results. There are thousands of papers on spectrum  sharing, a small 

sample of which are referenced here as illustrations. For example, in [51| a decentralized 

CR MAC is proposed to independently search for spectrum  opportunities w ithout 

centralized coordination. The system  employs a sensing strategy  involving a Partially  

Observable Markov Decision Process (PO M D P). This m ethod allows secondary users 

to  independently optimize their perform ance wdiile lim iting the perceived interference 

by prim ary users. [52] proposes another sensing solution th a t requires no centralized 

coordination. The solution focuses on the detection of prim ary receivers in passive 

networks with broadcast transm ission, such as T \ '.  It achieves this w ith the detection 

of Local Oscillator (LO) leakage power from the receiver. Conversely, |53| and |54| 

employ collaborative spectrum  sensing frameworks th a t are considered as a solution 

to  enable opportunistic spectrum  access. |53| uses a lightweight cooperation scheme 

as a means of reducing sensitivity requirem ents on individual cognitive radios. Zheng 

uses a graph theoretic model in [54| to employ collaborative sensing, the utilization 

im proving as the num ber of collaborators increases.

In [55] the use of both  localized and d istribu ted  sensing is analyzed by M onte Carlo 

sim ulations and their relative effectiveness are quantified by m easuring th roughpu t 

w'̂ hile incum bent interference is avoided. The effectiveness of these techniques is then 

com pared to  various database techniques. The paper then goes on to discuss the 

business im plications of both  m ethods. D atabases are considered as a alternative 

solution for opportunistic access. The focus of |56] is the use of geolocation databases 

for incum bent protection and its advantages over sensing. The paper describes F curves 

and propagation models and how' they are derived from actual m easurem ents, before 

discussing receiver protection requirem ents. The paper then presents results and the 

resu ltan t spectrum  m ap of the surveyed area of Chicago. Finally the paper presents a 

quantized approach to  database organization whereby the area is split into pixels th a t 

are set a single transm it pow'er restriction.
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Spectniin  sensing and databases are combined in |57] where a cognitive sensing 

"monitoring node" to enhance and complement the use of a geolocation database. The 

concept of interference monitoring involves sensing the transmission of both  inciimbent 

and opportunistic users and makes calculations about these transmit powers. This 

information is then used in conjunction with the path loss calculations from the 

(latal)ase to get a more accurate value for maximum tx power. Before continuing the 

discussion to the Dynamic Exclusive Use model, it is worth noting tha t the database 

apjHoach can also be considered to be part of the Dynamic Exclusive Use model, where 

users occupy spectrum  th a t  is temporarily assigned to them for exclusive use. In fact, 

bo th  the FCC and OFCOM  have developed white space databases tha t exhibit features 

of both  opportunistic access and dynamic exclusive use access. Opportunistic  access, 

in th a t  it allows the use of T \ '  bands in geographic and spectral areas th a t  are not 

currently occupied by T \ '  transmission and dynamic exclusive use access, facilitates 

the acciuiring of j)ortions of spectrum  for tem porary  use. The approach used in the 

OFCOAI database is one of geographic discritization. This approach is a ttractive for 

INCs for reasons that will become clear in the following sections.

Dynamic  Exclusive Use Model

Another form of DSA is Dynamic Sj^ectrum Allocation. This mode of DSA ties in 

closely with the development of spectrum usage rights and the discussion over the 

definition of ownership of a particular piece of spectrum. The sphere of dynamic 

spectrum  allocation occurs at the frontier of the regulatory debate concerning the 

liberalization of sjjectrum and the discourse and research surrounding the technical
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viability of DSA ideas in general. P u t simply, it is the process by which spectrum  is 

rented or assigned tem porarily to interested users for a finite tim e period. As such, the 

spectrum  is reserved for the renters exclusive use during th a t period. This idea is also 

intrinsically linked to  the regulatory notion of a band m anager which was discussed 

earlier in the chapter. This is the spectrum  access model th a t will be m ost applicable 

to the independent Network Coalitions discussed in this thesis. Before we delve into 

the specifics of the spectrum  access model th a t we envision for Independent Network 

Coalitions, we will firstly have a quick look at some of the main research ideas th a t 

inspired them . In |6] a network of this kind is outlined. The idea of a C oordinated 

Access Band (CAB) is introduced here. The CAB is a block of spectrum  th a t would be 

controlled by a centralized broker, referred to in this case as a Spectrum  Inform ation 

and M anagem ent (SPIM ) broker. The SPIM  broker m anages and grants requests for 

use of spectrum  for hnite tim e i)eriods over set geographical areas. The system  relies 

on the correct assignm ent of spectrum  blocks as a means of interference m itigation. 

This model is further developed in |2) where spectrum  allocation and pricing models 

are discussed. The idea of batched requests are introduced whereby all requests during 

a certain tim e window are processed at once which allows correlation and aggregating 

of tem porally and spatially clustered rec^uests and guarantees a m axim um  latency for 

recpiests. T he pa])er then goes on to  outline a dem and model for requests w ith seven 

dem and param eters: location, am ount of spectrum , duration , identity  of network 

provider, optional price bid, spectrum  utilization history and dem and scope. The 

l^aper also introduces three spectrum  pricing models nam ely the m erchant model, 

simple bidding and iterative bidding. It then goes on to  develop two different kinds of 

allocation models, MaxService DSA and M inPenalty DSA. These are ju s t a flavour 

of the body of research dedicated to  Dynamic Spectrum  Allocation and spectrum  

brokering, it is these kinds of solutions th a t enable tem porary  and d istribu ted  ownership 

of spectrum . It is this model of d istribu ted  spectrum  ownership th a t make the idea of 

independent network ownership a more feasible proposition.

2.6 Spectrum Licensing for Independent Networks

In order for Independent Netw^ork Coalitions to operate in a DSA fashion while 

successfully coexisting w ith sim ilar system s as well as sta tic  incum bents, a versatile 

spectrum  licensing scheme nuist be pu t in place. It m ust be as adaptable as 

possible and above all, it nuist have a built-in interference m anagem ent system  th a t
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is capable of providing a certain guarantee of Quality-of-Service (QoS) to  other users 

and incumbents. To create this, an interference management system th a t  utilizes an 

incarnation of adaptive spectrum masks is envisioned, The Specific Cell Emission Mask 

(SCEM).

Before continuing with the description of the spectrum management and licensing 

approach, it is im portant to have a brief discussion of w hat is meant by a SCEM.

A SCEM is a spectrum  mask, functionally similar to a Block Edge Mask (BEM). A 

Block Edge Mask is a type of transm itter  based sj)ectrum mask which is essentially a 

m ethod of managing interference at the receiver by defining a set of breakpoints th a t  

the tran sm itte r ’s emission profile must not cross in the freciuency versus power domain 

|58].(Figure 2.5).
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These breakjjoints are a set of rules th a t  a system ’s transmissions nmst adhere to. 

T he limits consist of an In-Block (IB) limit which restricts the systems transmission 

power within its own spectrum  and two Out-Of-Block (OOB) limits which restrict 

the am ount of the systems transmission power th a t  can be in the bands immediately 

adjacent to it a t either side. These Block Edge Masks are assigned to an entire operator 

or service provider and define th a t  system ’s usage for the duration of their use of th a t  

spectrum . A Specific Cell Emission Mask (SCEM) sets IB and OOB breakpoints for
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a transmission profile except it does so for the transmission j)rofile of a single cell. 

The vision for Independent Network Coalitions is th a t  their ownership and control 

remains as separate as possible. It is in the pursuit of this goal th a t  this thesis 

proposes tha t the acquisition and licensing of spectrum occur separately from cell 

to cell. For this to be realised we need a licensing mechanism th a t  is cell sj)ecific. In 

this framework we propose th a t  each network (theoretically as one cell) acquires its 

spectrum separately from a broker as well as some interference management mechanism 

for tha t spectrum  i.e. The SCEM. A part from its single cell serving nature, the SCEM 

will differ from the BEM in another im portant way, its adaptiveness. The BEM is 

assigned as a static set of breakpoints th a t  are fixed for the duration of the systems use 

of spectrum. The intention for the breakpoints of the SCEM is th a t  they be dynamic 

and adaptive, changing to suit the current environment th a t  the network finds itself in. 

As previously mentioned, the proposed Spectrum  Management System for Independent 

Network Coaltions will be DSA in nature, with the potential for spectral neighbors to be 

constantly changing. Not only should the SCEM be able to change to suit new spectral 

neighbours as needed, it should take into account current network circumstances such as 

Terminal Station (TS) cell densities and relative geolocations of spectral neighbours and 

make approi)riate adaj)tations. To enable this kind of adaptive SCEM, the proposed 

Si)ectrum Management System will need to adopt a method of tracking the different 

networks tha t are operating within its system. The method th a t  has been chosen to 

fulfill this task is the spectrum  geolocation database.

There have been several papers |55| th a t  outline the advantages of having sensing 

instead of, or as a complement to |57|, a spectrum  availability database approach.

A simple sensing solution could be achieved without demanding too nuich from 

the INC or indeed the INC framework could avail of some kind of sensing as a service 

provided by an external sensor network. Despite this we have opted for a pure database 

approach to avoid any technological requirements for the sensing becoming a barrier 

to entry for any aspiring participants in an INC.

Hence the approach proposed in this thesis for Independent Network Coalitions 

is a Dynamic Exclusive Use Model featuring cell specific, database enabled, adaptive 

specific cell emission masks (SCEMs).

There are many forms th a t  a spectrum  availability database can take. The version 

th a t  has been chosen for the purposes is one proposed by OFCOM, specifically Reza 

Karimi in |59] & |60]. The idea of this database is th a t  the geographical area in question 

is split up into a grid so as to  descritize the interference calculations and hence make 

them  more tractable as discritizing the geographical area reduces the number of relative
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geographical relationships there can be between a victim system interfering system 

pair.

This database will consist of a table of frequency and location, each frequency being 

a channel of some unit bandwidth and each location being some area of the terrain  in 

question. At each entry, the table will indicate what network has the right to transm it 

a t this particular location and frequency. The second part of the database will be a look 

up table indicating which locations are adjacent to each other, when a cell is assigned to 

a channel, this channel will become unavailable for locations immediately adjacent to it. 

In addition to this, the database will also keep a Ust of adjacent-adjacent cells so th a t  

the placing of a cell on the same frequency as one close by can be avoided if possible. In 

the event tha t this cannot be avoided, In-Block levels of the SCEM for this particular 

cell would be set with this in mind. As said previously, an im portan t feature to note 

about the approach we intend to take with this database is th a t  each basestation would 

request and manage its own bandwidth, completely independent of which network 

coalition it is part of. In order to deal with adjacent channel interference, each cell 

would rej)ort its Terminal Station (TS) density to the Spectrum Management System 

(SMS). This density information along with information about relative geographical 

locations and transm it modes allows the Spectrum Management System to  determine 

ajjpropriate mask levels (explained in more detail later in this section)

The following outlines the framework for our database enabled adaptive SCEM 

system whereas the specifics of the calculations and results th a t  will be used to i)opulate 

and enable the system are discussed in later chapters. The constituent parts  of the 

proposed system are displayed in Figure 2.6 and the accompanying list th a t  follows.

The proposed framework for spectrum management for Independent Networks has 

three distinctive parts:

A. Pixellated geo-location database : A pixellated geo-location registration system 

for independent coalition systems.

B. Mask broker : A scenario specific modeling of interferer-to-victim^ protections 

using pixel-based system locations.

C. Resource broker : An assignment of freciuency & Specific Cell Edge Mask 

(SCEM) to each system.

^The victim  system  is the system  that is being interfered with.
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Pixellated geo-location database

The geographical area would be divided into a 2D grid of pixels, with a third dimension 
of frequency. (This notion of pixelating the geographic area in order to discretized the 
powder restrictions for a system was dem onstrated in |59| by Karimi with the purpose of 
creating a management system for w'hite space devices in the TV bands). For example, 

in Figure 2.7, the starred pixel is registered as being occupied by a independent netw^ork 
system. The surrounding pixels (grey) have been marked occuj)ied at th a t frecjuency so 
tha t is not possible for tw'o systems at the same frequency to be beside each other. The 
adjacent-adjacent pixels (white) would also be noted in the database as not preferable 
at th a t frequency, meaning th a t if another frequency can be assigned to a user in these 
pixels, then it will be, so as to avoid the need for excessive in-block restrictions on for 
the user in question, if at all avoidable.
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The sizes of the pixels are chosen such tha t,  even when the base stations are as close 

as they could possibly be within the non-blocked pixels, there is still enough pa th  loss 

to bring the co-channel interference below the noise floor. To put it another way, if a 

terminal station from the blue base station (BS) in Figure 2.7 is transm itting  at the cell 

edge at full {)ower and there is a terminal station from the red BS receiving a t its cell 

edge, the cell size is large enough so tha t the blue terminal station (TS) transmission 

will be below the noise floor by the time it reaches the red terminal station. To this 

end the pixel size will depend directly on the maxinnim power of the systems and 

the pathloss properties of the specific frequencies used. Such a pixelated ajjproach 

allows for a highly tractable and efficient means of calculating the interferer-victim 

relationshi})S from one pixel to an adjacent one, as there will be a finite number of 

interactions to consider.

Mask Broker

The interference mitigation ai)i)roach we propose is based on the use of power limits for 

the interferer. As has been said, a SCEM is functionally similar to the BEM in tha t it 

consists of an In-Block (IB) power limit as well as two Out-Of-Block (OOB) limits, one 

on each side. These limits address interference issues in a service and technology neutral 

manner at the interfaces identified in Figure 2.8. The OOB limits restrict emissions 

into adjacent bands tha t may affect systems th a t  are geographically co-located and on 

adjacent frequencies. The In-block limits restrict power levels so tha t the transmissions 

of a system do not interfere with other systems oj)erating on the same frequency, some 

distance away.
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When a cell comes on-line, it will be assigned its own mask based on its geographic 
and spectral neighbours. The SCEM will also be dynamically defined based on the 
current scenario, i.e. taking into account the other neighbouring independent and 
unaffiliated systems (information it would also receive from the pixel database), such 
that the least restrictive mask is assigned. These masks are determined by assessing the 
impact of interferers on victims systems using some techniques tha t are outlined in later 
chapters . Each system wall be assigned two masks; one for its base station (BS) and 
one for its terminal stations (TS). Ow'ing to the use of a pixelated geo-location database 
there will be a finite munber of possible interactions between various combinations of 
systems.

For each scenario, the In-Block (IB) mask limits for a member system (A member 
system is an Independent Netw'ork participant in the Spectrum Management System) 

take into account the size of the cell radius and cell TS density, i.e. the number of TS 
devices tha t are attached to the system, as w'ell as its proximity to other systems on the 

same frequency. The OOB limits for a system in a given scenario are also determined 
by its cell radius and cell TS density and by the cell radius and cell TS density of the 
potential victim systems on adjacent frequencies.

In order to account for multiple possible scenarios of interferer-victirn interactions, 
the mask broker w^ould be fed the exact state^ for the two systems in question.

^The state of the system would be weather the system is uphnking or downlinking, its cell density 
and location
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So tha t the correct mask is derived for every situation, we must consider every 
permutation of interference scenario that can occur under the rules of our spectrum 
access system. Each scenario can vary by;

• whether the interferer and victim are frequency adjacent or frequency co-located.
• whether the interferer and victim are in the same pixel, in adjacent pixels or in 

diagonal pixels, (see Fig\ue 2.9).
• whether there is one interfering system, two or possibly more.
• whether the interference is between two terminal stations or a base station and 

a terminal station, (two DL = BS->TS, two UL TS->BS, one UL one DL 
TS->TS k  BS->BS)

This information is then passed to the mask broker which then uses the information 
to create suitable SCEM levels for the interferer. These levels for the SCEM are 
generated in one of two ways. If some information about the physical characteristics 
(at least Adjacent Channel Leakage Ratio (ACLR) and roll off factor) of the
two networks for which the mask levels are being calculated, then the broker uses a 
bargaining solution to calculate the mask (Chapter 4). However, if no such information 
is available, then the broker queries a pre-generated database of masks (Chapter 3).

Figure 2.9 illustrates the different geographical orientations that are possible 
between two systems:

• BSl & BS2 are in i)ixels diagonal to each other.
• BS3 & BS4 are collocated (i.e. in the same pixel).
•  BSl & BS3 are in pixels adjacent to each other.
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Resource Broker

The Resource Broker conducts the interaction with the Independent Network system. 
The system requests bandwicith from the broker and with this request, provides some 
information about itself. The broker then provides this request to the spectrum 
database which in cooperation with the mask calculator, provides an appropriate SCEM 
for the member system in question. The broker then passes this SCEM along with 
the frequency assignment to the member. The broker also pushes any changes to 

neighboring members th a t have resulted. Each member periodically pools the broker 
with its updated TS density and receives its updated SCEM assignment if necessary.

2.6.1 The Spectrum Management System (SMS) in action

Now that we have identihed and described the different parts tha t make up the proposed 
Spectrum Management System, we outline the steps that make up the interaction 
between the SMS and an Independent Network that requires the use of the spectrum. 
Theses steps are described by Figure 2.10 and the accompanying enumerated list.

1. Independent network request some spectrum and provides some information: 
location, density (possibly some system parameters such as ACLR etc).

2. Resource Broker queries database for availability and provides relevant 
information.

3. Spectrum Availability Database queries mask broker with information about 
new members and its neighbours, requests masks for same.

4. SCEM calculator/database determines mask levels and replies with masks 
(chapters 3 & 4)

5. Spectrum Availability Database informs resource broker of frequency and mask 
assignment as well as any other resultant change to other members.

6. The member is informed of frequency and mask by the resource broker.
7. Periodic updating with new densities, checking for new mask levels or frequency 

reassignments.
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2.7 Conclusions

Th is  chaj)ter has i)rovid('(l an overview o f the fie ld o f spectrnn i management and has 

discussed how th is  fie ld has progressed to  the stage where a notion  such as independent 

netw ork coalitions is a plausible one. I t  then S])ccified w ha t a Spectrum  Management 

System may look like fo r INCs. The next step in  the development o f a coherent system 

for IN C  spectrum  management is to  devise a su itab le  m ethod o f deriv ing  the SCEAIs 

tha t are the centrepiece o f th is approach. The next two chapters w ill give deta ils o f 

exactly  tha t. These two com plem entary mask deriva tion  m ethods are used fo r d ifferent 

occasions:

1. The case where no in fo rm a tion  about the physical characteristics is known 

(C hapte r 3).

2. The case where some in fo rm a tion  is known by the SMS (C hapte r 4).
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3 Mask Generation: Database 

Approach

3.1 Introduction

The previous chapter outhned the  database eiial)led Sj^ecific Cell Eniissioii Mask 

(SCEM) mask assignm ent system by which spectrum  will be assigned and m anaged for 

Independent Networks. The next key challenge in designing the framework is how to  

define and calculate these masks. This chapter addresses the challenge of developing 

adaptive SCEM s for the case where no inform ation is known about the netw ork’s 

physical characteristics. This is achieved by constructing a second database to p artn e r 

the spectrum  availability database, a database of mask levels, a set for every possible 

interference scenario. This mask database is part of the mask broker seen in Figure 

2 . 10 .

In th is chapter, some of the different interference m anagem ent technicjues are 

outlined before discussing the block edge mask in more detail as it is functionally 

similar to the SCEM  th a t is used for our solution. The chapter then goes on to  outline 

the m ethodology by which these masks are calculated before analyzing and discussing 

in detail, the  results th a t are garnered from these calculations and how they will fit 

into our m ask database solution. The results outlined and discussed here are large 

bu t they provide a interesting insight into how suitable mask OOB levels can vary 

under different circum stances (transm it mode, relative geographical location and TS 

cell density).

T he chap ter is organized as follows, Section 3.2 takes a look a t different interference 

m anagem ent techniques before exam ining the BEM in more detail (Section 3.3). 

Section 3.4 outlines the m ethodology by which levels for the  SCEM s are calculated.

Ph.D . Thesis 1st April 2015



3.2 INTERFERENCE M ANAGEM ENT SCHEMES/TECHNIQUES 37

Section 3.5 discusses the results in detail and outlines how they can be used to create 

our mask database system. Section 3.6 concludes this chapter. This chapter displays 

and ex])ands on the authors work in 161|.

3.2 Interference Management Schemes/Techniques

Independent Network Coalitions are not limited to any partio ila r  technology or 

service, with this in mind we consider a service and technology neutral interference 

management scheme. Service neutrality under the Wireless Access Policy for Electronic 

Communications Services (WAPECS) concept is understood as, ’Any Electronic 

Communications Service (ECS) may be provided in any WAPECS band over any type 

of electronic connnunications network |62j. No frecjuency band should be reserved for 

the exclusive use of a particular ECS. This is without prejudice to any obligation to 

l^rovide some specific service in a specific band or sub band, e.g. broadcasting and 

emergency services.’ It should be noted tha t while this work follows on from the 

ideas relating to WAPECS, the considerations in this thesis are focused on what can 

ultimately become a completely generalized solution for liberalized use of spectrum  in 

all bands. The Conference of Postal and Teleconnnunications Administrations (CEPT) 

Report 19 |62| defines a number of different ways in which spectrum usage rights can 

be defined for the W APECS bands. The following paragraphs provide a very brief 

overview of the different aj:)proaclies listed in tha t report l)eginning with a description 

of how interference is managed more traditionally.

3 .2 .1  Traditional Compatibility  and Sharing Analysis  M eth od

This method defines compatibility with adjacent systems by calculating two key 

j:)arameters, namely the Adjacent Channel Leakage Ratio (ACLR) and the Adjacent 

Channel Selectivity (ACS). The ACLR is the ratio between the In-Block and the 

Out-of-Block power and ACS represents the receivers ability to process the desired 

signal while rejecting a strong signal in the adjacent band. These param eters are used 

to calculate ACIR (Adjacent Channel Interference Ratio) using equation 3.1 which is 

then used to determine the compatibility of the two systems.
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A C 1 R = ^ , -----^  (3.1)
A C LR  ACS

3.2.2 The  Block Edge Mask (B E M )  Approach

Unlike method 1 in which details of the technology are needed, notably the ACLR and 
ACS, the BEM model requires no decision to be taken beforehand by an administration 
regardi:ig the anticipated technology . Block edge masks control interference between 
radio systems by defining a power frecjuency envelope within which radio transmitter 
emissions must remain. This is done by specifying a maxinuim in-block transmission 
power in addition to out of block or out of band powers. A sjiectrum mask is usually 
defined as a maximum permitted power spectral density within a given bandwidth 
(e.g. cBm M Hz) and may have different measurement bandwidths (and units) for 
the various portions of the mask - thus making the mask appear to be graphically 
discontinuous. (Figure 3.1)

3.2 .3  Power Flux Density (P F D )  Masks

The aggregate Power Flux Density (PFD) spectrum usage rights method aims to offer 
certainly by specifying directly the levels of interference that a licensee may generate 
to neighbours. This approach is a receiver centric approach as the emphasis is on 
defining what can be tolerated by receivers. This method specifies directly the levels 
of interference a licensee may generate to its neighbours. The main difference between 
this method and the BEM approach is that regulation is given on expected aggregate 
received power on the victim rather than from a single interferer. This method is useful 
because it gives the licensee flexibility of usage in terms of technology as long as the 
interference is not increased as the form that the transmission takes is irrelevant once 
the receiver based restrictions are adhered to. This method provides a clear means by 
which spectral and geographical neighbors can consider a change in license terms.
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3.2.4 Aggregate Power Spectral Density (PSD) Transmitter 

masks

The aggregate Power Spectral Density (PSD) m ethod takes into account the 

aggregation of all the emissions on a particular frequency and of all the transm itters  

in a specified area. It may be sometimes necessary to apply correction factors w'hen 

considering an tenna or high powered transm itters. The PSD mask is derived from 

the transm it power mask by multiplying it by the expected maximum number of 

transm itters  to be deployed within a defined reference area thus providing the flexibility 

of deploying fewer transm itters  with higher powers.

3.2.5 The Hybrid Approach

The hybrid approach is any combination of two other methods, some suitable for co 

channel interference, some suitable for adjacent channel interference. An example of 

this would be using a BEIvI in conjunction with a Aggregate PSD transm itter mask to 

manage adjacent channel interference in the same geographical area.

3.2.6 Space Centric Management

This approach utilizes a set of explicit transm it rights. This method creates precise 

levels of guard-space isolation for each interference mechanism meaning minimum 

distance, frequency and time separation for radia ted  transm itte r  emission levels. SCM 

is a general solution for flexible rights which addresses the general interference situation 

with a technology and service neutral approach and a clear means of access for all 

technologies.
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3.3 Focus on the BEM

While the different approaches outlined in the previous section have different merits, all 
of which are discussed in Report 19 |62], we focus on the Block Edge Mask. As stated 
above, a BEM simply consists of a number of power breakpoints th a t a transmission 
must stay below at specific points in the spectrum in order to avoid causing excessive 
interference. (Figure 3.1) The BEM approach was recommended in the CEPT report 
[62| for a number of WAPECS bands as it was considered the most developed at the time 
and the most workable in practice, though the report did not rule out other apinoaches 
being suitable in the future. The workability of the solution is one of the reasons tha t 
makes the BEM attractive. It is worth noting tha t in 2002 the FCC introduced a 
metric relating to interference at a receiver, called the interference tem perature [36|. 
The concept of interference tem perature was not aligned in any way to spectrum usage 
rights when introduced. The reason for bringing it to attention here is because it is a 
receiver-based interference metric th a t requires similar kinds of efforts to calculate and 
use as the receiver-centric PDF-based mask approaches.

The interference tem perature is a measure of the RF power available at a 
receiving antenna as a result of all the signals impinging on it. The reason the word 
’tem perature’ is used is because the tem perature equivalent of the RF power available 
at a receiving antenna per unit bandwidth, measured in Kelvins, is used. The idea 
of creating such a metric is to be able to make statem ents about how hot a receiver 
can get. It does not just apply to determining opportunity for underlay '. Secondary 
users can transm it if the tem perature at the primary receivers, as a consequence of the 
secondary users’ transmission, does not exceed a certain threshold, i.e. if it does not 
get too hot at the primary receivers |36]. However in May 2007, the FCC came to the 
conclusion th a t the interference tem perature approach is not a w^orkable concept and 
it was withdrawn without prejudice |62]. However while our focus on the approach 
is partially driven by the fact it is workable, it is also driven by a vision for a BEM 

that goes beyond the ideas in the CEPT report and opens up the way for thinking of 
BEMs in a more dynamic manner. The concept of a Dynamic BEM was introduced in 

DySPAN 2010 |63]. The paper defined a number of different types of dynamic BEM. 
For example the paper suggested tha t a communication system might choose a BEM 
based on the circumstances in which it finds itself rather than be given a BEM, with 

which it must comply, in advance. The paper mentioned the idea of a time-varying

' Underlay is the spectrum sharing technique of transmitting at a very low power and very large 
bandwidth so as to not coexist powerful narrowband signals on the same frequencies
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BEM. Neighbouring networks can be busy or heavily loaded at different times.
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Hence in scenarios in which spectral usage of neighbouring systems is uncorrelated, 

time varying BEMs might suit. W hat this means is th a t  there may be certain times of 

the day in which extra  adjacent channel interference can be tolerated by one network 

from another and vice versa. In this context, the definition of the BEM includes 

time-dependent variables. Spatially varying BEMs as well as more futuristic ideas of 

self-generating BEMs were also discussed. The point of reintroducing these ideas here 

is to emphasize th a t  while on the one hand the BEM may be more conservative than 

receiver centric interference control mechanisms, on the other hand there is scope for 

thinking about the idea of a BEM in a very dynamic manner.

While the BEM is seen as a suitable solution for defining spectrum  usage rights, 

only limited work has been carried out in calculating sample BEMs. A small number of 

academic papers exists which focus on the BEM in any detail. In [58| the construction 

of BEMs by a statistical Monte Carlo method is detailed. In |64] the calculation of 

baseline levels for BEMs to be used hi the T \ '  whitespaces is outlined. In [65| and 

|66] BEMs are featured as well bu t the papers but do not focus on the details of their 

construction. And as mentioned already the idea of a dynamic BEM was introduced in 

|63|. To our knowledge, BEMs have only been calculated for spectrally neighbouring
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42 3. MASK GENERATION: DATABASE APPROACH

and physically co-located fixed centralized networks tha t either use frequency division 
duplexing (FDD) or time division duplexing (TDD) approaches [58j.

In order for the BEM to become useful for our system of independent network 
coalitions we must think about them in a slightly different way. Instead of the BEM 
being an emission guideline for a whole band, we consider a mask tha t is assigned to 
individual base stations to manage their individual spectrum blocks. As outlined in 
the previous chapter, this Specific Cell Emission Mask (SCEM) is assigned to each 
base station th a t has been assigned spectrum  as part of the Indej)endent Network 
Coalition framework. Since this framework allows for cells to be assigned spectnm i 
on a tem porary basis, the need for the interference management system to be in some 
way dynamic is paramount, this dynamism will be achieved by populating a mask 
database with OOB levels for all possible interference scenarios. This approach and 
the one detailed in Chapter 4 are two of the first attem pts at creating dynamic spectrum 
masks. Only one other mechanism addresses dynamic spectrum masks, this mechanism 
can be seen in |67|. Before we look at the population of said database, we focus on the 
methodology by which these mask levels are calculated.

3.4  Calculation o f  SCEMs

The general approach to determining a mask is to understand the interference that 
might be caused between two neighbouring networks without specifically focusing on 
the details of the technologies tha t are used. This method is adapted from the OOB 
baseline limit calculation method for BEMs by Karimi in |58|. In order to construct a 
mask, three limits are needed, the In-Block (IB) Effective Isotropically Radiated Power 
(EIRP) and the Out-Of-Block (OOB) EIRP for each side of the mask. The IB power 
limit in this case can be determined by the desired cell size and minimum SNR of the 

system in question. If there is a minimum SNR and a desired cell size then the IB 
power limit can be determined simply by examining an appropriate pathloss model.

The OOB EIRP is the acceptable interference in a band as a result of interference 
from the adjacent band. This is calculated by performing a statistical Monte Carlo 
analysis on two neighboring systems th a t are geographically co-located and frequency 
adjacent. Consider two spectrally neighbouring networks A and B such as shown in 
Eigure 3.2 . When the OOB limit is being determined for network A, network A is 
considered the interferer and network B the victim and vice-versa.

Ph.D . Thesis 1st April 2015



3.4 CALCULATION OF SCEMS 43

CO
LLIcr
3o

Two Frequency Adjacent Systems

A
0)

o

network network

B

Frequency

T his  analysis will include the  calculation of a num ber of different p a ra m e te rs  th a t  

take  into account the  im pact of the  interferer on the  victim. In the  exam ple th a t  

follows we exam ined  the  case of two spectrally  ad jacent, centralized netw orks which 

are  co-locatetl geographically. To calculate  the  m ask edge between these  two system s 

we nnist essentially ca lcu la te  the  O O B  power levels P q o B m  sys tem  in equation

3.2.

POOB,n, +  +  GcoU <  PiTar^^c (3-2)

To do th is  we need to:

1. F ind  the  tolerable  interference level for th e  victim  system  P tT a r^ ic

2. Account for how close the  interfering Term inal S ta tion  is to  its l)ase s ta t ion

GpC\ni
3. A ccount for the  p a th  loss between the  victim  and  the  interferer

4. A ccount for th e  likelihood of collisions G coU -
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Firstly each of the base stations is dropped within the same geographical area and their 

cell radius is 200m Each of the cells has its Termhial Stations distributed randomly 

throughout its cell. One network is said to be uplinking and tlie other downlinking in 

this case, although the calculation will need to be made for all combinations of transm it 

mode. The distances between all the Terminal Stations are then found and the two 

closest Terminal Stations from opposite networks were chosen. This is represented 

gra[)hi’ally as a diagram in Figure 3.3.

To calculate the to tal tolerable interference a t a particular station PiTar^ic (equation 

3.3) four other values were determined first.

PiTar^^c — Pn +  +  Ga ,̂.̂  (3.3)

1. Pn : The thermal noise floor a t the receiver F„, the thermal noise floor is the 

electronic noise generated by the therm al agitation of the charge carriers this 

noise is characterized as white noise and has a Gaussian probability density 

function in most cases. This is represented by equation 3.4.

2. G, : The noise rise due to the interference th a t  will occur internallv in the
‘’ V I C  V

system Gi^,. .̂ This value is essentially how much internal noise the system is set 

up to withstand. For this experiment it was assumed th a t  the system will be 

desensitized to internal noise up to a certain value.(Table 3.1)

3. Gd : The tolerable increase in noise and interference th a t  the svstem can havet l y i C  ^

while still functioning to an acceptable s tandard  this value is not set in

stone, rather is a decision th a t  is to be made, depending on the s tandard  of 

signal th a t  the user needs.

T̂h-= figure of 200m was chosen as a good representation of the radius of user deployed cell
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4. Goiic ■' The final vahie is the interference allowance This value quantifies
how close the victim is to its serving base station, the closer the victim is to its 
serving base station, the more powerful its wanted signal is and hence the more 
interference it can tolerate.

P„ =  101ogio(AT5) +  iV;, (3.4)

The values for G, and Gw are chosen based on the characteristics of the system
••VXC ^ V I C

(see Table 3.1) but the values for P„ and were calculated using equation 3.4 and 
ecjuation 3.5 respectively.

P„ is a logarithmic function of the temperature T, Boltzmanns’ constant K  and the 
noise equivalent bandwidth B. For the purposes of this experiment, the temperature 
was set at a constant temperature but in reality the number should fluctuate throughout 
the experiment.

Before the interference allowance ( Ga„,J can be calculated, several i)ath loss 
calculations are required. The pathloss between the Terminal Station and the serving 
base station (Gi^.^J and the jjathloss between the cell edge and the serving base station 
(^Oiic)- To calculate the different path loss values, tlie extended urban Hata model is 
used. This model takes into account fre(}uency, distance and the heights of the various 
base and Terminal Stations. The interference allowance accounts for how close the 
victim Terminal Station (the Terminal Station that is suffering from the interference) 
is to its receiving base-station. The closer the victim is to its serving base station the 
larger this value will be and hence the higher the tolerable interference level will be for 
the victim receiver.

Ga =  Gi -  Go (3.5)“ t'Z C  J - t ' tC  ' - ' t ’ t c  V /

The power control factor {Gpc^^^) is a similar calculation to the interference 
allowance and is shown in equation 3.6. It accounts for how close the interfering 
Terminal Station is to its receiving base station. The closer the interferer is to its base 
station, the less power it needs to transmit, the less interference it causes. This figure 
also required the calculation of several pathloss values, in this case the extended hata 
was again used. This model, however only proved accurate for certain frequencies and 
in order to generalize this solution for various different fre(|uencies, a number of different 
pathloss models were considered. The values for Gq,„( and Gi.„, were calctilated in the 
same manner as Gi Gni f i c  ^ V I C
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(3.6)

The next value th a t was needed was the path gain between the victim  and

interferer(the two closest nodes from opposite networks).

This is calculated by cycling through the  every Term inal S tation  from one network 

and finding its closest counterpart from the other network. W hile doing this, the 

shortest distance is undated  approjiriately  as a shorter distance is found. At the end 

the closest two Term inal S tations are returned. It is taken from the closest node as the 

interference will be greatest here and any mask th a t [)revents intolerable interference 

at this node will also prevent it at all others. This value is obtained by using one of 

the modified versions of the extended H ata  model for sm aller distances, equation 3.7 

for distances \m der 5m and equation 3.8 for short distances over 5m. W here d is the 

propagation distance and /  is the operating  frequency.

W here L{d) is pathloss over distance d and /  is frequency. Before the final 

calculation for OOB E IR P {PooB,„t) niade, the likelihood of collisions was addressed. 

In most m odern teleconnnunications system s, some form of packet-based transm issions 

is employed to  accom m odate for the bursty  natu re  of the  traffic. Knowing this, the 

effect of interference will only be felt in the  case of a collision. In this particu lar set up, 

it was assumed th a t transm ission packets have a duration  of Tp and occur during some 

sort of scheduling interval Tgch- Given these assum ptions, the s ta r t Tp^.^ and the s ta r t 

of Tp̂ ^  ̂ were random ized over the scheduling interval and the overlap. To is calculated.

It was then possible to calculate the collision factor Gcoii using equation 3.9. W hen 

applying this value to the final calculations there are th ree occurrences th a t m ust be 

considered. In the case of a full overlap. To = Tpy, an interfering signal is observed at 

every instan t on tim e and therefore no scaling of the interference power is required. 

If the opposite occurs and there is no overlap between packets this m eans th a t no 

interference will be observed meaning th a t the  interference pow'er m ust be scaled to

Lf , {d)  = 32.4 +  201ogio(cf) 201ogio(/) (3.7)

(3.8)

(3.9)
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Parameters
Base-station cell radius 200m
tem perature 290K
Noise-Equivalent Bandwidth, B 5MHz
Boltzmann constant,K 1.3804xl0“ ^^m^A’5'/s^A'
Packet Duration, Tpv 2.5ms
Desensitization IdB or 3dB
Intra-system noise rise,Gj^,j^ OdB or 6dB
TS noise figure, Â /s 9dB
scheduling interval,Tsc/i 20ms

Table 3.1; table of system  parameters

zero. The th ird  possibihty is th a t  there will be a partial overlap between the two 

l)ackets and the final equation will be scaled to an appropriate factor depending of the 

degree of overlap.

Once the collisions were taken into account, the final calculation of OOB EIRP 

(^ooB.nJ could be made using equation 3.2. This equation takes into account the power 

control factor the path  loss between the interferer and the victim and

the likelihood of collisions Gcoih using them with the maximum tolerable interference 

levels PfFar^.c determine the maximum out of block transmission levels.

3.4.1 Sample output o f  calculation

This process of OOB level calculation was used in a Monte Carlo analysis in which the 

locations of the terminals in each network are randomized each time. A value of OOB 

power level PooB,„t taken each time. For clarity, this process can be summarized as 

follows:

1. Two base stations representing two systems are dropped randomly within the 

same geographical area(co-located, adjacent or diagonal pixel). ^

2. d l  and d2 Terminal S tations are dropped within the cell radius of each base 

s tation (where dl  and d2 are the number of Terminal Stations in each cell).

3. The minimum distance between two Terminal Stations from different systems 

is calculated.

^Tlie pixel size is a function of the maximum transmit power and the pathloss cm ve at the operating 
frequency
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4. The acceptable level of interference a t the victim  as a result of adjacent channel 

interference is calculated (equation 3.3).

5. The m inim um  distance pathloss is used w ith the acceptable interference level 

to calculate the  acceptable OOB interference level for the interferer for this 

instance of the  M onte Carlo trial.

6. This is repeated  10000 tim es, random izing the locations each time.

CO

cr
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o
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T he resvilts are then  plo tted  in a cum ulative d istribution  function (CDF) as shown 

in Figure 3.4. On the  x-axis of this curve is the OOB level below which, the interferer 

will not cause unacceptable interference. On the y-axis we have the probability th a t 

the scenario produces the OOB or lower. For exam ple a probability of 0.5 corresponds 

to  an OOB level of -40dBm m eaning th a t 50% of the tim e, the sim ulation will give an 

OOB level of -40dBrn or higher i.e. an OOB level of -40dBm will stop unacceptable 

interference on the victim  50% percent of the time.

Once th is graph has been generated it is possible to  get a m axinm m  OOB value for 

any percentage of realizations, depending on how stric t we want our mask levels to  be. 

In the case of Figure 3.5 we have chosen a level th a t will cover 95% of realizations.
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This vahie becomes the OOB level for the mask a t the edge between these two 

systems. This j)rocess is re])eated for the other edge of the mask which gives the other 

sides OOB level. This is rej)eated for all reasonable combinations of values for both  TS 

densities (d l and d2) so th a t  the database can assign new mask values as the densities 

of the cells vary. In the calculations th a t  follow in Section 3.4 the densities are increased 

symmetrically in both  systems but in order to fully populate the datal)ase, the entire

range would have to be done, i.e. ( d l - 1  & d2= l )  (d l =  l  & d2 -50),(d l 2& (12

1)....... ( d l - 2 &  d2 - 5 0 ) , (dl 3& d2 —1).... and so on up to (d l -50  & d 2 —50). This

gives us a total of 2500 [)ermutations for a given set. For the pur{)oses of this study, 

oidy one curve is shown, symmetrical densities from d —1 to d 50 but in reality, each 

curve in this result set is jus t representative of the 2500 data-points th a t  would be 

necessary to populate the database for a given scenario. It is inevitable th a t  many of 

the OOB levels would be (|uite similar or virtually the same e.g. ( d l = l  & d2 -50) is 

likely to be the same as (d l 50 & d2 1). I t becomes less clear when considering the 

effect tha t different densities would have when considering nniltiple interfering systems 

and multiple victim systems.
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3.5 Calculation of OOB levels for mask database

This section displays and analyses the results from the mask calculation under different 

interference scenarios, it discusses how the calculations were adjusted for each scenario 

and a ttem p ts  to give some insight as to  the reasons for the behaviour of tlie results.

T he m otivation for choosing a pixellated geo-location database was to create a 

framew'ork whereby it w'ould be possible to identify a finite num ber of interference 

scenarios for which to devise an interference m anagem ent scheme. By identifying a 

finite num ber of interference scenarios, it is then possible to calculate an appropriate 

SCEM for each of these scenarios. Once all of these SCEMs have been calculated they 

can be used to populate a SCEM database. This SCEM database can then be coupled 

w ith the pixellated database so th a t when spectral and geographical neighbours change 

in any way, this new' scenario can be j)recisely categorized and a new SCEM can be 

called upon th a t b e tte r fits the new scenario, giving us a flexible, efficient and dynam ic 

interference m anagem ent mechanism.

Pixel Based Interferencen
^  Scenarios
3
C3

y
X

Before w'e delve into our calculation results th a t will be used to populate our mask 

database, we take a quick look a t the num ber of interference scenarios we w'ill have to 

derive m ask levels for in order to  have a com prehensive database for any occurrence.

W hen considering the num ber of interference scenarios in the single interfering 

system /single victim  system  bracket, the am ount can be represented as a 

k-m ulticom binations, specifically:
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(3.10)

The three is representative of tlie three different possible geographical 

configurations: co-located, beside or diagonal multiplied by two, the number of

transmission modes of the interferer uplink and downlink.

The two outside the multicombination represents the number of transmission modes

relationships. The represents the victim system. System 1 is located in the same 

pixel as the victim system and is said to be co-located. System 3 is in the diagonal 

pixel, said to be diagonally located and system 2 is in the adjacent pixel and is said to 

be beside or adjacently located.

If the rules of the framework are such tha t there may only be one system per pixel 

and any given frequency then the calculation just shown is sufficient to determine 

the mimber of interference scenarios tha t will need masks calculated for it, however if 

considering multiple systems per pixel i.e. allowing nniltiple systems to operate in the 

same directly neighboring pixels at appropriately reduced powers, then determining 

how many interference scenarios are to be analysed becomes a slightly more complex 

undertaking. To do this we must consider three brackets of interference scenarios:

•  multiple interferer/single victim

•  single interferer/multiple victim

•  multiple interferer /m ultip le  victim

For the first two, they can both  be expressed with, the same k-multicombination.

As before the three is representative of the three different possible geographical 

configurations: co-located, adjacent or diagonal multiplied by two, the number of 

transmission modes of the interferers uplink and downlink. The two outside the sum 

represents the number of transmission modes of the victim. The difference in this case 

is the k, which represents the number of interferers (in the case of multiple interferers) 

or victims (in the case of multiple victims) we are choosing. In both  of these cases

Lastly we nmst find a way to express the number of interference scenarios in the 

multiple interferer multiple victim bracket. This is a little more complex because we

of the victim. In figure 3.6 we have a visualization of different geographical interference

(3.11)

k  =  2.
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iinist identify which interference scenarios quahfy as m ultip le  interferer, m ultip le  victim. 

T here  are a  num ber  of cases where there  are m ultip le  v ictim  system s on an ad jacen t 

frequency to  m ultip le  interfering system s b u t  the ir  geographical locations are such th a t  

the  interference scenario falls into the  nniltiple in terferer/s ing le  v ictim  bracket or the  

single interferer m ultip le  victim  bracket. For an  interference scenario to  be considered 

m ultip le  in te rfe re r /m u ltip le  victim  b o th  victims nuist be e ither co-located, ad jacen t 

or diagonal to  each interferer while also being either co-located, beside or diagonal to  

each o ther. W ith  these criteria  in m ind, we found th a t  the  s im plest way to  define the  

num ber  of interference scenarios in this bracket was to  consider the  relative locations 

of 3 of the  system s relative to  the  fourth , this is done by using much the sam e form ula 

as before, except w ith  k =  3. P u t t in g  these m ath em a tica l  definitions toge the r  we have:

f ‘3 * 2 \  { 3 * 2  + 2 - 1\  f 3 * 2  + 2 - l \  / 3 * 2  +  3 - l \  ^ „
2.(^ 1 j + 2 . ( ^  2 2 3 j  =  1 2 + 4 2 + 4 2 + 1 1 2

(3.12)

From  th is  calculation we can see th a t  the  num ber  of interference scenarios by 

g rouping  will be:

•  single interferer single victim  : 12

•  nniltip le  interferer single v ic tim  : 42

•  single interferer niulti])le v ic tim  : 42

•  multii)le interferer m ultip le  victim  : 112

T h is  analysis shows th a t  the  d iscretization of geo-location has allow'ed us to  

de te rm ine  a finite num ber  of scenarios which we irnist consider. For a com prehensive 

m ask level d a tab ase ,  we m ust s im ply consider each of these scenarios w ith  the  cell

densities of b o th  system s varied over all reasonable  am ounts . It is no t  p rac tica l  to

analyze the  results  of every single one of these interference scenarios, however the  

rem ainder  of th is  chap te r  will endeavour to  address a  subs tan t ia l  enough subset  so th a t  

a  good un d e rs tan d in g  of the  behav iour of m ask levels under  different c ircum stances  can 

be achieved.

3.5 .1  Single interfering s y s t e m /  single victim system

Figure  3.7 shows an exam ple of a Single interfering sy s tem / single victim  system  

interference scenario. Th is  p a r t icu la r  exam ple is a single v ic tim /sing le  in terferer w ith

Ph.D . Thesis 1st April 2015



3.5 CALCULATION OF OOB LEVELS FOR MASK DATABASE 53

the interferer in an adjacent p ixe l The transm it inodes are one being in uplink and 

one being in downlink which results in the T S -> T S  interference interaction which is 

plotted in Figure 3.8, the BS->TS and T S->B S cases will also be explored.

Note: The different combinations of transm it modes result in different interference 

interactions specifically,

• Two uplinking systems results in TS->B S (TS interfering with a BS) going both 

ways.

• One uplinking system and one downlinking system results in one T S -> T S  and 

one BS->BS

• Two downlinking systems results in B S->TS going both ways.

0 0
LU
Od
3
CD

Single Interferer/single 
victim:
T S-> T S lad jacen t pixel)

y

To begin with, we analyse the interference scenarios involving a single interfering 

system and a single victim. Since this bracket has a relatively small number of ])0ssible 

interference scenarios, we do this for all combinations of geo-location and transm it 

mode. In Figure 3.8 we see the OOB levels for varying Terminal Station (TS) densities 

for TS-TS interference between two cells of 200m radius with OOB levels on the x-axis 

and number of T S ’ on the y-axis. The simulation was run for varying cell TS densities 

from 2 to 50. (i.e. with two Terminal Stations in a cell, four Terminal Stations in a 

cell, etc up to fifty Terminal Stations in a cell). Each time the simulation is run, its 

ou tpu t is the OOB baseline level for the systems given the set densities. This was also 

done for a number of different frequencies from 600MHz to 3.6GHz. In Figure 3.8a we 

can see the results for the case where the victim and interfering base station are in the 

same [)ixel. This is the most severe occurrence of interference since the cells will likely 

be co-located to a large extent, resulting in a lower mean distance between interferer
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and victim Termiiial Stations. Figure 3.8b shows the case where the base stations are 
located in pixels that are beside each other, in this case it is again possible tha t the 
base stations could be effectively co-located, giving a low mean distance betw’een the 
Terminal Stations. It is however equally possible th a t the base stations could be at 

opposite ends of their resi)ective j)ixels, implying a huge distance between the victim 
and interferer. This results in an overall more relaxed set of mask levels relative to 
the levels for co-located cells. In Figure 3.8c the results for cells in diagonal pixels 
are shown. In this case the base stations again have the potential to be effectively 
co-located but only at the point where the corners of the two pixel meet as opposed to 
at any point on a line segment as with the adjacent pixels. The base stations also have 
the potential to be at opposite corners, giving a total distance of two diagonal lengths 
of a pixel betw'een the systems. The upshot of this is th a t the indicated OOB levels 
for the diagonal case are far more relaxed again and constitute the mildest occurrence 
of interference.
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FIG URE 3.8

OOB emission level for TS-TS interference for cell radii of 200nn m ih  varying densities
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OOB b a s e l i n e  level (dBm)
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FIGURE 3.9
OOB em ission level for BS-TS in terference fo r cell radii of 200m  w ith  varying densities

In order to generate masks for the base stations, we consider the BS-TS interference 

relationship. The simulation was set up in the same manner as before except this time 
there is only one potential interferer, the base station. In this case we see a much more
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relaxeci set of OOB levels, this is because there is only one base station and consequently 

the average niiniinuni distance between it and a victim receiver is much lower than  tha t 

between interferer and victim Terminal Stations. These results are shown in Figure 3.9 

for the same three interference scenarios, co-located, adjacent and diagonal. Besides 

the obvious feature of being, as a whole more relaxed then the previous set of OOB 

levels, there are a couple of interesting things th a t  can be noted about these results. 

Firstly, the curves seem to vary a lot less as density changes, i.e. the difference between 

low density OOB levels and high density OOB levels is significantly less than in the 

l)revious TS-TS interference scenario. For instance in the diagonal case for the BS-TS 

scenario, the difference in OOB level for the 20 density case and the 40 density case 

in only about 3dBm whereas in the same case for the TS-TS interference scenario, the 

difference is close to fOdBrn. This is most likely caused by the fact th a t  the increase in 

density for TS-TS means there is an increase in the number of interferers and victims as 

opposed to in the BS-TS case where there is only an increase in the number of victims. 

The upshot of this is that the increase in densities for the BS-TS case has less of an 

efl'ect on the minimum interferer-victim distance, resulting in a more relaxed mask as 

densities increase.

Dej)ending on what way the duplexing is set up in a given system, it may be the case 

th a t  a network has a separate block of freciuencies for uplink and downlink. This would 

mean tha t the Terminal Stations of an interfering system could affect a victim base 

station without affecting the victims Terminal Stations. Therefore, a set of OOB levels 

nuist be derived for this potential realization i.e. TS-BS. In Figure 3.10 these results are 

plotted as before. The results are largely similar to the results of the BS-TS scenario, 

the only difference being caused by the fact tha t a base s ta t ion ’s received signals are 

jiower controlled upon transmission. The power control factor GpQnf me'ans th a t  the 

Terminal Station will only transm it a t the power th a t  will give the desired power at 

the BS given their distance (Section 3.4). This cannot occur on the downlink since 

the base station must serve all Terminal Stations, even those at the cell edge. The 

consequence of this factor meaning they will be on average weaker than  a Terminal 

S ta tions’ received signal, resulting in slightly stricter set of OOB levels. This seems 

counter intuitive since one would think th a t  since the interfering signal is a Terminal 

Station too then the interfering signal would be correspondingly weaker. However, 

the wanted signal will always be transm itted  a t the controlled level for their specific 

distance from the receiving BS, the interfering signal may be doing the same thing with 

its base station but since we are taking worst case scenarios for our levels, the scenario 

th a t  we are taking for our levels is likely one where the interfering Terminal Station is 

quite far from its own l)ase station and hence is transm itting  close to full power.
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OOB em ission level for TS-BS in terference for cell radii of 20Dm w ith  varying densities
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Next we consider the possibility of one base stations transmission interfering with 

ano ther’s reception i.e. BS->BS interference. In this case, the density of the Terminal 

Stations does not affect our calculations since a transmission from a Terminal Station
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will always ad just to  the distance from the basestation (power control) and the 

transm ission by a basestaion will also not ad just since it m ust always create the same 

cell radius. This means th a t the interference between two base stations will only ever 

depend on the distance between them  (and their cell radii but this value does not vary 

for a given sim ulation). In Figure 3.11 a-c we can see the CDFs for each scenario w ith 

the same variance of frequencies in each as before. The results follow' much as expected 

with the differences between co located, beside and diagonal similar to the previous 

results sets and w ith sim ilar values to  the d a ta  points of density=2 on the previous 

graphs.

3.5.2 Multiple systems

The system  we propose for our database-based interference m anagem ent system  could 

potentially  allow for more than  one system  to occupy spectrum  at a particu lar 

geographic pixel as certain  systems may not have an stringent SNR requirem ents and 

may be willing to avail of a best effort option. This requires tha t the database should 

account for the aggregate interference of these nuiltiple low SNR users on systems in the 

adjacent channel. However, the datal^ase m ust also try  to m itigate interference among 

low SNR users operating in the same pixel such th a t they can co-exist w ith each o ther 

by minimizing the potential co-channel interference they can cause one another.

As before, we determ ine the appropria te  masks for these nm ltiple low SNR users, 

e.g. two low SNR system s in the  following exam ple, using a M onte Carlo-based 

analysis. The two base stations are dropped w ithin the same pixel and a sta tistica l 

interferer-victim  analysis is perform ed on the scenario, this tim e to  determ ine the 

acceptable IB  transmission power levels. In these calculations the aim  is to  determ ine 

the appropria te IB power {IBintanaiysis) for the two low SNR users so th a t they don ’t 

cause each other harm ful interference. In doing this analysis we fixed the cell density, 

i.e. num ber of a ttached  TSs, and varied the wanted cell radius { C R u , a n t e d )   ̂ w ithin which 

the TSs were dropped, from 2m-200ni. The ou tp u t of this interference-based analysis 

suggests an I  Bintanaiysis below whicli transm issions would not cause im acceptable 

interference from one system  to  another.
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However, since I  Bi„tanaiysis corresponds to transm it power anci therefore 

corresponds to  the realized cell radius of the system, based on the w anted SNR a t 

the cell edge { P c e ) ,  some of these IBmtanaiysis levels will be too high for CRu,anted In 

other words, the system  would not need to use the  full 1  B i n t a n a i y s i s  to  achieve C R u ^ a n t e d -  

Furtherm ore, some w'ould be too low% m eaning the transm it power level would not 

suffice to  achieve C R ^ , a n t e d -

CO

CO
LU
Ql
Z)
o

Cell Size Vs Cell 
Density ^ 3 0 -

1 0 -

cell s ize

To determ ine the oj^timal transm it power level we m ust ascertain  a t w hat value of 

^Rwanted Satisfies IBi„iQ^Qiygig pcithloss Pc e - Figure (3.12a) {Pce  ~ ^Bij îQ-nQiysig) 

has been plo tted  for 4 different small cell system s scenarios. The actual pathloss 

exjjerienced by these system s is also plotted. It is the intersection point of the pathloss 

curve and the {Pce  - I  Bintanaiysis ) curve th a t gives the optim al transm it powder. For 

any value of CR^.anted where {Pce  - ^Bintanaiysis ) <  pathloss the small cell system  

will no t be viable as Pce  cannot be m et. For any value of CRy,,anted where {Pc e  - 

I  Bintanaiysis) >  pathloss the Small cell system  wall not be viable from an interference 

m anagem ent perspective as Pc e  will exceed the value on which the interference analysis 

was undertaken  to derive the I  Bintanaiysis values. Consequently, the intersection point 

for each curve gives the m axim um  cell radius (and corresponding IB power) for two 

low" SNR users th a t are geographically co-located while on the same frequency.

This process was also repeated  for low SNR users th a t are on beside (3.12b) and 

diagonal pixels (3.12c), all for a fixed pixel size (pixel for 200m cells) The results are 

displayed in Table 2 in A ppendix A. The four diff'erent cell size values for different cell 

densities were taken and extraj)olated to create a plot for cell densities between 1 and
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50. (Figure 3.13) This curve was then used to  determ ine new cell sizes values for the 

relevant plots.
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This process was also repeated for the case of B S->T S (Figure 3.14) interference 

and T S->B S (Figure 3.15) interference so th a t th a t cell radii and mask levels can be 

created for these interference scenarios also. As expected, the cell radii for the T S->B S 

and B S->T S scenarios are more relaxed than  th a t of the T S -> T S  interference scenario 

w ith only the co-located subset requiring an adjustm ent of the cell radii. The resu ltan t 

cell radii are displayed in Table 3 for B S->TS and Table 4 for TS->B S in A ppendix 

A.

W ith  these new values for cell radii, we can now go on to calculate the masks for all 

relevant interference scenario involving nmltiple, freciuency co-located low SNR cells.

3 .5 .3  Mult iple Interferers, single victim

Multiple Interferer/Single 
Victim:
In ti T S -> T S (ad jacen t pixel),
Int2 T S -> T S (ad jacen t pixel)

y
X

Figure 3.16 shows an exam ple of a M ultiple interferers, single victim  system  

interference scenario. As was shown at the s ta r t of this section the consideration 

of m ultiple cells in the same frequency band significantly increases the num ber of 

interference scenarios to be considered. W ithin this bracket the scenarios can be further 

subcatagorised as:

•  Interferers being in same transm it mode and pixel as each other.

•  interferers being in same transm it mode and different i)ixel to each other.

•  interferers being in different transm it m ode and same pixel as each other.

•  interferers being in different transm it m ode and different pixel to  each other.
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Using our new values for cell radii, the OOB levels for these interference scenarios 

are displayed and analyzed in the following section.

Multiple Interferers, Single victim : Same Transmit Mode Pixel

The cell rad ii from the j)revious section (fu lly  displayed in Appendix A) can now be 

taken and used to calculate the OOB levels for m ultip le  geographically co-located 

interferers. The method of calculation is for the large part the same as before, the 

difference lies in the calculation of the acceptable interference level at the receiver, since 

there w ill be a greater number of potentia l interferers transm itting  sinmltaneously, the 

PiTar^ic (p(lii<ition 3.3) value is divided betw'een the systems such tha t combined they 

reach this level. This results in a significant tightening of the mask levels but since 

the m ulti])le interfering systems also have smaller cell radii, the OOB levels are not as 

severe as i f  they would be for nm ltip le fu ll sized interferer cells. These OOB levels are 

shown in Figure 3.17.

In  Figure 3.17a we see the OOB lim its  of the TS ->TS  interference scenario. In  all 

three cases, (co-located,beside,diagonal) we see a clear tightening o f the OOB levels 

required to maintain acceptable interference levels. This, as expected, follows in the 

two other interference scerarios BS->TS and TS->BS. As before, we see that in the 

cases of BS->TS and TS->BS, the increase in density does not tighten the mask levels 

to the same extent as the TS ->TS  interference, due to the fact that the increase in 

density is two fold in the TS ->TS case, increasing the number of interferers as well 

as the number of victims. We can also observe tha t the change in density affects the 

diagonal case the least for each interference scenario. This is likely due to the fact that 

the increase in density and hence, p roxim ity  to the v ic tim , has litt le  affect due to  the 

decrease being a relatively small j^ercentage o f the large average distance between most 

victim s and interferers in the diagonal case. We have om itted to show the BS->BS 

in this case because it  can be thought of as v ir tu a lly  the same as the BS->BS in the 

previous case w ith  the only difference being slightly s tricter levels due to  the one extra 

interferer.
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M ultiple Interferers, Single V ictim  : Same Transmit Mode Different Pixels

Next to be considered is the case where there are m ultip le interferers which are located 

in different pixels. This j)resents a slightly different challenge in that the interferers 

are in different pixels and hence w ill s ta tis tica lly  be at different distances to the 

v ictim . To allow for this we divided up PiTar^^c before except w ith  one im portant 

difference. Instead of the tolerable interference ( PiTar^^c) divided equally between

the interferers, it  was divided by an appropriate ratio. For each calculation o f the 

acceptable OOB level in our Monte Carlo analysis, the closest interferer was found 

as before but instead of allowing it to use ha lf the tolerable interference( its

pathloss was compared w ith  that of the interferer from the other interfering system 

tha t was closest to the v ic tim  in cjuestion. To put it  another way, i f  we call out two 

interfering systems In tA  and In tB  and our v ic tim  \ ’icA, the smallest distance between 

any node in In tA  and V icA  is found, M cA.nodeX, then the distance between any node 

in In tA  and VicA.nodeX is found. The ra tio  between the resultant pathlosses is then 

found and In tA  was assigned a percentage of the Tolerable interference ( PiTar^.ic )  ̂

corresponded to this ratio. This process was then repeated for the second interfering 

system In tB , giving the two curves in each graph.

In Figure 3.18 we can see these plots which are as expected w ith  the co-located 

being stricter than the beside (Figure 3.18a), the beside being stricter than the diagonal 

(Figure 3.18b) and o f course the co-located being stricter than the diagonal (Figure 

3.18c). In Figure 3.19 the pattern is largely sim ilar. W hat is interesting to note about 

these two sets of graphs is tha t all the values are more relaxed than the ir counterparts 

in Figure 3.17. This is due to the change in the way the tolerable interference( PtXari,,c) 

is divided between the nn iltip le  interferers.
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OOB em ission levels for m ultip le in terfering  system s in d ifferent pixels. B S->TS in terference

In our previous model, the P iTar^i^ is divided by the number of interfering systems,
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each g e ttin g  a llo tted  half the  to ta l. In th is  m odel, as we have described , th e  am ount 

of th e  PiTaryic assigned to  a  system  is ca lcu la ted  by the  ra tio  of the  two pathlosses.

It follow'S in tu itive ly  th a t  th e  levels of a co-located  system  paired  w ith  a d iagonal 

system  w ould have m ore relaxed  levels th a n  w hen it was paired  w ith  a n o th e r  co-located  

system  since it would be assigned a larger p o rtio n  of PiTarvic-

How^ever, it is no t in tu itive  th a t  a d iagonal system  sharing  w ith  a co-located  system  

w ould have m ore relaxed  levels th a n  w hen it was paired  w ith  a n o th e r d iagonal system . 

T h is is due to  th e  fac t th a t  pa th lo ss  ra tio  is ca lcu la ted  betw een th e  closest in terferer 

from  th e  th e  system  in question  to  a  v ictim  an d  th e  closest in terferer from  th e  o ther 

system  to  t h a t  v ictim , i.e. th e  v ic tim  th a t  th e  in terferer from  th e  d iagonal system  is 

closest to ) m ean ing  th a t  it is likely th a t  th e  in terferer from  the  d iagonal system  will be 

closer, even if it is in a d iagonal pixel and the  o th e r  is beside or co-located. To p u t it 

a n o th e r  way, when ca lcu la ting  th e  O O B  levels for d iagonal system , th e  v ictim  is taken  

to  be w hichever v ictim  is closest to  a  d iagonal in terferer, w hereas for th e  co-located  

system , th is  is effectively a  random ly  selected  v ictim  so it will on average have a larger 

d istance , even if it is a closer system  overall.
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FIGURE 3.20
OOB emission levels fo r multiple in terfering systems in different pixels. TS->BS interference

111 Figure 3.20 can clearly see tha t the TS->BS interference scenario case is different
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to  the other scenarios in th a t the plots are the same in each pair. This can be accounted 

for by the fact th a t the victim  in this case is a BS and hence in each case they have the 

same closest victim , m eaning when the PiTar^ic is divided proportionally  by the relative 

pathlosses and then the  pathlosses are taken into account for each systems mask levels 

it results in the same OOB mask levels.

Multiple  Interferers, Sing le  Vic t im  : Different  Transmit  M o d e  S a m e  Pixels

In Figure 3.21 we can see the levels for m ultiple system s in the same pixels, one in 

uplink T S->B S and one in downlink BS->BS. As with the previous set of levels, the 

two in the pair have the same plots because they have a common closest victim . The 

difference in this case is th a t the levels for the system  in uplink T S->B S are slightly 

stric ter. This is caused by the fact th a t we have accounted for more than  one TS in 

the  interfering system  transm itting  a t the one time. Theoretically a TS on a frequency 

th a t not im m ediately adjacent to  the  victim  system  would still be capable of generating 

some adjacent channel interference. W ith  this in m ind, the sim ulation accounts assigns 

some of the interference allowance for this, giving a stric ter set of mask levels for the 

closest victim . The reason the graphs appear noisey is th a t there is not a huge am ount 

of variance with density, as this increase does not effect any system  th a t is in DL( 

The BS being the  only interferer in this case regardless of density). This results in a 

sm aller scale on the x-axis, which exaggerates the usually insignificant noiseyness in 

the curves.
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FIGURE 3.21
OOB emission levels for multiple in terfering systems in the same pixel one TS->BS, one BS^BS
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The plots ill Figure 3.22 are for the same case as before but w ith  the v ic tim  in 

ciownlink. The first p lot for the two co-located system follows as expected w ith  the 

TS interferer needing stricter OOB levels on account of its interferers lower average 

distance to the victims. However, the plots 3.22b and 3.22c require some analysis as 

they appear somewhat usual. F irs tly  the two plots w ith in  each graph seem to be the 

same w ith  a small shift, this is expected when the v ic tim  is a receiving BS and hence 

all interferers share the same closest v ic tim  but not in a scenario where the v ic tim  

system is in downlink and there are many j^otential v ic tim  TS. However, since both 

interfering systems are in different pixels to the v ic tim  systems and the same pixel as 

each other in these cases it  stands to reason tha t there is a high probability  tha t they 

w ill have the same closest v ic tim  (the v ic tim  TS tha t is closest to the pixel they are 

in) and if  we examine the plots closely we can see tha t there are subtle differences in 

the ir shapes, accounting for the small percentage of times that they do not share the 

same closest v ic tim  TS.
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OOB emission levels fo r multiple interfering systems in the same pixel one TS->TS, one BS^TS
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Multiple Interferers, Single  Vict im : Different  Transmit  M o d e  Si Different  Pixels

In the final set of plots for this section, the case where two systems, in two different 

pixels to each other, one in uplink and one in downlink are interfering w'ith a victim 

system. The levels in these plots are calculated in the same way as in for miiltij)le 

interferers with the same transm it mode in different pixels.

In the first tw'o sets of plots (Figures 3.23 & 3.24) ŵ e have similar behavior as before 

when it comes to two interfering systems sharing a closest victim with the tw'o plots 

being the same except for a slightly stricter set of levels for the uplink systems due 

to the fact tha t the TS could potentially have to share its allow^able interference with 

some other T S ’ on nearby channels.
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FIGURE 3.23

OOB emission levels for multiple interfering systems in different pixels.one B S^B S , one TS->BS

In Figures 3.25 & 3.26 we again have two interferers in different pixels, one in uplink
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and one in downlink. In this case the victim system is in downlink meaning there are 

multiple possible closest victims. The main difference betw'een these two sets of plots 

being the fact th a t  in Figure 3.25 the uplink system is always in a pixel closer to the 

victim resulting in a large difference in the levels in each plot w^iereas in Figures 3.26 

a & b the downlink system is ahvays closer, meaning th a t  the levels end up being quite 

close due to the fact th a t  the difference made by the downlink system being closer is 

somew^hat negated by the fact th a t  the uplink system has more potential interferers 

and hence there is an increased chance of one of them  being near the victim system, 

except for in Figure 3.26 c, despite the greater number of potential interferers in the 

uplinking system (red curve) the system is simply too far away in the diagonal pixel 

to have near the same impact as the co-located interfering system.
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FIGURE 3.24
OOB emission levels fo r multiple interfering systems in different pixels.one TS^BS , one BS->BS
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FIGURE 3.26

OOB em ission levels for m ultip le in terfering  system s in d ifferent pixels.one T S ^ T S , one BS->TS
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3 .5 .4  Single  interferer, Multiple v ict ims
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T S->V ic2T S(adjacent pixel)

y

Figure 3.27 shows an example of a Single interferer, M ultiple victim s system 

interference scenario.

In the previous section, we explored all interference com binations for the case where 

there are two interferers and a single victim . T he next step is to  consider the oi)posite

case where there is a single interferer but two victim  system s operating in the same

pixel. In this bracket of interference scenarios, there is the same num ber of interference 

scenarios as before. However, when considering some of these scenarios, it would 

appear th a t there is little difference between some of them  and scenarios th a t have 

been calculated previously. In this section we consider:

•  V ictims being in same transm it mode and pixel

•  V ictims being in same transm it mode and different pixel

•  V ictims being in different transm it mode and different j)ixel

In considering the case where our systems are in different transm it modes, we 

decided th a t we would only consider the case where the uplinking system  is in the closer 

pixel would be considered. The reason for this being th a t in the case th a t we have two 

victim  system  in the same pixel, in different transm it modes, the uplinking system  

would only be a defacto ex tra  victim  term inal of the  downlinking system  and this 

sim ulation would produce a nearly identical curve as the same single victim  sim ulation 

w ith its density increased by one, the only difference being the uplinking victim s 

location would not be bound by the radius of the downlnking system. The upshot 

of this is th a t all cases where we have different transm it mode and the  same pixel are
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not considered and also half of the cases where we have different transm it mode and 

different pixels (the half where the uplinking system is further away)

To determine this, we run a sinnilation th a t  is an extension on the sinnilations 

run for a single interferer and a single victim. To extend for the case with two 

victims, an additional victim system is randomly dropped within the pixel as well 

as its corresponding Terminal Stations. The simulation then determines the closest 

victim from either victim system to an interferer and proceeds with the calculation as 

before. The simulations for two victim systems differs from the single victim system 

calculation in one other im portant way, the radii of the victim cells.

As in our calculations for imiltiple interferers, the fact th a t  there are multiple 

systems a t the same frequency and in the same or a nearby pixel must be taken into 

account, to do this, the graph in Figure 3.13 was used to assign cell sizes for the 

different density levels.
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Single Interferer, M ultiple Victims: Same Transmit Mode Same Pixel
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The firs t unusual th in g  to  note about the results in  F igure 3.28 is th a t the levels 

fo r the T S -> T S  interference scenario seem to  be much s tric te r than expected. For 

the co-located case, they seem to  have s im ila r levels to  th a t o f the nm ltip le  in terferer 

case. W hen the m u ltip le  in terfe rer case was firs t examined, the s tr ic te r levels we 

th o u g lit to  be the result o f a m m iber o f factors, a com bination  o f the d iv is ion  o f the 

to lerable interference ( PiTar^.tc ) between the sim ultaneously tra n s m ittin g  interferers 

and the decrease in the m in im um  distance as a result o f the increase in the num ber o f 

possible interferers. However, we then observed s im ila rly  s tr ic t levels fo r the case o f 

m u ltip le  v ic tim s  which caused us to  reconsider the cause o f the s tric t levels for m u ltij) le  

interferers (section 3.5.3).

Upon dissecting the s inn ila tions th a t produced the levels fo r the nm ltip le  interferers, 

we discovered th a t the d iv is ion  o f the PiTar^.^^ l i t t le  effect on the O O B levels. The 

m ethod for ca lcu la ting  the d iv is ion  involves d iv id in g  the PiTar^ic ra tio  o f the

j)athlosses between the closest in terfe re r and the v ic tim  and the closest in ferferer from  

the o ther in te rfe ring  system and tha t v ic t im  (section 3.5.3).

Since the in terfe rer from  the second system is usua lly s ign ifican tly  fu rthe r away from  

the v ic tim , the decrease in PiXar^^c most part fa ir ly  negligible. Th is  places the

cause for the tigh ten ing  o f the O O B levels on the increase in the num ber o f in te rfe ring  

Term ina l S tations and the resu ltant decrease in  m in inm m  T S -> T S  distance. Th is 

conclusion s t il l leaves one unanswered questions about the co-located T S -> T S  graph. 

Since d ifferent cell sizes were used in  the ca lcu la tion  o f the m u ltip le  v ic tim  O O B levels 

( it  was assumed th a t one v ic tim  was in u p lin k  and one was in dow n link  in order to  

examine the most in teresting  scenario-> Table A ) why were the curves v ir tu a lly  the 

same?
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CDF of m i n i m u m  d i s t a n c e

To answer this question we exam ined the minimum distances th a t were being 

produced by the two different sim ulations. In Figure 3.29 we show a CD F of the 

m ininm m  distance between victim  and interferer. The each sim ulation was run 10000 

tim es w ith cell densities of 50 in each case. The red line represents the  sinnilation where 

the victim  has a cell density of 200m and the blue line represents the sim ulation where 

the victim  has a cell density of 50m. It is apparent th a t the 50 radius case produces 

overall larger minimum distances, however when we exam ine the zoomed in version 

of the  curves in figure 3.29(b) we can see th a t as we approach the 95% likelihood of 

having a larger minimum distance there is v irtually  no difference in the two curves 

values, m eaning th a t for a 95% likelihood, the decreasing of the  cell radii has little  

effect on the strictness levels produced. This observation follows intuitively since it
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is i)robable th a t  at 5% of simulations randomly dropping cells within a pixel results 

in cells placed in virtually the same area, rendering the effect of the size of the cell 

negligible.
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FIGURE 3.30
One in te r f e r e r  ancJ two vict ims,  h e t e r o g e n e o u s ly  s i zed cells

The next interesting thing to note about this set of results is the difference between 

the T S->B S curves and the B S->TS curves. Intuitively, the expectation is that 

the curves would be cjuite similar to each other since there are the same number of 

interferer-victim jjairs and in j)revious groups of graphs we have observed th a t  these two 

curves tend to be (luite close to each other. The reason for this can l)e explained with 

the aid of Figure 3.30. In this results set, there is one interferer and two victims. This 

translates to the cell radius of the interferer being bigger than  th a t  of the victinis(see 

Section 3.5.2). When the interferer is in downlink (BS->TS) the larger cell has no effect 

on how close the interferer is to the victim Terminal Stations whereas in the uplink case 

(TS->BS), the larger cell size means the Terminal Stations of the interfering system 

are more spread out th a t  th a t  of the victim, meaning th a t  in the TS->B S  case, there 

tends to be a smaller minimum distance between interferer and victim, resulting in 

s tric ter OOB levels for the TS->BS scenario, especially for the high cell density cases, 

(the higher the cell density, the smaller the victim cells)

S i n g l e  Interferer,  M u l t ip le  V ic t im s ;  S a m e  T r a n s m i t  M o d e  &. D i f f e r e n t  Pixel

As before, the method for calculating these curves is much the same as the method 

for calculating the single interferer; single victim curves, with the difference lying in
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finding the smallest victim-interferer distance from either system. The values given 

by these curves, lie between the strictness for the single victim and the strictness for 

two victim in the same pixel. Stricter than  the case for a single victim since there is 

a greater number of potential victims and more relaxed than  the case for two victims 

since one of the two victim systems is in a different pixel, making the potential victims 

in this system, on average, further away.

In Figure 3.31a, we can see th a t  the red and blue curves are nearly identical, due 

to the fact th a t  the vast majority of the time, the victim th a t  is closest to an interferer 

is associated with the system th a t  is co-located with the interfering system, with the 

second system only playing a minor role in the calculation, (we can see tha t the red 

curve has slightly stricter levels than  the blue curve due to the fact th a t  its secondly 

victim system is in the pixel beside the interferer as opposed to in the pixel diagonal 

to the interferer making it more likely to be closer to the interferer). This phenomenon 

can also be observed in the equivalent curves in Figure 3.31b & c. Furthermore it was 

also observed tha t,  in accordance with our expectations, these curves are stricter than  

their single victim counterj)arts and more strict than  their two victim in the same pixel 

covmterparts.

Single Interferer ,  Mult ip le Vict ims:  Different  T ra n s m i t  m o d e  Different  Pixel

If we examine Figure 3.32a, we see the case where our interferer is in uplink, with the 

closer victim also being in uplink and the other victim being in downlink. It appears 

th a t  the curve involving the second victim being in the pixel beside, becomes stricter 

with increase in cell density, than  the curve involving the second victim in the diagonal 

pixel.
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3.31

This stands to reason since the system in downlink is further away and as a result its 

increase in potentia l v ictim s as density increases, has a smaller effect. The th ird  curve
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seems to have a similar slope to the first curve despite being over 20dBm more relaxed, 

this is due to  the fact th a t  the downlinking system has more of a chance of having 

the closest victim than  the middle curve because there is less of a disparity between 

its distance from the interferer and the uplinking victims distance from the interferer. 

Figure 3.32b follows a similar pa tte rn  except in this case, the interfering system is in 

downlink meaning there is no increase in potential interferers with density, this can 

most clearly be seen in the second curve where the downlinking victim system th a t  is 

in the diagonal pixel is the only system th a t  is affected by the increase in density, as a 

result, the increase in density has virtually no effect on this curve.
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One in te r fe re r  and  two victims, h e te ro g e n e o u s  locations and  t r a n sm i t  m o d es
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3 . 5 .5  M ult ip le  interferer, M ult ip le  v ic t im s
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Figure 3.33 shows an exam ple of a Multii)le interferer, M ultiple victims system  

interference scenario.

In section 3.5 we de te rm ined  th a t  the  num ber of interference scenarios in this 

bracket was 112. For the  sake of brevity, we have chosen a few sam ple results  to  disj)lay 

and  analyse in this section. These curves were calcu la ted  by using a com bination  of 

the  ai)i)roaches used for the  m ultip le  victim  and  m ultip le  interferer calculations in the  

previous sections. Firstly, the  closest interfering node from the  first interfering system  

to  a victim  node in e ither  victim  system  is found. Secondly, the  closest interfering node 

from the  second interfering system  to  this p a rt icu la r  v ictim  node is found. Thirdly, 

th e  to ta l  allowable interference PiTary^c (livided by the  ra t io  of the  two distances and 

the  larger portion  is assigned to  the  first victim  system . This  process is then  repea ted  

for the  second victim  system . T he  j)rocess seems som ew hat confusing in tex t  so the 

exp lana tion  of this j^rocess has been supp lem ented  w ith  the  pseudocode below

0: for i = 0; i <  density; i -T  do

0: for j — 0; j <  density ;]^  do

0; m inD istln tlV icl — dist(IntSysl(i),vicSysl(j))

0: n iinD is tIn t l \ ’ic2 -  dist(IntSys2(i),vicSysl(j))

0: if M inD is tIn tl \ ' ic l  <  MinDist t h e n

0: Closestint IntSysl(i);

0; MinDist AhnDistlntlVicl;

1st A pril 2015 P h .D . T h esis



94 3. MASK GENERATION: DATABASE APPROACH

0: WhichCloser - Vicl;

0: else

0: Closestint =  IiitSys2(i);

0: MinDist = MinDistIntlVic2;

0: WhichCloser =  Vic2;

0: e n d  if

0: if WhichCloser —=  Vic2 t h e n

0 :

0: for k =  1; k <density; k ; = do

0: lMinDistIiitVic2 =  dist(closestint, VicSys2(k));

0: P iTarliitl  =  (PiTar/(M inDistIn tlV icl t JM inDistIntl\lc2))*(M inDistIntlVicl)

0: e n d  for

0: else

0 :

0: for k — 1; k <density; k + +  do

0: MinDistIntVic2 =  dist(closestInt, \ ’icSysl(k));

0: P iT arln tl  (PiTar (M inD istln tlM cl • IM inDistIntl\ 'ic2))*(M inDistIntl\lc2)

0: e n d  for

0: e n d  if

In Figure 3.34 we see the curves for nuiltiple interfering systems one in uplink 
and one in downlink, interfering with multiple downlinking victim systems th a t are 
co-located with each other. In Figure 3.34a we have the curve for the case where the 
two interfering systems are co-located with the two victim systems. When the densities 

are very low the two curves have roughly the same value since each has a very small 
number of possible interferers but as the densities increase we can see tha t the uplinking 
systems curve becomes far stricter as the increase in density means tha t the uplinking 
systems number of interferers also increases. In Figure 3.34b & c this effect is less 
pronounced and the curves seem to have a similar shape. This is due to the fact that 
the interferers are not in the same pixel as the victims and are as a result, far more 
likely to be affecting the same victim.
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In Figure 3.35, the behaviour seems to be largely the same as the previous set of 

results w ith the only m ajor difference being the fact th a t the curves are as a whole 

more relaxed due to the fact th a t there are less possible victim s due to  the fact th a t the 

victim s are in uplink (making the BS the only possible victim ). One interesting thing to 

note abou t these curves is th a t the red curves (which represent a BS->BS interference 

interaction) seem to increase in strictness w ith the increase in densities. This seems 

unusual since the increase should have no effect on a BS->BS interference interaction. 

This can be explained l)y the fact th a t the secondary interfering system  in this case is 

an uplinking system  and since the increase in density would result in closer interferers 

from th is system , the downlinking system  receives a progressively sm aller ratio  of the 

allowable interference with the increase in density of the secondary interfering system.
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3.6 Conclusions

This chapter has focused on the deriving of interference m anagem ent schemes for 

independent networks specifically focusing on the dynam ic SCEM, a incarnation of the 

BEM. It has outlined the  calculation m ethod used to derive such a mask before going 

on to  display and analyse the resu ltan t mask levels for a vast num ber of interference 

scenarios. T he role of these results in the framework discussed in Section 3.5 would be 

to  popula te  a mask level database th a t could be queried using the cell densities of the 

partic ipa ting  system s so th a t dynam ic, efficient, up-to-date mask levels could be used 

a t all tim es for all system s, also allowing for a system s neighbours to  change w ithout 

causing interference to  any party. The mask database would sit into the wider Spectrum  

M anagem ent System (SMS) as part of the the  Mask Broker (displayed in Figure 

2.10). Figure 3.36 shows the inner workings of the Mask Broker. The Mask Broker 

makes a decision as to  with mask derivation mechanism is used based on how much 

inform ation is available abou t the system s in question. If no inform ation is available 

about the networks physical configurations then the mask database is consulted, if this 

inform ation is available then  another option is availed of, this option is described in 

the next chapter.
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4 Mask Generation: Bargaining 

Theory Approach

4.1 Introduction

Chaj)ter 3 outlined an apjjroach for Si)ecific Cell Emission Mask (SCEM) * calculation 

as a licensing scheme for the Independent Network Coalition framework.

As has been mentioned, this scheme is suitable for use when users of spectrum 

are constantly moving, both  geographically and in spectrum. The key principal of 

this approach involves the calculation of masks l)ased on two spectrally adjacent 

systems providing information (cell density and geo-location) to some central spectrum  

geo-location database which passes this information to the mask broker. This mask 

calculator makes these calculations and then provides suitable masks for use by the 

two systems. The approach takes no network characteristics into account and hence 

l)rovides technology and service neutral masks tha t can be used in a general case.

This chapter will discuss a complementary solution to this problem in the case where 

a certain am ount of information is available about the technology of each adjacent 

system. W hen two neighboring systems recjuire masks and submit a request, the 

calculator categorizes it as one of two kinds of recjuests. E ither the request provides 

no information about the physical characteristics of each network, in which case 

the broker will simply use the density and relative geolocations to find appropriate 

masks in the mask database (outlined in the previous chapter) or the request contains 

some information about the characteristics of the systems (ACLR, Roll-off factor etc) 

in which case the broker provides an optimized set of masks based on calculations 

involving this information. To calculate optimized mask levels we have chosen to

'A  SCEM is a type of block edge mask that only serves one base station.
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construct a bargaining theory sohition to the problem. Bargaining theory is a good 

approach for a i)roblem such as this as it provides a well defined approach for coming 

to  a solution th a t is bo th  optim al and equitable for a resource sharing scenario such as 

this.

4 .2  Bargaining Theory in Wireless Networks

As was featured in C hapter 2, Section 2.5, game theory has been used extensively 

w ithin the sphere of wireless com m unications. Much of this has been focused on the fair 

division of spectrum  between different wireless users all a ttem p ting  to  utilize a piece of 

spectrum . In [68], .Ji et al give an overview of dynam ic spectrum  sharing through game 

theory from several aspects: analysis of network users’ behaviors, efficient dynam ic 

d istribu ted  design and optim ality  analysis.

Bargaining theory is a subset of cooperative game theory where a set of players^ 

attem j^ts to reach an agreem ent as to  how they might share or trade some resource. 

|69| To come to this agreem ent, the players maximize their shared utility  by using the 

following equation:

n

arg m ax  n (A ’j -  (ij) (4.1)

where {S,d)  is a bargaining problem , 5  is a com pact and convex set, s* is the 

realization of 5  ( S' is the set of all possible utilities given all inputs) and di is some 

disagreem ent point.

As part of this kind of negotiation, one of these possible outcom es is known as the 

disagreement point. This point is the s ta te  th a t will be chosen in the event th a t an 

agreem ent cannot be reached. The goal of any bargaining approach is to maximize the 

shared u tility  of the game, finding the outcome th a t best suits the collective need of 

all the players in the game.

Bargaining theory is often utilized in wireless com m unications to decide on the 

division of an essential shared resource, m ost connnonly spectrum . In |70| a s])ectrum 

sharing problem  using OFDM  is modelled as a bargaining problem. In th is game, 

each player is consists of a T ransm itter {Tx{i ) )  and a receiver(/?.r(j)) pair and the

player is what any participant in a game is referred to
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goal is to decide how much power {Pik) each player should allocate to each available 

subchannel( A').

The problem was set up by developing a utility function Ui{P)  and then determining 

the maximum shared utility of the different players. This utility function was as follows.

p ) (-12)
k=l k T jfc

Where K  is the number of subcarriers, B  is the bandwidth, is thermal noise h 

is gain and p is power. High interference situations compels users to stay on separate 

channels and low interference coni])els the sharing of channels. The result is a power 

level for each user on each channel, where the power is between 0 and Pmax-

This is a fitting example of the role of bargaining theory in devising new and 

interesting ways of fairly dividing sj)ectrum between different users.

This Chapter proposes a novel method of adaptive Spectrum Mask (in our case 

Specific Cell Emission Mask) generation tha t uses bargaining theory to derive dynamic 

and efficient masks tha t can be reconfigured in real time to suit the constantly changing 

environment.

4.3 Proposed Bargaining Theory Mask Solution

When there are two systems, system 1 and system 2, on adjacent frequencies that are 

in some way geographically collocated, steps must be taken in order to insure the two 

systems do not cause each other too much interference so as to ensure good service 

for both  systems. When a system transm its in a band, its transmission will always 

also generate some spurious emissions in adjacent bands, causing interference to the 

neighbouring system. The amoimt of spurious emissions th a t  a system creates, and 

how severely these emissions effects the other system, depends on a number of factors. 

The previous chajiter outlined a solution th a t  used a statistical Monte Carlo method 

to generate ai)])ropriate mask levels for every possible scenario, using only location and 

cell densities.

This alternative approach undertakes to devise a solution in which mask levels are 

calculated in real time, using information about the networks provided. In addition, 

this solution will not calculate levels individually for each system but rather in pairs
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of OOB levels, making the mask levels and hence quality of service for each system 

interdependent.
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To do this we will devise a bargaining theory solution tha t will provide the OOB 

levels to be adhered to by both systems.

Any bargaining theory solution endeavours to find the maximum shared utility 

between the two players. For this solution, throughput is said to correspond to utility. 

The dependencies of throughput proposed by the initial solution of this thesis are 

described in Figure 4.1. This tree was constructed by an intuitive surmising of the 

factors th a t  affect capacity as defined by Shannon. The top node in the tree is the 

throughput, the arrows pointing downwards toward other nodes signify dependency. 

In this solution, th roughput is said to depend on two factors, bandw idth and SINR. 

This is easily justifiable for any wireless link. A wider bandw idth allows us to transm it 

at a greater symbol rate, a greater symbol rate means faster da ta  throughput. A larger 

SINR in a system is known to increase throughput as the decrease in errors allows us 

to remove redundancies built into the transmission to allow for error detection and 

correction and it also allows us to increase the modulation order of the transmission, 

meaning each sample is capable of representing more bits. SINR is simply com[)osed of 

the in block power of one system and the out of block power of the other. Bandw idth 

(or percent of to tal bandw idth  used) is said to be a function of roll off factor and 

suppression factor (quantified later in thi chapter).

W ith  this qualitative assessment in mind we must now a t tem p t to derive some 

way of quantitatively representing these factors using information we have about the 

systems.
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4 . 4  Ini t i a l  M o d e l

It has been ciecided that throughput is to be maximized for each system, system 1 
and system 2. This metric is one that is easily quantihable through Shannons capacity 

theorem.(Equation 4.3)

C = B  X log2(l +  S I N R )  (4.3)

W here C  is capacity, B  is bandwidth For the purposes of the utility for tlie initial 
model this equation is simplified to:

Util i ty = Throughput  = B  x  S I N E  (4.4)

The SINR value here is given in dB which is a logarithm of base 10. If we later 
want to convert back to a log l>ase 2 scale in order to be truer to the shannon equation 
it is just a matter of dividing by /o^2(1 0 ).

The next step is to derive some ecjuations that give us a good ajiproximation of our 
two factors. { S I N R  and B)  SINR is the easier of the two values to define so we start 
with it. For this solution we will define SINR as the ratio of the IB power { P { 1 ) i b ) of 
system 1 and the OOB power { P { 2 ) o o b ) of system 2. (Equation 4.5)

S I N H = P { 1 ) j b - P { 2 ) o o b  (4.5)

The IB power of system 1 minus the OOB power of system 2 gives us a basic 
representation of the SINR of system 1. This makes the assumption that the OOB 
emissions of system 2 is the only interference present.

The OOB power will be one of the values tha t is variable, iterated through all 
})ossible values. In order to calculate the IB power, the invert of the Adjacent Channel 
Leakage Ratio (ACLR) (usually represented by a negative dB value) is added to the 

OOB power of the same system.

P{l ) ,B = A C L E { l ) - P { l ) o o B  (4.6)

Adjacent Channel Leakage ratio (ACLR) is the percentage (in dB) of the IB power 
that system produces in spurious emissions in the adjacent channel. This equation
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simply states tha t the IB i)o\ver of system 1 is the maximum power the system is 
capable of transm itting while keeping its OOB levels below the given limit.

Banchvidth B  represents the to tal amount of the In-Block (IB) bandwidth the 

transm itter will actually use in order to stay compliant to a mask. To fit the 
quantitative description of throughput, bandwidth is defined as a factor between 0 
and 1, 1 equating to 100% use of the available bandwidth.

In order to calculate this, tw'o factors are taken into account:

• the roll-off factor (/3)
• suppression factor (5)

Roll off factor (/3) is a representation of the performance of a filter and is generally 
given as a value betw^een 0 and 1 where 0 is the perfect filter and 1 is the minimum 
performance filter with a very long roll off.

Suppression factor (S') (a coefficient created in this work) is a representation of how 
much the signal needs to be suppressed between its own band and the adjacent band. 
This is represented as a fraction of the total possible depression i.e. IB limit ( 
to noise floor NF{\ )  . This is represented visually in Figure 4.2. S  is essentially the 
ratio between range 1 and range 2. It is represented by the following fornnila:

This gives us a mirnber l)etween 0-1 th a t somehow reflects the extremity of the 
suppression required.

These two factors can now be used to make an estimate of the bandwidth used 
given the information w'e have about the system. The formula is as follows:

For this calculation to work, both B  and S  need to be between 0-1. This is fine for 
the roll off factor since the bandwidth value is represented as such.

This bandwidth factor B  noŵ  depends on two normalized representations, if either 

are 0 (either the filter has perfect roll off or there is no suppression needed), then the 
full bandwidth can be used. Otherwise the bandwidth is scaled appropriately. This is 
obviously a simplification of the resultant effective bandwidth but is appropriate for an 
estimate calculation such as this since it is only the relative throughputs under different 
mask settings that w'e are concerned with in this solution.

(4.7)

B = { l - ! 3 x S ) (4.8)
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Using these fornuilae we constructed a bargaining i)roblem with AGLR, IB mask 

level, roll off factor of each network as i)arameters and optimum OOB mask levels as 

inputs to be optimized.

The optimal Shared Utility is given by:

Ut = a r g m a x ( u l  — dl )  x {u2 — (12) (4.9)

W here u \  and u 2  are given by equation 4.4 w'ith P { l ) o o B  and P { 2 ) o o b  varied and 

d l  and d2  are the outputs  of equation 4.4 with the disagreement points as inputs.

For the purposes of this simulation we used P { l ) o o B  20 and P [ 2 ) o o b  = 20 as 

the disagreement points.

The results are plotted in a coloured scatter plot in Figure 4.3 which plots utility 

of system 1 on the x-axis and utility of system 2 on the y-axis with color indicating 

shared utility.(red being the highest and blue being the lowest)
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The first thing to note is th a t there is no strong pareto optimal solution as there 
is a range of output values which give the maximum value for shared utility. As long 
as the maxinnim possible suppression is being used by both ])layers then the values 
remained the same. For this solution this means (P ( l)o o s  ,-P(2)oob) values anywhere 
between (-55,-40) and (-120,-105) are acceptable.

An issue with this solution is that it fails to take noise into account. If we introduce 
a noise component into the algorithm it will have a different effect on each of these 
solutions since the noise will be constant in every scenario. Before, since the interference 
from the other system was the only source of interference, there was no difference 
between the highest power solution and the lowest power solution since the interference 
was proportionally the same. However, the introduction of a constant noise component 

means tha t there is a benefit to using the highest power solution since the constant 
noise component would have a lesser effect.

After this noise component is introduced there is a single strong pareto optimal 
solution for the problem, specifically:

Output : I B l  = 20, I B 2  = 5, O O B l  = -5 5 , OOB2 = -4 0  (4.10)

This result follow's intuitively since it is the largest IB power of the previous range of 
solutions which would be the least affected solution by the constant noise component.
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4.5 Accounting for Location and Density

So far we have only taken into account constant parameters for the two 

networks/players. The next step is to introduce some variable com])onents to the 

j)roblem and thus allow the solution to become an adaptive one, capable of producing 

scenario specific masks as needed, masks th a t  change as the input param eters change, 

giving us a more spectrally efficient usage pattern. To do this, information about 

location and density of our network nodes, location for the basestations and density 

of the terminal stations is introduced. This information about location and density 

would, as with the previous solution, be derived statistically by taking into account 

information about transm it mode (uplinking or downlinking) and relative geographical 

orientation (co-located, adjacent or diagonal). The updated  de])endency tree is shown 

in Figure 4.4.

This location and density information enables the calculation of the IB power 

(wanted signal) and the OOB Power of adjacent system (unwanted signal) at the 

receiver. This is achieved by determining the average minimum distance from 

interfering Tx and \"ictim Rx as well as the average minimum distance from the victim 

Tx and victim Rx. The addition of the pathloss calculations allows the calculation 

of the wanted and unwanted signals at the different receivers giving a much more 

accurate reflection of SINR. The mininnmi distances between the victim Tx and victim 

Rx were obtained by taking the densities of the two networks into account and randomly 

dropping the terminal stations within the cells of the two networks, finding the closest 

victim-interferer pair then finding the closest 4 interfering TSs to th a t  victim, before 

taking the average of the four distances.

This mininnmi distance calculation process was repeated for a large number of 

realizations, giving a smooth average minimum distance. This distance is then used 

with a simple jjathloss model to determine the signal powers at the receivers.
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In Figures 4.5, 4.6, 4.7, 4.8 and 4.9 we can see tha t the in troduction of cell densities 

and basestation location has resulted in much more defined peaks in shared u tility . In

P h .D . Thesis 1st A p r i l  2015



4.5 ACCOUNTING FOR LOCATION AND DENSITY 109

Figure 4.5 we see th a t  changing the input ACLR anci roll-off factor results in a different 

ou tpu t,  specifically, the OOB level of the network with the larger ACLR (a consequently 

lower roll off factor) is lower than  the other which follows intuitively. W hat is interesting 

and counter intuitive about these outputs  is th a t  despite the different inputs for density 

resulting in various different shared utility graphs, the oi)tinial solution does not change 

in any meaningful way meaning that for this model, the density has no significant effect 

on the resultant IB and OOB levels. In order to determine whether the density values 

used have any effect on the mask levels we experimented with unrealistic density levels 

just to ascertain the effect on the output. In Figure 4.10 the shared utility for densities 

of d l  =  1000, d2 =  1. For this extreme case, a slight deviation from the other outputs  

is observed, with one of the players dropping its levels by 5dB. This is likely caused 

by the fact th a t  its terminal stations are so close to the victims on the other side tha t 

this slight drop in pow'er gives a j)Ositive utility bump for the other player to such an 

extent th a t  it outweighs loss in utility for the first player. However, w'hat has been 

concluded by this series of simulations is tha t the effect of density in this current model 

is negligible.
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4.6 Accounting for Shaping
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In many modern wireless connmmications systems, signal shaping is used to 

suppress OOB emissions and therefore inijjrove a transmitters ability to adhere to 

some si)ectrum mask specihed to maintain an acceptable level of interference.l7l) |72| 

|73|. These shaping algorithms use a variety of different approaches to suppress the 

unwanted j)arts of their signals while ensuring the wanted j)art remains clear and strong. 

However, these algorithms will often involve a trade-off in terms of complexity and 

throughput degradation.

To incorporate shaping into this bargaining model we must attempt determine 

which metrics the shaping will affect in our model and whether new metrics need to be 

included. Furthermore we must attemi)t to quantify exactly how these metrics will be 

affected. In terms of positive effects of the shaping, the two metrics that will be affected 

will be the roll off factor j3 and the effective supression D. As a starting point we chose 

a maximum dej)ression due to shaping: {D — A C L R )  in dB that the shaping was likely 

to be able to achieve. This upper limit was provisionally set at 35dB^. The general 

behaviour of a shaping algorithm is one of diminishing returns, i.e. the more shaping 

you use, the less effect it has. To emulate this behaviour, a logarithmic function was 

used. Since 10 * /o(/10(4000) =  36dB  the severity of the shaping used is (luantified 

between shaping factor S F  =  0-100 and this number is inserted into the fornmla:

^35dB was chosen in consultation with spectnnn  shaping experts in our group as a reasonable 
m axim um  depression a shaping algorithm  is likely to  achieve
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112 4. MASK GENERATION: BARGAINING THEORY APPROACH

D = /ICL/? +  10 * logio(5F * 40) (4.11)

where D  is the total effective depression of the signal and S F  is the Shaping Factor.

To adjust the effective roll off factor, a term is needed that scales in a similar way 

without ever bringing the roll off factor to 0 (which is impossible). To do this we 
introduce the asymptotic arctangent function as a coefficient to the roll off factor and 

subtracted it from itself, i.e.

a r c t a n ( ^ ^
ef3 = p x { l ------------------------------------------------------- (4.12)

Where e/3 is the effective roll off factor after taking shaping into account, /3 is the 
filter roll off factor and S F  is the Shaping Factor.

In Figure 4.11 we show this arctan function, we can see that it is has an asym])tote 
tending towards 1. Therefore, when nuiltiplied by the roll off factor, it has an asymptote 
tending towards the roll off factor i.e. it will never subtract the full roll off factor and 
the effective roll off factor will never be 0. Using arctan(S'F * 40/1000) gives us a 
reduction of around 85% at shajjing factor = 100 (inaxinnim value for shaping factor), 
which means the shaping factor term suits both formulae.

The addition of the shaping factor S F  to equations 4.12 and 4.13 quantify the 
positive effects on the throughput. The final step in including the effect of shaping in 
this model is to add a term for the negative effect of shaping on the throughput. This 
term is brought in as a scaling term on the final throughput formula:

1 o  Z7’

Throughput = S I N K  x B  x  ---------  (4-13)

This term scales the throughput linearly with the increase of the shaping factor. The 
higher the scaling factor, the less throughput the system produces. This adjustment 
to the model is represented graphically in Figure 4.12.
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The new model was then run with a number of different sets of parameters. The 

results are plotted in Figures 4.13-4.18. In Figure 4.13 we can see the output of our 

new model with the input that we have been using for most of our simulations.

The new model i)roduces the exj)ected change in OOB levels as a result of the 

introduction of a shaping component. In the current model, the shaping value produced 

is 20 for both of the networks. Figures 4.14 and 4.15 dis])lay the output of the simulation 

with the densities slightly altered. Interestingly, the slight adjustm ent of the densities 

in this case has caused the outi)ut to change significantly from the previous output. 

Unlike the previous model, the difference in density between the two networks has 

caused many of the outputs  to change. The introduction of a shaj)ing component to 

the model has caused it to become nnich more sensitive to changes in densities. In 

Figures 4.16 & 4.17 we see the effect of changing the ACLR and roll off factor, as 

before this causes large shifts in the outputs, except in this case there isn’t the same 

drop in IB power, this is as a result of the shaping being able to bring down the levels 

of OOB interference instead of having to drop the overall j)ower. This means tha t the 

effect of the shaping increasing the ACLR and improving the roll off factor is tha t the 

SNR for both systems was significantly improved. There is however a cost in terms of 

throughput of certain shaping techniques, so the ideal amount to improve the ACLR 

and roll off factor is bore out by the model.

This addition to the model is an example of how game theoretic approach to 

o])timizing sj)ectrum usage can be easily adapted  to acconnnodate new technological 

advances .
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4 . 7  Final  M o d e l

III viewing the resultant bargaining graphs from the latest version of the model it seems 
promising. However, there are at this stage still a few issues which need addressing, 
specifically,

• The graphs appear to be not to be convex at certain points (as marked on Figure 
4.19).

• The SINR was taken in base 10 and a conversion back to the base 2 as in Shannons 
limit still needs to be taken into account.

^  S h a r e d  Utility 
=> G raph  w ith
CD
LL N o n -c o n v ex i t ie s

U t i l i t y  1

To tackle this lack of convexity at point 1, we simply reassessed the input results 
and removed unrealistic inputs that were causing these values. However, since none 
of these results at point 1 lay on the pareto boundary they are not of much concern. 
The more pressing occurrence of non convexity occurs at point 2 where we can see it 
occurring along the Pareto boundary. This causes an issue since without convexifying 
by introducing mixed strategies, we cannot say that we have a Nash equilibrium 
solution for this problem. The utility function was re-examined for anything that could 
be causing the non-convexity and after some thought a potential issue was discovered. 
For our suppression factor S  we derive this factor with equation 4.7. However, deriving 
the Supression factor in this manner causes the relationship between the suppression 
needed and the resultant coefficient to be exponential meaning that having even a very 
small amount of suppression needed results in a significant reduction in the bandwidth. 
This may not be the best representation of the actual effect of suppressing a signal in an
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adjacent band. Instead, the formula was adjusted so as to produce a linear relationship 

between the suppression needed and the resultant coefficient (equation 4.14). This 
adjustment probably is a more even representation of the actual effect of suppression 

and will not bias certain utilities, meaning a more even pareto boundary should result.

5  =  -  P { 1 ) o o b )  -  -  NF{1) )  (4.14)

With this change introduced and the adjustment to the SINR value to bring it to base 
2, the graphs in Figure 4.20 are produced. The graphs shown in Figure 4.20 are a three 
sample scenarios.

Figure 4.20a is the output of the final model with symmetrical inputs, specifically:

These in])uts produce outj)uts that are largely similar to the previous model, the 
only difference being the slight relaxing of the OOB levels for both systems.

Figure 4.201) is the outi)ut of the hnal model with symmetrical injjuts except for 
the TS densities, this case examines the case where there is a greater TS density in one 
of the cells specifically.

The behaviour of the model for this case is largely similar to the previous model 
in that there is a slight change in the OOB levels due to the increase in overall TS 
density. Due to the fact tha t the average minimum distance is calculated by taking the 
closest four interferers and averaging them (before re()eating this whole process many 
times for an overall average), the OOB levels are stricter for the system with a higher 
density of Terminal Stations. If only the closest interferer was used to calculate the 
mininuim distance then the two minimum distance values would be the same.

This averaging gives a good representation of the effect of a system having high 
density of interferers should have on the systems OOB levels by making them stricter.

Figure 4.20c is the output of the final model with asymmetric inputs and the same 
TS density:

What is clear from these results, as with similar ones from previous models is that 
the input relating to the physical configurations have a significant effect on the output 
meaning that the resultant mask levels are tailored to suit these specific configurations.
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FIGURE 4.20
Shared Utility output from  Final Model

These graphs is more promising since it  remains convex along the pareto boundary 

meaning the solution can be thought of as the nash equilibrium  and consequently the 

optim al solution for the two systems given this model.
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4.8 Multiple Spectral Neighbours

Some consideration must be given to the situation where a system begins to occupy a 

block of spectrum th a t  has neighbouring systems on each adjacent frequency, as seen 

in Figure 4.21. This scenario can be sub categorised into three different scenarios:

1. Scenario 1: Both Systems 1 & 2 already have spectral neighbours on their 

respective opposite sides and hence have already entered into a bargain with 

their respective existing neighbours. In this case, the bargains between System 

1 and System 3 and between System 2 and System 3 will have fixed OOB levels 

on both  counts. In this version of the bargaining problem, the only variables 

are the Shaj)ing levels th a t  System 3 will apply on each of its sides (assuming 

it has shaping capability).

2. Scenario 2: One System (e.g. System 1) already has another sj)ectral neighbour 

in which case System 3 enters into a bargain with system 2 but its IB power is 

limited by the fact tha t it must adhere to the fixed OOB levels it must maintain 

with System 1, which has already set its OOB level in the bargain with its other 

neighbour.

3. Scenario 3: Neither of System 1 or System 2 already has another spectral 

neighbour in which case System 3 enters into a bargain with whichever System 

takes priority (e.g. System 1). System 3 and System 2 then interact as in 

scenario 2.

The algorithm used in these three scenarios is the same as the final model, the only 

difference being the manner in which the inputs are varied.
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4.9 Conclusions

In this chapter we derive a set of e(iuations tha t accurately represented the effect 
of the mask levels on the throughput of two spectrally neighbouring systems. This 
quantitative representation of throughput is then used within a bargaining solution 
calculation to obtain the inputs th a t provide the maximum shared utility between two 
systems, (equation 4.9). This calculation provides us with the optimal mask levels to 
be used given a set of parameters.

This mechanism would act as the mask broker in Figure 3.10 for cases where certain 
information about the networks can be easily determined (ACLR, Roll-off factor). 
Figure 4.22 gives a visualization of the bargaining theory mask calculator’s role in the 
mask broker from Figure 3.10. If certain parameters of the two neighbouring systems 
are known, then the Bargaining theory mask calculator is used to produce the mask.
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Of course the efhciency of this assumes tha t this model is completely accurate which 
it of course is not. It is however a reasonable approximation and could be improved 

by some testing and experimentation which is discussed in the future work section of 
Chapter 7.

In order to implement this into a functional ])rototype, the algorithm must be 
constructed in an application th a t can produce a set of optimal levels when provided 
with inputs within a very small amount of time so as to properly capitalize of the 

adaptive nature of the masks with respect to the constantly changing parameters and 
spectral neighbours. This prototype is discussed further in Chapter 6.
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5 Network Rendezvous and 

Mobility Management

5.1 Introduction

Since the Independent Network Coahtions being discussed in tliis thesis are to 

have Dynamic Spectrum Access capabihties, the issues of network rendezvous and 

cell handovers are more com])lex. Furthermore, the independent nature of the 

networks within a given coalition raises further complications when considering mobility 

throughout the different networks. This chapter will outline the development of a novel 

system to allow rendezvous and handover between cells th a t  are operating and different, 

unknown frequencies and with different, heterogeneous i)hysical configurations tha t 

may not have traditional coordination methods available to them. This is the second 

objective discussed in Chapter 1.

Section 5.2 outlines the current sta te  of the art  both  in terms of handover and 

mobility as well as giving some background into concepts tha t play an im portant role in 

this chapter. In Section 5.3 we detail the first stage of the proposed solution, in Section 

5.4 we detail the exj)ansion of this solution th a t  tackles the issue of heterogeneous 

physical configurations and in Section 5.5 we discuss the handover process from a 

core network perspective before concluding in Section 5.6. This chapter outlines the 

theoretical aspects of the work carried out by the author in |74], |26| and [75].
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5.2 Handover and Mobility Mechanisms

In order for an Independent Network Coalition to  behave as one network, there m ust be 

a built-in  m echanism  th a t allows term inals to handover between different basestations 

in the coalition seamlessly. This handover requirem ent creates a challenge for our 

coalitions because there is no guarantee th a t there will be any homogeneity betw^een 

the m em bers of the coalition or indeed th a t they w'ill necessarily have any awareness 

of each other.

H an d o v er classification

Hard
h an d o ff

Soft
h an d o ff

S ofter
h a n d o ff

Vertical
h a n d o ff

H orizontal
h a n d o ff

F requencies
e n g a g e d

N ecessity  of 
h a n d o ff

N etw ork  ty p e s  
involved

User c on tro l 
a llow ance

In tra
freq u en cy

h an d o ff

U pw ard
vertical
h a n d o ff

In te r
freq u en c y

h a n d o ff

D ow nw ard
vertical
h a n d o ff

Inter-
ad m in is tra tiv e

h a n d o ff

Intra-
ad m in is tra tlv e

h a n d o ff

V oluntary
h an d o ff

O b liga to ry
h a n d o ff

V oluntary
h an d o ff

O b lig a to ry
h a n d o ff

N u m b er of 
co n n ec tio n s  

involved

A dm in istra tive
d o m a in s
involved

The assum ption nuist be th a t any individual basestation has no knowdedge of 

or com m unication with its neighbours, w hether it be through neighbour lists or 

X2^ connections. The requirem ents and functionality for the Independent Netw'ork 

Coalition m obility mechanism will be discussed in more detail la ter in the chapter, 

first there is an overview of handovers and m obility in general before a brief discussion 

of some of the  technology and research th a t pertains to  m obility and handover w ithin 

heterogeneous networks.

M obility enabling algorithm s and techniques are based around a netw'orks’ ability 

to  perform  handovers from one cell to  another. There are a num ber of different ways 

^an X2 connection is the direct link between two basestations [76|
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in which handovers can be classified. Th is  taxonom y is ou tlined  in Figure 5.1 |77|.

T he  m ost prom inen t classification factor is w he ther  the  handover is a vertical 

handover or a  horizontal handover \ 77 \. A horizontal handover is a handover between 

two access poin ts  using the  sam e network technology whereas a  vertical handover is 

betw een access points  of different netw ork technologies. T he  decision to  perform  a 

handover can be m ade  for several different reasons; there  are obligatory  handovers and  

vo lun ta ry  handovers. An obligatory  handover is the  case where it is necessary for the  

Term inal S ta tion  (TS) to  transfer  its connection to  ano the r  access poin t in order to  

avoid disconnection. \"o luntary  handovers are not necessary in order to  m ain ta in  a 

connection  and  are generally m ade to  improve QoS or oi)tirnize the  network in some 

way.

Any handover procedure can typically  be divided into four parts :  the  m easurem ents  

control, the  m easurem ents  report, the  handover decision and  the  handover execution 

|78]. T he  handover m easurem ents  are {)erformed by signalling betw een the  TS and BS. 

A m easurem ent control signal will be t ra n sm it te d  by the  BS and  the  T S  will perform 

some analysis on this signal, ex trac t  some pa ra m e te r  values and  report them  back to 

the  BS in a j)eriodic m anner. T he  pa ram ete rs  used such as, Received Signal S treng th  

Ind ica to r  (RSSI) and  Signal interference plus noise ra t io  (SIXR) vary between different 

a lgorithm s. Based on the  values of these pa ram ete rs  the  source BS will make the 

decision to  in it ia te  a handover. Once this decision has been m ade, the  source BS sends 

a handover request to  the  targe t  BS which does some admission control calculations 

before sending  a  acknowledgem ent, de ta iling  the  TSs new allocation inform ation  in the  

new cell. A t th is  j)oint the  TS then  detaches from the  source BS and  synchronizes to  

the  ta rg e t  cell. T he  ta rg e t  cell then  allocates a Ui)link (UL) channel to  the  TS and  the  

two begin to  exchange packet d a ta .  W hile th is  synchronization  process is tak ing  place, 

the  source BS forwards packets in tended  for the  T S  to  the  ta rg e t  BS th rough  the  X2 

interface. Once the  ta rge t  BS has estab lished  the  connection w ith  the  TS it sends a 

p a th  switch request to  the  M obility M anagem ent E n t i ty  (M M E) and  once it receives 

the  acknowledgem ent it sends a TS context release to  the  source BS and  the  handover 

is com plete  (79|. An exam ple of a process like th is  (in this case an  LTE protocol) can 

be seen in F igure  5.2.

From th is  d iagram  we can im m edia te ly  identify the  steps in this j)rocedure th a t  

a re  incom patib le  w ith  the  requirem ents  for Indei)endent Network Coalition m obility 

m echanism . At several points  du ring  this p rocedure  there  is d irect com m unication  

betw een th e  two basesta tions , m aking  this "X2 based" handover infeasible for use in 

the  con tex t of Independen t Network Coalitions. INCs, being tem p o ra ry  and  dynam ic
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in nature, need to exploit some mechanism tha t does not rely this kind of ability. Two 

handover procedures th a t  are closer to the INC vision of a handover are the S i interface 

Long Term Evolution (LTE) handover and the Media Independent Handover (MIH) 

from the IEEE 802.21 standard
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5.2.1 SI  Interface Handover

An S i interface handover occurs when there is no direct connection between 

neighbouring cells and no way for them  to directly interface |76|. The SI interface 

is the cells’ connection to the Evolved Packet Core (EPC) within the LTE standard. 

The handover decision is initiated by the source ceil w'hich upon realizing th a t  it does 

not share an X2 connection with the target cell, engages a S i interface handover. This 

handover can be manifest in one of two ways. The first is the case where the two 

cells (source and target) are connected to Mobility Management Entities (MME) tha t 

are in turn  connected to each other. In this case the source MME (which in the LTE 

standard  maintains a direct logical connection to the UE) sends a handover request 

to the target MME. The target MME then conveys this request to the target cell 

which either acknowledges or denies the request. W hen the handover is approved the 

appropriate packet forwarding is then established before informing the the TS to switch 

channels and enter the target cell. The second is the case where the MMEs for the 

source and target cells do not share a connection. The main difference in this handover 

scenario is tha t the reqviest is sent to the Service Gateway of the target cell which then 

relays the message to the target MME.

5.2.2 Media Independent Handover

The kind of handover th a t  is of particular interest as ])art of this thesis is the idea 

of inter-network handover. The IEEE 802.21 protocol directly considers this problem. 

The goal of 802.21 or Media Independent Handover (MIH) is to enable handovers 

between heterogeneous technologies (including IEEE 802 and cellular technologies) 

w ithout service interruption |80|. The MIH protocol is essentially an extra  layer in 

the stack of all network entities of an MIH enabled netw'ork. This layer (know'n as 

the media independent handover function MIH) sits between the IP layer and the link 

layer. It is defined by three main services th a t  it provides. Media Independent Event 

Services (MIES), Media Independent Control Services (MICS) and Media Independent 

Information Services (MIIS)|81|. The MIES defines events as changes in dynamic 

link param eters such as link quality. These events are subscribed to by the MIHF 

locally or remotely, in tha t peer MIH members can subscribe to events in others. 

The MICS provides a command service for both  local and remote MIH users. The
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com m ands are used to  reconfigure link param eters. The MIIS is used to exchange 

inform ation between the MIH members. It is used to discover inform ation about other 

MIH members in the vicinity in an effort to  aid the handover process. To give a better 

idea of the  functionality of the MIH protocol, we give an exam ple of an inter-RAT 

handover between a W IM AX Point of Service (PoS) and a G PR S PoS in Figure 5.3. 

|80|
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It can be seen at several points in the procedure th a t  the AlIH framework enables 

a direct logical connection between the different Points of Service, in this case the 

\M M AX PoS and GPRS PoS. The protocol involves direct negotiation between the 

two nodes and also involves a centralized node to coordinate the process and to keep 

track of the network PoS’.

5.2.3 Handover Research

In addition to the existing handover and mobility standards currently in existence, 

handover and mobility in heterogeneous networks is a rich research domain.

One of the key research issues surrounding mobility in future netw'orks is handovers 

in fenitocells. Specifically the main body of research in this area focuses on minimizing 

the number of unnecessary handovers between macrocells and fenitocells.

Chowdhury gives an outline of different femtocell infrastructures in |82| before 

outlining a method to minimize unnecessary handover that a t tem pts  to stop the TS 

entering the femtocell if it is only going to be there for a short period, commonly 

referred to as a ping pong handover. The central idea of this algorithm is that the 

TS checks that signal power from the femtocell is greater than  some threshold for a 

specific time interval (TT T ) and tha t the SINK is greater than  th a t  of the macrocell 

it is leaving.

Ulvan presents three handover procedures related to fenitocells in |83] : a hand in, 

hand out and inter-femto handover. The paper also presents a handover optimization 

algorithm th a t  uses a mobility prediction method to select the approi)riate femtocell to 

handover to and thus streamlining the j)rocess and preventing unnecessary handovers. 

A mobility i)rediction method is also used in |84| to optimize the handover process. 

In this method, mobility jjattern mining techniques taken from |85| are used to create 

movement histories for specific geographical areas so th a t  they can be combined with TS 

trajectories to predict movement and through this make sm art handover decisions. Bae 

proposes an algorithm of adaptive Hyst in [86] th a t  establishes the oi)tinium value to 

reduce radio link failure (RLF) while not increasing the number of ping pong handovers 

for different sj)eeds. The ability to perform load balancing is an essential requirement of 

Self Organizing Networks (SON). Load balancing algorithms are used to make decisions
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to  hancioff T Ss  from one cell to  a n o th e r  in order to  m ain ta in  good QoS to all users. In 

[87] the  task  of load balancing is tackled in the  form of a m ulti-objective optim ization  

problem . In th is  case the  a lgorithm  deals w ith  heterogeneous QoS requirem ents. T he  

a lgorithm  significantly reduces the  blocking p robability  of cons tan t  b it  ra te  users (high 

QoS) while increasing the th ro u g h p u t  of best effort users(QoS). In |88] a gam e theore tic  

approach  is used. T he  a lgorithm  consists of two heterogeneous groups of j)layers, the  

T Ss  acting non-coopera tively  to  get serviced an d  the  BSs acting as agents  coopera ting  

to  service th e  m ax im um  num ber  of TSs. This  a lgorithm  shows an im provem ent of 

19% on d ropped  calls. In |89| a m e th o d  of pre-handover load es tim ation  is j)roposed 

wherein m easu rem en ts  are taken  by the  TS and  SINR estim ations  are perform ed in 

o rder  to  de te rm ine  the  effects of a handover on the  loads of source and  ta rge t  BSs. 

T h is  idea is con tinued  in |90j where they  go on to  in tegra te  this m e th o d  w ith  some 

handover p a ra m e te r  op tim iza tion  . Th is  is achieved by executing the  two a lgorithm s 

in parallel an d  controlling th em  w ith  a high level coord ina to r  resu lting  in a  superior 

sys tem  perform ance th a n  e ither  of the  a lgorithm s opera ting  alone. T he  next section 

gives us a  brief  overview of the  research su rround ing  rendezvous before focusing on the  

limits of cu rren t  prac tice  in te rm s of handover.

5.2.4 Rendezvous Research

Rendezvous is the  process by which a  receiver locates the  o jjerating  frequency th a t  

its corresponding  t ra n s m it te r  is t ra n sm it t in g  on. Some DSA system s have a  very 

simplistic  m ode  of opera tion  whereby  they  will only come online when a  specific block 

of sp e c tru m  becomes free and  will cease to  opera te  when the  incum bent user comes 

back online. In these  cases there  is no need for a  control channel because there  is no 

variance in th e  o pera t ing  frequency. T here  are also m ore complex and  adap tive  kinds 

of DSA system s th a t  have the  capability  to  change a  wide range of their  o p e ra t ing  

charac te r is t ics  including op e ra t in g  frequency. Therefore  the  netw ork nm st have some 

m eth o d  of rendezvous when a netw ork  node initially  comes online. Th is  can be achieved 

w ith  the  use of a  control channel. T he  control channel is often the  first po in t  of 

co n tac t  betw'een a  node th a t  is com ing online, and  the  network th a t  it wishes to  jo in  or 

in te rac t  w ith . In some cases of DSA networks each node will cons tan t ly  be in te rac ting  

w ith  the control channel exchanging in form ation  concerning interference m anagem en t,  

coopera tive  sensing or dynam ic  resource sharing. T he  presence of a com m on control 

channel in existing fixed networks is accep tab le  since the  network can simply use some
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of the spectruin tliat has been (iedicated for its nse and tha t channel will be reserved 
for exclusive use by the control channel. This however becomes somewhat of an issue 
when considering the use of a control channel in a DBA network as the netw'ork may 
not be able to identify one channel tha t is free to oj)erate on at all geo-locations at any 
one time. It is from this that the research issue of network rendezvous is born.

The use of a Common Control Channel (CCC) is the rendezvous solution of the 
DIMSUMNet architecture |6|. Here it is referred to as the Spectrum Information 
Channel (SPIC). The SPIC protocol allows the end user to request the BS to assign 
it spectrum for data transmission. In |9l] a MAC for CR adhoc network is presented 
and a common control channel is proposed as part of this architecture. In |92] and [931 
methods of establishing local control channels in decentralized networks are proposed 
in which clusters of nodes create local control channels in order to combat heterogeneity 
in spectrum availal)ility. The vast majority of schemes for rendezvous that do not rely 
on the concept of a CCC employ channel hopping algorithms 194]. The simplest form 
of the channel hopi)ing algorithm is the random hop where each node hops randomly 
from channel to channel according to its own se(}uence. A version of this was outlined 
in |95| whereby channels with lower interference to Primary Users (PUs) would have a 

higher chance of being selected. |96| and |97| pr0j)0se channel hoi)ping algorithms that 
guarantee rendezvotis under the assumption that the systems are time synchronized. 
In [98] and |99], the Generated Orthogonal Sequence (GOS) is proposed, in which both 
users construct a hopping sequence from nuiltiple instances of the same initial sequence, 
the algorithm provides guaranteed rendezvous under a synunetric model and does not 
require time synchronization. The algorithm in [99] involves both users selecting a rate 
/and  a prime number P  and then hopping channels according to a function of these 
two numbers, this method does not recpure synchronization but does not guarantee 

rendezvous. In |100| the jump-stay algorithm is introduced, in this method the hopping 
seciuence is generated in rounds, a jump pattern and a stay pattern. The patterns are 
constructed by a function of M  (number of channels) P  (smallest prime number greater 
than M) ,  r (some non-zero number less than M)  and I  (a non-zero number less than P).  
This algorithm doesn’t require time synchronization and guarantees rendezvous under 
symmetric and asymmetric models. For a more comj)rehensive overview of rendezvous 
algorithms see |94).
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5.2 .5  Limits o f  Current Practice

As we have seen, there lias been, to date much research done into handovers 

in heterogeneous networks. The most comprehensive of which seems to be the 

development of the 802.21 protocol which facilitates inter-network handover. However, 

if we look a t the step by step handover process in Figure 5.3 we can see tha t for the 

handover to  take place, there is a large amount of coordination to be done with core 

entities such as the MIIH and it would seem th a t  a substantial am ount of cooperation 

and planning is needed for this approach. The MIH procedure requires there to 

be comnnmication with a centralized entity th a t  locates the target media to  which 

the user will handover and then drives the execution, ideally for INCs will have a 

mobility mechanism th a t  is as decentralized as possible, keej)ing coordination and 

communication with any core entities to a mininuim.

While there has been a significant amount of research into the fine tuning of 

the handover process within heterogeneous networks, very little investigation has 

gone into handover protocols w ithout a predetermined list of neighbor cells, some 

predetermined control channel to dictate the process or without some interaction 

l)etween the base-stations. W hat this thesis will focus on is a method of handover 

tha t does not depend greatly on the core network to facilitate the j^rocess, leaving 

the control of the process to the terminal stations. The approach in this thesis aims 

to decentralize the decision making process and simi)ly inform the core network of 

handover decisions th a t  have been made so th a t  appropriate routing updates can be 

made. A consequence of this lack of inter-network knowledge and communication is 

th a t  the issue of rendezvous comes to the fore. The previous section outlined various 

methods for achieving rendezvous th a t  currently exist, however many are restricted 

in their requirement of channelization and demodulation or in their non deterministic 

Time To Rendezvous (TTR). (Section 5.2.6)

In the handover system envisioned for the Independent Network Coalition 

framework, a number of features are desirable. The handover process must be possible 

w ithout any inter network awareness. The handover must be possible without any 

knowledge or communication betw^een the target or source cell. As a result of this first 

requirement, and the DSA nature  of the Spectrum Management System (SMS) the 

handover mechanism will also have to incorporate some m ethod of rendezvous tha t 

does not place any restrictions on the networks choice of spectrum  and does not take 

too long so as to hinder the handover process. It is with these requirements in mind
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tha t we move onto a discussion of two im portant concepts Vjefore entering in to the main 

description of the proposed system.

5.2.6 Two Core Concepts- Dynamic Control Channels and 

Cyclostationary Signatures

To understand the proposed rendezvous and m obility  management system detailed in 

this thesis two concepts must be introduced, namely the dynamic control channel 

and the Cyclostationary Signature. It is these two concepts that w ill serve as 

the build ing blocks in constructing a method of handover which does not depend 

on any inter-network knowledge or interface, enabling the desired m ob ility  between 

independent networks.

Dynamic Control Channel

As already mentioned, control chaimels typ ica lly  operate at pre-defined freciuencies and 

end users wishing to connect to a network firs tly  connect to the control channel and 

typ ica lly  find the inform ation they need to communicate. Control channels also play 

a v ita l role in the handover process, whether between neighbouring cells in the same 

network or in the case o f vertical handovers between different technologies or different 

networks. The jjroblem in dynamic spectrum access networks is that the spectrum 

used by the network is accessed in an opportunistic fashion and as the frequencies of 

operation w ill not be known in advance, no designated (out-of-band) control channel 

can be assigned. There are a number of solutions to this issue. To put aside spectrum 

specifically for cognitive radio conmninications as w'e discussed in Section 5.2.4, seen 

in |G| 11011 and |102| . These approaches have the advantage of s im plic ity  but the 

disadvantage o f requiring global coordination and actually finding suitable spectrum 

resources. This thesis therefore w ill focus on a dynamic control channel. In this case the 

freciuency of a service providers control channel changes as the spectrum resources that 

are available to that service provider change. This is a very flexible approach that does 

not call for details of the control channel to be over specified in advance. For examj)le 

providers can choose to use contiguous or non-contiguous spectrum for the control 

channel. I t  is im portant to note at this point, the in te rs titia l nature o f spectrum. It is 

reasonable to assume tha t at all geolocations, there are certain (licensed) frequencies
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tha t are underused. Given this, another attractive feature of these dynamic control 

channel enabled INCs is th a t  the entire network can exist in the geo-locational gaps of 

other networks with no particular frequency dedicated to it at all times or locations. 

In theory when a terminal station moved from one cell to another, it could be moving 

into a completely different frequency band from the one it had jus t  been occupying, 

constantly exploiting these geo-locational gaps.

This idea of exploiting geographical disparity in spectrum is dem onstrated in Figure 

5.4. We can see here how there are different frequency bands occupied by primary 

users at different geographical locations and the service providers can avoid these 

primary users. The proposed system allows the terminal stations to follow the control 

channel through white spaces at each location, completely avoiding the primary user 

transmissions. In this case, as the user moves from location 1 to location 2, band 

2 becomes occupied by a primary user. The control channel a t location 2 therefore 

operates on band 3 or 4. At location 3, all bands with the exception of band 3 are 

occupied so the control channel occupies band 3 and so on.

In th is  figure  we can s e e  how the  Control Channel occupies d ifferent 
F requenc ies  a t  d ifferen t geographica l locations depending  on w ha t  sp e c t ru m  

^  is tak en  by th e  P r im ary  User.

Band 3

PU transmission

Cyclostationary Signatures

Most modern communications signals exhibit underlying periodicities due to the 

manner in which they are produced. Cyclostationary analysis of signals have often been
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used as a means of identifying certain types of signals. Feature detection algorithms 

use these kinds of analyses to correctly identify a signal as a particular type (D\"B-T 

etc).

LD
L f)

Mapping of s u b c a r r ie r s  in an OFDM symbol to c re a te  cyclostationary 
s ig n a tu re scc

u .

A D B

A cyclostationary siguat\ire is a feature intentionally em\)edded in the i)hysical 

])roperties of a digital waveform. In the work by Sutton et al., the cyclostationary 

signature is created in an Orthogonal Frequency-Division Multi])lex (OFDM) waveform 

by m apping (copying) the da ta  from one set of subcarriers to another set of subcarriers 

at a specific spectral distance away|12|, |13|. This mapping jjrocess is visualized in 

Figure 5.5. |103] The cyclic frequency of the cyclostationary signature is a function 

of the OFDM  source symbol duration and the spectral distance between the mapped 

sets of subcarriers. The feature can be made to apj^ear at different cyclic frequencies 

by changing this distance |14].in Figure 5.5 this is C. In this way, a network may 

be uniquely identified by the cyclic frequency of the signature embedded in signals 

transm itted  by nodes of th a t  network. This analysis is carried out with a Spectral 

Correlation Function (SCF) at th a t  specific cyclic frequency ;

where a  is the cyclic frequency and Si is the measurement interval, and

{t, u) = x(u) exp-*2"'/"“ du
2 A f
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is the complex envelope of the narrow-band-pass component of x(t) with center 
frequency and bandwidth Sf.

The receiver sweeps across a selection of frequencies, performing this analysis for a 
specific cyclic frequency. When a large correlation spike is seen in the output of the 
correlation function, it signifies that a signature has been embedded in a signal with 
our cyclic frequency at the spectral frequency that the receiver is currently set. This 
cross correlation analysis is usually taken a number of times and averaged in order to 
get a cleaner, more defined spike. In Figure 5.6 an SCF at a certain frequency is shown, 
at the cyclic frequency of interest a correlation spike can be seen, this is the result of 
the subcarrier mapping shown in Figure 5.5.
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5.3 T h e  Proposed Handover System

This chapter has so far discussed some concepts within the field of heterogeneous 
handover and rendezvous that pertain to our goal of enabling handover and mobility 
within independent networks. This section will now outline the system that that was 
devised to achieve the goals set out for the mobility aspect of the Independent Network 
Coalition framework. The goal of this system is to enable independent network service 
providers, w'hich can theoretically be as small as a single base station/access point 
can form impromjjtu coalitions with each other in order to create larger networks.
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In this system, the Cyclostationary Signature is multipurpose, is used as a means 

of identification of the coalition, determination of the frequency of operation of the 

dynamic control channel and also has a role in the handover procedure. There has 

been extensive research into methods of rendezvous for channel hopping solutions to 

implementing a dynamic control channel [104|. The use of Cyclostationary Signature 

for the purpose of dynamic control channel implementation has many advantages over 

existing dynamic control channel techniques:

• The signatures method does not require channelization.

•  Secondly, it does not reciuire demodulation to determine the presence of the 

desired transmission, meaning it has a far more efficient and streamlined 

detection process.

• Thirdly, Time To Rendezvous (TTR) is deterministic (103||105| and is not subject 

to some stochastic algorithm, making its behavior and performance far more 

stable and predictable than  some other algorithms.

The proposed architecture is shown in Figure 5.7.

Proposed Architecture and Network Coalition Process: Terminal Stations 
download Signature with which they will rendezvous; the Network Coalition 
embeds this Signature in its transmission at the frequency it has been assigned 
by the spectrum database.

Spectrum
m anagem ent

system

Gets unique 
signature(s) 
assigned

Signature
Authority

M aster/Basestation
Network
Coalition

Independent network 
acquires spectrum  from 
spectrum  m anagem ent 
system

Terminal stations 
download the signature 
associated with their 
desired network

M aster creates dynamic 
 ̂ f  control channel with imbedded 

signatures som ew here within 
its assigned frequencies
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Anybody wishing to be part of a specific coalition agrees to use a sj^ecific signature 

in their individual control channels. A signature authority   ̂ provides the signatures 

which can be obtained as and when needed. In this thesis we have made the assumption 

tha t all service providers are using some form of OFDM communication system. Given 

tha t virtually all major systems are of this nature (e.g. Wifi, DVB-H, LTE, WiMAX 

etc) we do not feel this is particularly limiting. Hence in our case a signature consists 

of a Cyclic Frequency, the spectral distance from the correlation spike and the carrier 

frequency, the bandw idth  and the number of subcarriers .

The service providers determine w hat spectrum  is available (Chapter 2). Once the 

resources have been determined the individual service providers decide what portion 

of those resources and at which frequencies the control channel should be located. 

Typically control channels are suited to the lowest frequencies. All control channel 

transmissions are embedded with the Cyclostationary Signature meaning the signature 

can be used not only to aid the handover process but also to idenify the service i)rovider 

membership in the coalition in the first place. When the service provider is dynamically 

assigned new spectrum the new control channel is embedded with the signature.

In the meantime, end users wishing to avail of the services of the coalition sign up 

to be part of the coalition and in doing so get details of the coalition (Cyclostationary) 

Signature. To rendezvous with a network the terminal station:

1. Scans the frequency bands of interest (e.g. TV  bands or others).

2. Searches for the presence of the Cyclostationary Signature.

3. Uses the Signature to rendezvous with the Control Channel.

4. Uses the information in the Control Channel to subsequently carry out an

exchange of information.

5. Once the exchange is complete it moves to the channel(s) it has been assigned 

for communication.

6. In order to enter a new cell, the Terminal Station will rendezvous with the

Control Channel of the new cell by again searching for the presence of a

Cyclostationary Signature.

^This authority would assign different signatures to different coalitions as needed, ensuring there 
was no two coalitions using the same signature
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5.3 .1  The  Handover Process

The handover process is a mix between a vertical and horizontal handover process 

as handover som etim es happens between different service providers but these network 

service jjroviders are acting as one network. There are many ways in which this can 

happen. We envision a scenario in wdiich the cognitive radio has m ultiple RF frontends. 

Rather than each frontend being associated with an existing standard we consider the 

frontends to be more generic. After all a cognitive radio can adapt to the environm ent in 

which it finds itself. Here we deal with tw'o RF frontends only. Each does a rendezvous 

with a control channel from different coalition members. One is considered the active  

RF frontend and the second is in background mode. Once the control channel received 

l)y the RF frontend in background m ode becom es signihcantly stronger than the RF 

frontend in active mode handover occurs and the RF frontends switch roles. Though  

bearing sim ilarities to standard handover processes, this changes the center of gravity  

of the handover process. In most system s the basestation and some entity within  

the core network manages the handover process. Here the terminal station takes the 

initiative and makes the decision to handover. This shift in handover res])onsibility 

certainly has some higher layer im i)lications that need addressing, this takes place 

later in Section 5.5. The handover ])rocess is outlined in more detail in a few sections, 

once the extensions are introduced and there is a fuller picture of the process.

5.3 .2  Performance Simulation and Evaluation

The bulk of the work related to this idea of Cyclostationary Signature enabled handover 

was carried out in the form of a working prototype which is described and discussed  

later in the thesis. However, in order to gain some preliminary insight into how the 

performance of the handover is effected by the varying of the system s configuration, a 

simj)le sim ulation was carried out.

The sim ulation was set uj) as follows: there are two overlaj)ping cells, each with its 

own control channel which is identified by the same signature. The terminal station  

moves from the center of one cell towards the center of the other cell. As the terminal 

station moves it observes the SNR of its current control channel fall off and attenij)ts to 

find another control channel by performing a cyclostationary analysis over the different 

bands. W hen the second channel is found the receiver switches to this channel and
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starts receiving.

In this simulation, the time taken to handover under different settings was 

measured. The effort to lim it the time to handover is a common goal in the development 

on any handover j^rocess as it  is an im portant step in the effort to minimize the number 

of dropped connections as a result o f a handover. As previously mentioned, the shifted 

cross correlation taken as part of the cyclostationary analysis is taken a number of 

times and averaged in order to provide a clean output and lim it the number of errors. 

In Figure 5.8, the x-axis is the number of cross correlations (see section 5.2.6). These 

circular correlations are the process by which the signatures are found. We can see 

tha t as the number o f averages taken decreases, the tim e to handover decreases. This 

stands to reason since the cross correlation is a comjjlex mathematical operation tha t 

takes significant time, relative to other operations in the protocol.

W’e can then see tha t at some point the length of time taken for a handover begins 

to increase as the number o f averaging windows drops below 15. This can be explained 

by the fact tha t as we decrease the number of averages, we decrease the likelihood that 

the correlation sj)ike can be distinguished from natural correlations in the data. This 

means that we increase the likelihood of false alarm meaning tha t firs tly  the handover 

protocol may th ink  there is a signature j)resent in a location where there is none which 

can increase the time for handover.

In this graph (Figure 5.8) we can see that increasing the number of mapped 

subcarriers (this is the number o f subcarriers tha t are copied across to different 

subcarriers in order to make the signature) is an effective method of im proving the 

tim e taken to  perform a handover. W ith  two subcarriers, w'e can see tha t anything 

less than 18 averaged circular correlations causes the process to become unstable, w ith  

false alarms and missed detections increasing the tim e to handover. The false alarms 

are caused by the fact tha t smaller amounts o f mapped subcarriers can mean that 

the correlation spike is less defined, leading to the detector missing the signature 

completely. This problem is especially prevalent in high interference environments 

as the interference has less correlations to d isrupt in order to render the signature 

undetectable. As the lumiber o f subcarriers used increases, we can see tha t the process 

is sped up significantly . I t  appears tha t the difference in performance between 6 and 8 

subcarriers is relatively m inim al, making 6 subcarriers the optim um  number^ to use to 

both maximize performance and lim it throughput loss from sacrificing data carriers.

W hile these performance figures are the result of Matlab-based sinnilations, they 

indicate the performance envelope o f the technique and im ply tha t this method is a 

^For the SNR in this scenario
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feasible approach to take. This handover technicpie is implemented and tested fully. 

This takes place in Chai)ter 6.
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5 .4  Extension of  Handover Capabilities

The goal of this extension is create a framework th a t  allows mobility between 

independent OFDM  networks with heterogeneous physical configiu'ations while striving 

to push as much control as possible towards the edge of the network, with decisions 

cascading from edge of the network to the core. In addition to mobility without 

link layer connections or neighbour lists, the networks must be able to function 

independently of each other and not rely on information sharing or coordination 

betw'een basestations to enable or assist terminal stations entering or exiting their 

service. To put it simply, each basestation should be able to choose its own, 

transmission frequency, bandwidth, number of subcarriers and modulation order. 

Furthermore, this information should be provided to the Terminal Station in such 

a way th a t  does not rely on the coordination with any other basestation network. 

This means our handover mechanism must also be able to boo ts trap  a TS into a new 

network w ithout recjuiring any shared knowledge of ])liysical configurations between 

uetw'orks.
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5.4.1 The Cyclostationary Codec

To tliis end we build on the cyclostationary handover mechanism, and use different 

coml)inations of signatures to communicate what configurations the receiver should 

use to dem odulate the transmission. This novel method of coordination between 

heterogeneously configured networks is referred to as the cyclostationary codec.

In simple terms, the signal to be transm itted  is embedded not jus t with the 

cyclostationary signature th a t  identifies the coalition but with additional signatures 

th a t  reflect details of the network configuration. Each combination of configurations 

will be represented by a binary number. This binary number is embedded in the 

transmission waveform. The transmission waveform is divided into blocks of a specific 

spectral length. A one is represented by placing a second cyclostationary signature in 

the block and zero by om itting a signature. Figure 5.9 represents the a transmission 

with the binary number 010100 embedded in it. We can see th a t  there are two 

types of signature. CFO is the main coalition identification/rendezvous signature. 

Once the receiver finds this signature (i.e. rendezvous happens) it centers itself on 

the center frequency of the waveform and begins to analyze the transmission. The 

analysis involves looking for the presence and absence of the second cyclostationary 

signature C F I  in Figure 5.9. To perform the analysis the receiver switches its 

cyclostationary detector to the second cyclic frequency and notes the spectral location 

of all signatures present a t this cyclic frequency. The locations of the signatures relative 

to the previously acquired center frequency implies a certain binary number, this binary
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number is assigned a specific combination o f configurations in the codec. The receiver 

w ill then reconfigure itself, tu rn  off its detector and begin to demodulate and receive 

the transmission.

The states of the receiver as it initiates and performs handover in a 
heterogeneous environment.

in

L I .
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5.4 .2  T h e  Codec Receiver System

There are two key processing chains w ith in  the proposed codec receiver denoted the 

j)rim arv and secondary chain respectively re lating to the cyclostationary signatures. 

The codec receiver is typ ica lly  functioning in one of five states, illustrated in Figure5.10 

and descriljed in the following paragraphs.

In  s ta te  1, the prim ary chain is receiving on the data channel of the source

basestation and the secondary chain is idle, the j)OW'er level o f the received signal

on the prim ary chain is periodically checked, i f  the power has dropj^ed below a certain

threshold, the secondary chain wakes up.

In s ta te  2, the prim ary chain continues to receive data and the secondary chain 

begins to scan the spectrum looking for the control channel of the next nearest
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basestation within the coalition. W hen the secondary chain achieves rendezvous with 

the signature (CFO in Figure 5.9 for example) it then finds the center frequency of 

the control channel, locks onto it and reconfigures the cyclostationary detector for the 

cyclostationary codec analysis.

In s t a t e  3, the detector in the secondary chain performs its analysis on the spectrum 

in question and derives a result which is then cross referenced with the codec look up 

table to retrieve the settings for bandwidth, subcarriers and modulation order th a t  is 

to be used (Section 5.4.1).

Once all the settings of the secondary chain are reconfigured, it enters a wait state, 

s t a t e  4. The chain periodically checks first, if the signal is still present and second if 

the power has become greater than  the primary chain by at least some hysteresis for 

some length of time, if the signal is still present and the power conditions are met, the 

handover then occurs.

In s t a t e  5, the secondary chain is assigned a d a ta  channel by the new base station 

and begins to receive data, the primary chain becomes the idle secondary chain.

This codec receiver was fully implemented and tested, the analysis and results of 

which can be seen in Chapter 6.

5.4.3 Limitations of the Cyclostationary Codec

The whole purpose of the codec handover approach is to enable a bottom -up building 

of coalitions with the least am ount of centralized control possible. There is some simple 

coordination requirements - as described in [74| - involving the need to create a means 

of obtaining a signature per coalition. This however is a small level of coordination. 

The codec aspect of the signature introduces some more.

W hen the receiver is in the codec decoding process it has no way of knowing the 

bandw idth  of the transm itted  signal. For this reason the bandw idth  of the receiver 

during the decoding phase, for a given codec, must be fixed to the maximum possible 

bandw idth of th a t  particular coalition'^. The size of the spectral blocks are also fixed 

at the receiver and it is up to the transm itter  to adap t the manner in which it embeds 

its signature to create the correct signature combinations a t the receiver.

^The constant changing of bandwidth on the part of the receiver could have a negative effect in 
terms of power consumption. This is however unfortunately a drawback of this approach, there is 
however ways of stemming the power consumption overhead by optimizing the time taken for the 
detection procedure (Chapter 6)
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For instance if  tlie  transmission l)an(lw idth is ha lf o f the receiver bandwidth, the 

subcarriers w ill have to be maj)ped twice as many bins away to achieve a signature 

at the desired cyclic frequency. Also i f  there is a difference in bandwidth Vjetween the 

transm itte r and the maximum possible bandwidth then the transm itter would have to 

take this in to account when choosing where to embed the signatures. We can see in 

Figure 5.11 tha t the transm itter embeds signatures on the edges of its transmission 

5.11 (a) in order to convey signatures in the inner blocks of the received signal 5.11 

(b) w'hich is receiving at a higher l)andwidth. The transm itte r nmst always be aware 

of its bandwidth relative to the m axinnmi bandwidth so tha t it  can adjust the spaces 

between the signatures it  embeds accordingly.

There are lim ita tions to be taken in to account wdien designing a codec for a 

particu lar system. F irstly, the number of different configurations tha t are possible 

is lim ited  by the range of subcarriers the system is capable of using. In the case where 

the system would like to vary bandwidth, number of subcarriers and m odulation order 

then the bounds of the ranges of these variables are interdependent. Consider the 

following equations.

X 2/3 <  7  (5.1)

"i X \og2 {N sc  X N r n o +  1) B \ \ \ „  (5-2)

where is the maximum bandwidth, is the m ininnm i bandwidth, SCm is

the m ininm m  number of subcarriers, Nsc  is the number of subcarrier number o])tions, 

N n io  is the number of modulation order options and 7 is the size of the signature 

separations.

In equation 5.1 the size of the signature blocks must be greater than the maxinuim 

subcarrier spacing of twice the number of mai)ped subcarriers, this is so than the 

mapped subcarriers and the subcarriers they are mapped to can all fit in to one signature 

block. I f  the size of the signature block was any smaller than this then even w ith  the 

smallest possible cyclic frequency (subcarriers ma])ped to d irectly adjacent subcarriers) 

it  would not be possible to place a signature w ith in  each signature block. In equation 5.2 

the m ininm m  bandwidth is determined by the subcarrier block size times the number 

of bits required to represent all the different combinations. When choosing ranges of 

the different parameters the system w ill need to have you would first of all choose 

what configuration is most crucial to the system and w’ork through the variables of the 

ecjuation in order of im])ortance un til there is fixed values for everything.

For example, we have a system that has memljers w ith  Imndwidths o f 1,2, 4 and
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8MHz. In addition tlie system has meml)ers tha t are only capable of using 256 

sul)carriers in their transmissions. From this we can say that the codec must use 
a signature block size of at least ,25MHz. Since the system also has members with 
bandwidths as low as IMHz then the number of subcarriers options multiplied by the 

number of modulation order options must be less than 16. From this we can then pick 
appropriate binary mimbers to correspond to each configuration.

SCF on receiver side received at 2MHz SCF on transm itter side transmitted at
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5.5 Core Network Considerations

As we have seen earlier in this chapter, handover mechanisms by and large have 

depended on elements in the core network to mask decisions about handover based 
on good knowledge and coordination within the network. In the vision of INCs the 
lack of inter-network awareness and coordination have forced some changes into the 
handover process. The main adjustment is the point in the network at which the 
handover is initiated.
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The receiver-driven nature of these handovers somewhat alters the steps of the 

process. Figure 5.12 is a simple version of how the process will look. Steps 1-5 represent 

parts  of the process tha t have already been covered. At stej) 6 the new UDI has 

accepted the terminal and must inform the core netw'ork of this change so tha t the 

appropriate routing updates can be made. Depending on the routing protocols at play 

this could take a few different forms. For instance if PM IP  was being used for IP 

routing the target UDI would have to update  the local mobility anchor(LMA) w'ith 

the new care of address of the TS. To do this our UDI (specifically the evolved packet 

d a ta  gateway ePDG of our UDI) would need to perform some LMA discovery. This 

could be in the form of a DNS look up where the Fully ciualified domain name (FQDN) 

is resolved to  find the LMA IP address. Once the LMA IP address is resolved the 

UDI can send the proxy binding uj)date (PBU) and receive the corresponding Proxy 

binding acknowledge (PDA). The LMA then has the updated  location of the UE and 

can engage the appropriate forwarding, completing the handover. In the case where a 

DNS lookup is necessary to resolve the LMA IP address, the make before break nature 

of the handover would be beneficial to the allow' for the delay the lookup may cause.
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However, it could have a cost in term s of the UE speed th a t can be tolerated by the 

netw'ork.

5.6 Conclusions

This chapter addresses the challenge of enabling handover betw^een Indejjendent 

Networks. The chapter begins by discussing handover in a broader sense before 

continuing on to outline the lim its of current practice and the requirem ents the 

envisioned handover system. This proposed system  meets these requirem ents by 

utilizing C yclostationary signatures to  enable a receiver driven handover mechanism 

th a t does not require any inter netw'ork com m unication or inform ation. This chapter 

has served m ainly as a theoretical introduction to  the new handover mechanisms th a t 

has been devised as a solution to the m obility challenge w ithin INCs. The finer details 

of the  im plem entation of this framework is discussed and analysed in more detail in 

C hap ter 7.
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6 Prototyping

6.1 Introduction

The ideas in this thesis thus far have been presented through theory and simulations. 

Real implementation j^rovides further proof of th a t  fact tha t the concepts are workable 

and realistic. This aspect of wireless research is often neglected. Hence this chai)ter 

focuses on real i)rototy])ing of the ideas on which this thesis is based. This chapter 

will outline and discuss the different prototypes tha t were constructed under the 

consideration of the Independent Network coalition framework. It will describe in 

detail the technical process of each prototype as well as discussing the results and 

insights that were gained from the implementation process. By implementing some 

rudim entary prototypes, this chapter hopes to showcase the technical feasibility of the 

ideas put across during this thesis.

6.2 Enabling resources

In this first section, some of the resources used to carry out the implementation are 

discussed. Specifically:

• The Iris software radio

• The Universal software Radio Perij)heral (USRP)

•  Comreg Test and Trial license

•  The Xcelerit SDK
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6.2.1 Iris Software Radio

Iris is a software radio architecture that has been developed by C T\'R , The 

Telecommunications Research Centre at TCD, Written in C + + , Iris is used for 

constructing complex radio structures and highly reconfigurable radio networks. Its 

[)rimary research application is to enable a wide range of dynamic spectrum access 

and cognitive radio experiments. It is a GPP-based radio architecture and uses XML 

documents to describe the radio structure. This framework provides a highly flexible 

architecture for real-time radio reconfigurability based on intelligent observations the 

radio makes about its surroundings.

Each radio is constructed from fundamental building blocks called components. 

Each component makes up a single process or calculation that is to be carried out 

by the radio. For instance, a component might perform the modulation on the signal 

or scale the signal by a certain amount. Each component supj)orts one or more data 

tyj)es and passes datasets to other components, along with some metadata such as 

a time stamp and samj)le rate. There is a data buffer between each component to 

ensure the data is safe, even if one com])onent is processing data much faster than 

another. All components within the radio exist inside an engine. An engine is the 

environment in which one or more component oj)erates. Each engine defines its own 

data-flow and reconfiguration mechanisms and runs one or more of its own threads. 

As with components, each engine is linked by a data buffer. Iris currently features 

two data types, the PN Engine and the Stack Engine. The PN engine is typically 

used for PH’\" layer implementations and is designed for maxinuim flexibility. It has a 

unidirectional data flow and runs one thread per engine. The Stack Engine is designed 

for the implementation of the network stack architecture, where each component is a 

layer within the stack and runs its own thread of execution. It also has a bidirectional 

data flow'.

Iris’ capability to reconfigure the radio on the fly lies in the controllers. A controller 

exists independently of any engine and runs in its own thread of execution. A 

controller subscribes to events within components and reconfigures parameters in other 

components based on the observation of these events. For instance, a controller could 

be set up to observe the number of packets passing through a certain component and, 

upon reaching a certain number of packets, change the operating frequency of the radio. 

The Iris software radio is an extremely useful resource for any situation that requires 

quick implementation of any PHY or MAC layer radio design, therefore it is used as
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the central build ing block for the m a jo rity  of the implementations discussed in this 

chapter.

The Iris 2.0 architecture is illustrated in Figure 6.1 and further details of the 

architecture is available in Appendix B.
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6.2 .2  Universal Software Radio Peripheral USRP

The Universal Software Radio Peripheral (USRP) is a flexible software radio frontend 
that is hosted on and driven by a computer. The USRP is designed specifically for 
use as a RF frontend for GPP-based software radio implementations such as IRIS 

or GNU radio. There are many iterations of the USRP, the specific series tha t was 
used for the majority of the implementations discussed in this chapter was the USRP 
N210. The USRP N210 is a networked USRP tha t consists of a generic motherboard 
and takes many forms of daughterboards that dictate the form the 1 0  of the USRP 
will take. The Motherboard consists of an FPGA, dual Analog-to-Digital Converter 

(ADC) and Digital-to-Analog Converters (DAC) as well as various flexible clocking and 
synchronization modules. This motherboard takes an input of a daughterboard which 
dictate the frequency range of the USRP and whether it will be an a transm itter, a 
receiver or both. The USRP is an extremely versatile frontend and is highly suited to 
the testing of software radio deployments. The USRP is used in conjunction with Iris 
in the majority of the implementations seen in this chapter.

6.2 .3  COMREG Test and Trial License

Conu'eg' provides a service whereby, experimenters who are developing technologies to 
be deployed in some licensed band can obtain tem porary licenses to transm it in certain 
bands at relatively low powers. In order to test our prototypes in a more realistic 
scenario, we obtained a coirmiission for conmmnications regulation (COMREG) test 
and trial license. This license allows us to experiment in TV whitespaces, sj)ecifically 
between 695-710MHz.

6 .2 .4  Xcelerit SDK

The Xcelerit Software Development Kit (SDK) is an SDK designed for 
performance-critical applications. For the purposes of clarity the discussion of

^COMREG is the spectrum regulatory authority in Ireland, equivalent to OFCOM or FCC

Ph.D . T hesis 1st April 2015



6.3 OVERVIEW OF IMPLEMENTATIONS 153

this resource takes place in the section that describes its usage within one of the 
implementations. (Section 6.7.2)

6.3 Overview of Implementations

As said previously, one of the goals of this cha])ter is to verify the feasibility of the 
ideas put across in this thesis. The following is a brief overview of tlie four prototypes 
that have been constructed, the key components of the INC framework.

The Ini t ia l  D y n a m ic  Control Channel  Im p lem en ta t io n  is the original 
implementation utilizing the use of Cyclostationary Signatures to enable a dynamic 
control channel and was the pre-courser to the full handover implementation. The 
purpose of the implementation is to enable two Independent Devices to be assigned 
si)ectruni over which they could communicate. This assignment was made by a 
controlling basestation which connnunicated the information to the Independent 
Devices over a dynamic control channel. Cyclostationary Signatures were used to 
acheive the rendezvous between the WSDs and the basestation. eliminating the need 
for a common control channel.

The H a n d o v e r  Im p lem en ta t io n  is the mechanism to allow terminal Stations 
move between Independent Networks that are members of the same coalition. As in 
the previous, the mechanism involves the embedding of cyclostationary signatures in 
control channels. The TS achieves a rendezvous with a target cell while still maintaining 
a connection with the source cell. The TS then makes a decision to complete a handover 
into the target cell based on a series of power calculations and comparisons. The 
{)rocedure is carried out without any direct communication or connection between the 
source and target cell.

The H a n d o v e r  Extention: C yc los ta t ion ary  Codec  is a protocol to extend the 

handover mechanism. The Codec allows an Independent Network to embed information 
about its transmission configuration into its waveform so that TS’s can in turn extract 
this information and use it to configure itself in a way that will allow it to demodulate 
the transmission and enter the Independent Network.

The M a sk  Calcula tor  im p lem en ta t io n  is essentially a core element within the 
S])ectrum Management System that provides SCEM OOB levels for a pair of systems 
when queried with specific information about the two systems. From an external
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perspective, the Mask Calculator can be thought of as a black box application th a t  

takes this specific information as an input and provides SCEM levels as outputs.

6 . 4  Initial D y n a m i c  Contro l  Channe l  

I m p le m e n t a t io n

6.4.1 Specifications

The goal of this implementation was to construct a framework th a t  facilitates the 

dynamic accessing of spectrum  by some user deployed independent device. The system 

does not depend on any one channel being constantly available. To achieve this the 

system depends on a coordinator th a t  has a connection to a spectnm i availability 

database. This coordinator acquires information about which channels are free and 

provides this information to some white space devices so th a t  they can move onto 

these channels and begin to comnmnicate. This implementation is the earliest form 

of what becomes the handover implementation of the INC framework, at this point 

the dynamic control channel and transm itter were separate nodes and the notion of 

a cellular system using signatures in a dynamic control channel to enable a handover 

mechanism had not yet formed.

6.4.2 Resources Used

This implementation used the following resources:

•  Laptop

•  Iris Software radio

•  USRP

•  Signal generator
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6.4 .3  Prototype Overview

I t  consists of three radio transceivers (USRPs) each of whicli is driven by an instance 

of the Iris software radio p latform  and a spectrum database component.

A  visualization of the set up can be seen in Figure 6.2. Node 1 is the basestation 

which consists of a M AC layer component and a PH Y layer component as well as a 

link  to the spectrum database component. The sole purpose of the basestation is to 

in form  independent devices of available spectrum . The functiona lity of Node 1 is as 

follows: the node comes online and (jueries the spectrum database and based on this 

interaction j)icks a suitable frequency to begin transm itting  the control channel. This 

node then begins to transm it a bursty beacon signal w ith  the cyclostationary signature 

associated w ith  the network embedded into the transmission.
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The transmission is bursty as to allow time for a reply. Once node 1 receives a
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reply from either node 2 or node 3 (Representing the Independent Device Tx and Rx) 

it assigns them a communication channel based on the information gathered from the 

spectrum database.

Node 2 is the transmitting Independent Device. Node 2 consists of a MAC layer and 

PHY layer component, the PHY layer component includes a Cyclostationary Signature 

detector. Once this node comes on-line it begins to search for the control channel by 

performing cyclostationary signature detection. When the control channel is found this 

node communicates back to node 1 requesting a data channel. Node 1 then replies with 

a channel assignment and node 2 reconfigures and begins to transmit on the channel 

given. The functionality of node 3 (the receiver) is nuich the same as node 2, in that 

it searches for the control channel, receives a communication channel assignment from 

Node 1 and reconfigures in the same fashion. Once nodes 2 & 3 have established a 

communications link packets are exchanged for a set period of time, after which both 

nodes stop communicating and begin to search for the control channel. The purpose of 

this functionality is to ensure that the pair are still communicating on a data channel 

that is free according to the spectrum availability database |106|. The pair will also 

revert back to the control chaimel if the QoS on the current communication channel 

becomes unacceptable. If this occurs the pair will return to the control channel and 

inform the base-station that this channels QoS is unacceptable (i.e. occupied by another 

user) and the base station will update the spectrum availability database accordingly 

before assigning them a new channel. The occuj)ation by another user was produced 

by transmitting a Primary User signal using a signal generator.

This Prototype served as an important first step in the design and verification 

of the cyclostationary based control channel and provided a starting point for the 

future development of the Cyclostationary signature enabled, receiver based handover 

mechanism. (Section 6.5)
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Image of Experimental Set Up

6.4 .4  Insights from Implementation

There were two main clialleiiges tha t presented themselves over the course of this 

implementation. The first was a time synchronization issue tha t caused j)roblems for a 

couple o f aspects o f the application. The second was an issue regarding the error rate 

calculation.

Regarding the time synchronization issue, it  was determined tha t low scale tim ing 

synchronization could not be achieved because of hardware lim ita tions and for this 

reason the listening period by the basestation (Node 1) on the control channel had 

to be increased. This increase in tu rn  caused problems w ith  the detector since it 

was then possible for the detector to scan the control channel, searching for the 

Cyclostationary Signature during the listening period and hence completely missing the 

embedded signature in the control channel. This realization prompted a more rigorous 

investigation of the behaviour o f cyclostationary signatures w ith  bursty signals which
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is outlined in section 6.5.5.

The second issue that presented itself was that of the erratic behaviour of the error 
rate detector. The error rate detector which was built into the OFDM demodulator 

component outputs a frame error rate between 0-100%. This value was periodically 
checked by the receiver to ascertain whether or not the primary user had returned to 

the channel tha t was currently in use. If the error rate went above a certain threshold, 
the receiver and transmitter would return to the control channel, inform it of the busy 
channel and request a new assignment. However, when implemented, it was found 

that some of the time when the jjrimary user returned and started transmitting, the 
secondary receiver would not detect any frame errors and hence would not reconfigure 
back to the control channel, resulting in primary interference. At first it was thought 
that the primary signal was not strong enough to cause sufficient interference. However 
when the primary signals power was increased it seemed there was no longer any 
frame errors. It was at this point that the problem became clear. The error rate 
calculated was based on a Cyclic Redundancy Check (CRC) that took place in the 
OFDM demodulator, however, when the interference was strong, it resulted in the 
demodulator not finding the frame sync at the start of the OFDM frame. The first 
thing the OFDM demodulator does is check every block that come in, for a known 
frame sync that indicates the start of a frame, when this frame sync is not found, the 
block is then dropped with no further action taken on it. It was in these cases that 
there were no apparent errors. The interference was so bad that it never made it to 
the stage where an error could be detected.

To remedy this on the short term, a missed frame sync was included into the 
cases that caused a reconfiguration. The OFDM demodulator searches each frame 
it receives for a frame synchronization symbol to indicate the start of a frame. If 
this was not present, it is said tha t the transmission is un demodulatable and the 
system reverts back to the control channel to request a new assignment. To ensure 
that the receiver did not reconfigure in the case where it was simply waiting on an 
empty channel for a transmission to appear, a power calculation was introduced to 
determine wdiether there was any signal present at all. If there is both a power level 
above a certain threshold and no frame sync found, it is then known that the channel 
it too degraded to be even outputting a CRC error rate and should be abandoned. 

Psudeo-code describing this process is shown below'.

0: if  (error rate >  er thres) (! (frame sync) && (pow > pow thres)) th en  
0: RETURN TO CONTROL CHANNEL
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0: e lse

0: CONTINUE T O  DEM ODULATE

0: e n d  if  0

6.4.5 Testing and Results

The performance of the resulting experiment is analysed under two metrics: time to 

rendezvous(TTR) (ie the time taken by the nodes to discover the control channel), and 

the relative throughput (ie the ratio of maxinmm achievable throughput by constant 

transmission on a control channel versus the throughput achievable using this system). 

For the TT R  performance of the system, we decided to assess the performance with 

varying number of averaging windows in the cyclostationary signature detector. The 

number of averaging windows is the number of times the detector averages the circular 

correlations it i)erforms at each point in the spectrum. A larger number of averaging 

windows results in a more reliable detector with less chance of false alarm (detecting a 

signature where there is none).This however has a cost in terms of the coni])utational 

complexity and the time taken for rendezvous. For this reason, it is im portant to try 

find an optimal value for the number of circular correlations performed. Since the 

system requires the control channel to transm it in a bursty fashion, we also decided to 

vary the i)ercentage of time tha t the control channel transmits.

In order to test the performance of this system an experimental scenario was set 

up. The experiment consisted of the three nodes as well as a D \ 'B -T  signal generator 

and a spectrum  analyzer. This can be seen in Figure 6.3. The experiment was carried 

out in a lal) environment in the 5GHz band. The control and d a ta  channel bandwidth 

was arbitrarily fixed at IMHz each. Control and d a ta  signals were QPSK-modulated 

and ma])ped onto 512-subcarrier OFDM  symbols. Furthermore, the control channel 

was embedded with a cyclostationary signature th a t  was 8-subcarriers long with cyclic 

frequency of a 62500Hz. The cyclostationary signature detector was configured to 

j)erform signature detection and carrier frequency estimation at the given signature 

cyclic frequency using a 272-bin Fourier transform.

The experiment was carried out as follows:

1. The basestation was set transm itting  at a specific duty  cycle with the relevant 

cyclostationary signature embedded in the signal.
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2. The term inal station was configured to a random frequency w ith in  the range, 

w ith  a specific number of averaging windows and was turned on. (sinmltaneously 

the clock was started)

3. Upon achieving rendezvous the term inal station begun to demodulate the control 

channel signal and the clock was stopped.

4. This was repeated for different values of averaging w'indow^s and duty cycle.

We can see in Figure 6.4 that for 60%-100% transmission time tha t the optimum 

number of averaging wdndows is somewhere between 8 and 10. A t this point we can see 

that a m inimum  T T R  of 0.5s is achievable for all three transmission tune percentages. 

The reason we see a jum p in T T R  at this point is because w ith  a lower number of 

averaging windows, w'e start to see a large number of false alarms, so many that the 

tim e penalty caused by them start to outweigh the tim e saved by perform ing a smaller 

number of averages. We also found tha t decreasing the transmission tim e percentage 

in the duty cycle any further results in the system starting to become unstable as a 

result of a large inimber of missed detections.

TTR Vs Number of Averages with Different Levels of Burstyness.

60%
80%
100%

10 20 30 ^0

Average num ber of window size samples

To determine the relative throughput ŵ e:

1. Ran a link  between the transm itte r and the receiver for a set period o f time 

w ithou t any control channel rendezvous for communication channel assignment.

2. Ran the experiment wdth different tim e periods for the spectrum availability 

determ ination, 30s, 60s and 90s.(ie the W SD ’s revert back to check the continued 

availability of the channel)
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The relative throughpvit cost for each value can be seen in Figure 6.5. These relative 

throughputs are a i)ercentage of the to tal possible throughput if the Tx and Rx were 

to transm it constantly without any consultation with the basestation.

Obviously the goal would be to reduce the relative throughput cost as much as 

possible. The ciuestion then becomes, How' often does the control channel need to be 

checked for updated channel availability in order to ensure it does not cause too nmch 

interference to others?

This de])ends on a number of factors. If the appearance of another system on this 

channel is likely to degrade my performance sufficiently, it could depend on a drop in 

its own link quality as an indicator for checking then and could significantly reduce the 

frequency with w'hich it checks for a new channel. However, if it is likely tha t it will not 

be capable of noticing such a change, then the freciuency with which it checks would 

inevitably depend on the frequency with which devices in this band tend to switch 

frequencies or s tart and stop their transmissions.

T h rou g h p u t  with  Different  Control Channel  Rendezvous  In te rva ls

100%
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6.5 Handover Implementation

6.5.1 Specifications

As has been outUned in previous chapters, the goal of this handover framework was 
to create a method of handover th a t did not require any knowledge of the frequency 
of the target cell and had no method of intercell communication on the part of the 
basestations. \\"ith this in mind the concept of a Cyclostationary Signature based 
receiver driven handover was born. This implementation was presented in |107].

6.5.2 Resources Used

This implementation used the following resources:

• Laptop
• Iris Software radio
• USRP

6.5.3 Prototype Overview

The goal of this demonstration is to show how a receiver can maintain continuous 

service while moving between two independent networks with no data-link layer 
connections or neighbor lists and no shared knowledge of operating frequencies. The 
demonstration itself will consist of two base stations, each connected to a back-haul, 
and a terminal station which will move between the cells of the two base stations while 
maintaining continuous service. Each node will be constructed from an instance of 
the software radio Iris |101| and a number of Universal Software Radio Peripherals 
(USRFs).

Ph.D . Thesis 1st April 2015



6,5 HANDOVER IMPLEMENTATION 163

Base Station

Each base s tation consists of three separate radio chains, eacli connected to an RF 

frontend, a MAC component and the control logic (Figure 6.6). Two of the radio 

chains (one Rx and one Tx) transm it and receive control information. W hen the 

BS comes online, it begins to transm it a broadcast signal to indicate to the terminal 

stations where the channel is located. This broadcast message is embedded with a 

specific cydostationary signature [102] which allows terminal stations to distinguish it 

from other transmissions and quickly achieve rendezvous.
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C O N T R O L  LOGIC

Once the receiver chain of the base station receives the request from the terminal 

station, it then assigns a da ta  channel. The base station also reconfigures the da ta  

channel transmission chain to the selected channel and begins to transm it on it. The 

base station i)eriodically checks the routing sta tus of the terminal station and, if the 

terminal s ta tion leaves the cell, the base station will disable the da ta  transmission 

chain. The routing process is a simple mechanism th a t  consists of a da ta  stream tha t 

feeds into a router comi)onent which routes its d a ta  to one base station or the other 

depending on the contents of the lookup table. This lookup table contains the static 

address of the target terminal station, as well as the mobile address of the terminal 

station within the cell it is currently in. The base station sends the mobile address 

up the chain when the terminal station achieves rendezvous with its control channel 

and this is then written to the table. The base station then periodically checks if the 

mobile address of the terminal station belongs to its subnet mask. This can be viewed 

as a simple abstraction of Mobile IP.
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Terminal Station

The term inal station  consists of two receive chains and a transm it chain: each receive 

chain is connected to  an RF frontend and to the MAC couii)onent (Figure 6.7). W hen 

the term inal sta tion  comes online, bo th  receive chains begin to  scan the frecjuency band 

searching for a control channel of their network. The network transm ission will have a 

cydosta tionary  signature em bedded in it which the term inal station  is able to identify 

by perform ing a circular correlation on the received signal, shifted by a specific num ber 

of frequency bins (the cyclic frequency - the term inal would have prior knowledge of 

this)[102].
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Once one of the receive chains achieves successful rendezvous w ith the control 

channel it requests a d a ta  channel^, it then receives a d a ta  channel assignm ent, 

reconfigures to  th a t channel and s ta rts  receiving data . Meanwhile the other chain 

continues to  scan the frequency band until it finds another channel w ith the signature 

present. Once the second chain finds a second control channel it waits on the control 

channel perform ing a power calculation on the signal, passing the power value to  the 

controller and then dropj)ing the  samples. This power value is com pared w ith a power 

calculation taken from the signal in the prim ary chain and once the power is greater in 

the secondary chain by a certain  hysteresis, and after some T T T  (Time-To-Trigger), 

the radio reconfigures m aking the secondary chain the prim ary chain and vice versa. 

The new prim ary chain passes its d a ta  to the MAC com ponent and carries out the same 

process as occurred upon the original rendezvous. The new secondary chain begins to 

scan the frequency band looking for the control channel of the next base station.

■̂ We assume in this experiment tha t there is always data to be transm itted although is could easily 
be implemented tha t the Terminal Station waits on the control channel until there is data
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6.5 .4  Insights from Implementation

The most interesting aspect of the handover implementation is the control logic tha t 

glues the chains of the receiver. The receiver is, essentially three radio chains, two 

receivers and a transm itter,  it is the control logic and the hooks it has integrated into the 

chains th a t  creates the handover functionality. The control logic can be broken down 

into four different control functions th a t  were executed when certain circumstances 

occurred in the chains.

•  SignatureDetected

•  ReconfigureFreciuency

•  SignalLost

•  PowerChanged

The purpose of the SignatureDetected  function(Figure 6.8) is to indicate tha t the 

signature associated with the T S ’s network coalition has been found. W hen the 

Cyclostationary Signature detector detects the signature, it triggers an event which 

wakes uj) a process in the controller. This process is ca])al)le of reconhguring three 

different parameters in three different components.
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If neither of the receive chains are currently receiving, the process will change the 

cyclostationary signature detector component to a passive state, passing the d a ta  to the 

next component. It will also change the s ta te  of the OFDM Demodulator. The OFDM 

Demodulator has two states, its passive s ta te  which simply checks the frame sync of 

the incoming data  and then discards it and its active sta te  which fully demodulates
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it and  passes it to  the  next com ponent. T he  process will set the  D em odu la to r  to  an 

active sta te . F inally  the  process set the  frecjuency of the  T ransm it  chain in the  receiver 

to  the  sam e frequency as the  channel it has found, enabling the  receiver to respond to 

the  control channel.
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f r e q u e n c y  1/2
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USRP Rx 1/2 f requency
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However, if one of the  receive chains is curren tly  receiving, the  process will only 

reconfigure the  cyc los ta tionary  de tec to r  com ponent into its passive s ta te  and  will no t 

carry  ou t th e  o ther  two reconfigurations, thus  en tering  the  receive chain into a wait 

s ta te ,  periodically  checking the  the  continuing  presence of the  transm ission.

T h e  ReconfigureFrequency function (Figure  6.9) is responsible for moving the  

de tec to r  across the  different frequencies th a t  it is to  look for the  desired s igna tu re  th a t  

would signify the  control channel of a  coalition m em ber  has been found. T he  function 

is tr iggered  when the  de tec to r  gives a negative reading  for a pa r t icu la r  frequency block, 

it receives an  event which contains which the  frequency was ju s t  been scanned. T he  

function th en  reconfigures the  U S R P  com ponent to  th e  next frequency and  also gives 

this frequency to  the  cyc los ta tionary  s igna tu re  de tec to r  in the  o ther  chain so th a t  it 

can skip th is  channel, th is  is so th a t  the  two chains do not end up  de tec ting  the  sam e 

s igna tu re  and  receiving on the  sam e channel.
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T he  SignalLost function (Figure 6.10) is ac tivated  by the  O F D M  D em odu la to r  when 

it deem s th a t  the  d a ta  s tream  it has been receiving has been lost. Th is  is de te rm ined  by 

the  lack of frame synchronization  symbol received by the  dem odula to r .  At this point, 

the  d a ta  s tream  is deem ed to  have been lost and  the  function reconfigures the  frequency 

of the  chain to  the  next fre(juency to be scanned, reconfigures the  C yclosta tionary  

signa tu re  de tec to r  to  an  active s ta te  and  reconfigures the  O F D M  D em odu la to r  to  a 

passive sta te .

T he  p m pose  of the  PowerChanged  (Figure 6.11) function is to  m onito r  the  power 

levels of the  s tream s in the  two chains and  to  use this in form ation  to  m ake a decision 

as to  when a handover is to  be made. Each cyclosta tionary  s igna tu re  de tec to r  makes 

a periodic power calculation periodically and  sends it to  the  power changed fiinction. 

T he  function waits until it has received b o th  powers and  then  engages. F irs t  the  

function checks if the  secondary chain has locked onto  a signal (since the  chains will 

pass on a  power regardless of w hether  or no t it has locked onto  a  signal), it then  makes 

a com parison of the  power levels and  determ ines  if the  power of the  secondary chain 

has become g rea ter  th a n  th a t  of the  first chain by a  certa in  m argin  (hysteresis). If this 

cri ter ia  has been m et  the  function proceeds to  m ake the  switch from one chain to the  

o ther. Th is  chain has th ree  steps, first the  O F D M  D em odu la to r  in the  p r im ary  chain 

is set to  passive m ode and  the  O F D M  D em odu la to r  in the  secondary  chain was set to  

active m ode. Second, the  cyclosta tionary  s igna tu re  de tec to r  in the  p r im ary  chain is set 

to  active m ode which begins the  chain searching for the  next channel(note: this only 

occurs when the  value of the  power for th is  chain drops below a  certa in  threshold). 

Thirdly, the  switch com ponent is reconfigured so t h a t  it receives the  s tream  from the 

secondary chain (which has now become the  p r im ary  chain).
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When these control functions were in itia lly  implemented, there were some teething 

problems. F irstly, the power readings were varying w ild ly, causing the radio to be 

in a constant state of handing over from one chain to another. These ’ping-pong’ 

handovers made the system crash constantly. To combat the problem the amount of 

averaging windows taken in the power calculator was made a reconfigurable i)ararnetcr 

and varied un til the power levels given were consistent and stable. Once this problem 

had been solved the handover was executing successfully for the most part but on 

occasion, immediately after the handover had taken j)lace, the radio would seem to 

freeze. A fte r some examination the problem was found to stem from the manner in 

which the reconfigurations were introduced into the radio. When a reconfiguration 

is triggered, it  is given to the reconfiguration manager which puts it  in to a queue. 

This queue then gives the reconfigurations to the relevant components which carry 

out the reconfiguration before entering the ir process functions the next time around. 

This caused a problem between two of the reconfigurations because when the O FDM  

demodulator in the prim ary chain is switched off it  no longer passes data down the 

chain, meaning tha t the switch component is sometimes caught in a wait state, waiting 

for its data buffer to be filled as it  has not yet carried out the reconfiguration tha t 

would cause it  to be waiting for the buffer o f the other chain, i.e. the switch component 

is w^aiting for the now dormant secondary chain to give data which w ill never occur. 

To combat this problem, a tim eout for the wait state in the switch components’ buffer 

was installed so tha t after a certain period, the switch component would simply reset, 

allowing the waiting reconfiguration to occur and the chain switch to complete.
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6.5.5 Testing and Results
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FIGURE 6.12
Missed detec tion  and  false a la rm  with varying n u m b e r  of observa tion  w/indows, 
a de tec tion  th reshold  of 0.3, QM and  0.5 of scenar io  1

W ith a view to quantifying the ])erformance capabilities and hmitations of our 

Cyclostationary handover system, we designed an experimental set up to test the 

robustness of the framework with a number of different settings. It was soon determined 

tha t the performance of the handover was largely dependent on the performance of the 

Cyclostationary detector within the mechanism. There has been a significant amount 

of work done in the area of testing the performance of Cyclostationary signatures 

under different conditions. These results can, to a certain extent be used to make 

performance assumptions about the Cyclostationary handover. Howev’er, according 

to the design of our framework, the control channels containing the Cyclostationary
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signatures in our system operate in a TDMA fashion. This creates a problem for the 
Cyclostationary analyzer because it means that the transmission of the signatures is 
not constant, which will inevitably affect the performance. The first step we took in 
our performance analysis was to assess the effect of the bursty presence of the signature 
under different settings. This was done by examining the detection and false alarm 
percentages in the signature detector.

There are a number of parameters which affect the detection and false alarm. Firstly 
the observation period(number of observation windows) of the system has an impact. 
The number of observation windows essentially represents the observation period of 

the detector, relative to the size of the FFT used in the detector. In order to perform 
a Cyclostationary analysis of a particular band, the detector takes in a number of 
samples (size of FFT) and performs an FFT of the samples. The detector then shifts 
the window and compares it with itself (Cyclostationary Signature detection) [105| . 
The number of windows used represents the inimber of times this action is performed 
and averaged. The second j)arameter which has an effect is the number of subcarriers 
which are used in the process of making the signature. Recall tha t the Cyclostationary 
signature is created by mapping the data on one set of subcarriers to another set 
in order to create the correlation sj)ike that is detected, (see Chapter 5) Increasing 
the number of subcarriers mapped increases the robustness of the system but also 
is detrim ental to the throughput of the system.) Ideally therefore we would wish to 
have rendezvous handover with the lowest possible number of subcarriers dedicated 
to creating the signature. The third parameter is the correlation threshold in the 
Cyclostationary analyzer above which we say tha t a signature is present. This threshold 
is a number between 0 and 1 tha t represents the correlation between the mapped 
subcarriers are to their shifted equivalents. To test our implementation, we varied 
these three parameters for two different TDMA scenarios. Scenario 1 (Figure 6.12) is 
a system that transm its for 8 frames and leaves an 8 frame period free to allow for one 
reply of 2 frames with some guard intervals either side. Scenario 2 is a system th a t 
transm its for 6 frames and allows 12 frame periods free so th a t 2 systems (of 2 frames) 
can reply with guard intervals between each transmission. These scenarios are taken 
as an example starting point with the goal of coming to some generalized conclusions 
about the behaviour of the detector.

The experimental scenario ŵ as set up with a transm itter transm itting with a 
bandwidth of IMHz at a frequency of 7G0MHz. The receiver was set receiving at 
the same frequency with the detector activated.

The experiment was carried out as follows:
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1. The transm itter  is set transm itting  with the cyclostationary signature embedded 

in the signal.

2. The receiver is set receiving with knowledge of the expected signature.

3. The receiver is run until the detector has executed 1000 times, recording whether 

or not it detected the signature in each case.

4. The percentage of detections is recorded for tha t set of detector settings, 

averaging windows, threshold levels and indeed the nature of the duty cycle.

5. This is repeated for all different combinations of these settings.

6. The experiment is then repeated with the signatures turned off to determine 

values for false alarms.

In Figure 6.13 we can see the percentage of missed detections with varying lengths 

of observation windows for the case where the control channel transm its  50% of the 

time with 8 frames on and 8 frames off, to allow s])ace for a terminal station response. 

This was carried out for three threshold levels, 0.3 0.4 and 0.5 . We can clearly see 

tha t for all three threshold levels tha t there is a significant level of unreliability in the 

signature detection with correct detection as low as 0.66 for the 0.3 threshold, 0.45 for 

the 0.4 threshold and 0 for the 0.5 threshold.

1st A pril 2015 F^h.D. T h esis



172 6. PROTOTYPING

TOn

a:
3
O

Detection/False Alarm Vs Number of Observation Windows

0.5 false alarm  

O.A false alarm  

0.3 false alarm  

0.3 dection  

0.4 detection  

0.5 detection

0 .5  fa lse  alamni 
0  4  fa lse  a la rm  i 
0  3 fa lse  a la rm  
0 .3  d e te c tion  
0 .4  de tectior^
0  5 d e te c tion

0.8O-»

0.70- 5̂

O b se rva tio n  W in d o w s

O bservation W indow

ro

a:
3
C 3

Graphical Representation of Duty Cycle Scenario 2

V> V V  v>

BS Control Channel transmission
TS

response
TS

response 8S Control Channel transmission

T IM E

FIG URE 6.13
Missed detection and false alarm with varying number of observation windows, 
a detection threshold of 0.3, QM and 0.5 of scenario 2

The detector performance becomes even more unreUable when deaUng w ith  scenario 

2. (Figure 6.13) In scenario 2 the control channel transm its for 6 frames and leaves 

12 free for 2 term inal station responses. In this case the signature is not present more 

than it  is present (i.e. the transm itte r embeds the signature in to less than 50% of the 

time) so we see even lower levels of correct detection. The 0.3 threshold level is as low 

as 0.6, the 0.4 threshold is as low as 0.3 and the 0.5 threshold again at 0.
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In onier to resolve this detector reliability problem due to the bursty nature of the 

traffic, we implemented a scjuelch component. The squelch operates by estimating the 

power of the incoming signal. A threshold is used to determine whether a signal is 

{^resent or not. While a signal is determined to be present, sanijjles are processed by 

the analyzer. In this way, only samples containing a transm itted  signal (with signature) 

enter the detector and reliability is significantly improved. The reliability experiments 

were then repeated with this new feature and plotted in Figures 6.15,6.16 and 6.18. 

Note each plot shows three Probability of detection (P(d)) curves and one Probability of 

false alarm (P(fa)) curve. The P(d) curves correspond to signatures being transm itted  

for duty cycles of 100%, 80% and 60%. 100% is the case when the control channel 

is transm itting  and no terminal stations are responding as of yet meaning all the 

periods without any transmission present are filtered out and only control channel 

transmissions wdth signatures and put into the detector. 80% is the case in scenario 1 

where the control channel transm its  for 8 on and 8 off with one terminal station response 

of 2 frames is transm itted  during the o ff  period. 60% is the case where the control 

channel transm its for 6 frames before leaving 12 for response, during which 2 terminal 

stations respond. The P(fa) figures were obtained by running exj)eriments where a 

signal was transm itted  with no signatures embedded - hence detecting a signature is 

a false alarm. Signatures with 2,4, 6 and 8 subcarriers were used. Additionally, all 

experiments were run for detection threshold levels of 0.3, 0.4 and 0.5 and varying 

detection times, ranging from 4 to 100 observation windows.
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I t  is immediately apparent from examining these results (Figure 6.15-18) tha t there 

is a significant improvement in the re liab ility  of the detector. For 100%, 80% and 60% 

duty cycles there are a number of different observation periods tha t yield 0% missed 

detection o f the signature using 0.3, 0.4 or 0.5 detection threshold levels. Since there 

is such re liab ility  observed when using 8 mapped subcarriers, we have also explored 

the re liab ility  o f the detector using less mapped subcarriers w ith  a view to saving the 

wasted throughput.
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The improvement notwithstanding, the 80% duty cycle and more particularly the 
60% duty cycle settings can have a more erratic pattern and need some explanation. 
When the effective duty cycle of the signal carrying embedded signatures is less than 
1, there is a noticeable drop in the performance at specific observation period lengths 
(40 windows for 60% duty, 22 windows for 80% duty). This is due to the fact when 
observation period is at this specific size can coincide with an interval in which the 
signature is not being transmitted. When the observation window is smaller tha t a 
certain size, the ojf period is big enough to occupy the majority of the observation. 
This case is shown in Figure 6.14. When the period is bigger than this, the off period 
is not big enough to give the observation period a low enough correlation value. To 
ensure that this does NOT happen, it was determined that the following condition 
needs to be met:

^ ^ . ( F 5 ) . ( l  -  DC) . {X)  <  ( 2N) . ( FFT)  (6.1)

where T  is threshold for detecting a signature , F S  is the OFDM symbol frame size, 
D C  is the duty cycle, X  is the number of frames in a duty cycle, N  is the number of 
windows(observation period) and FFT is the size of the FFT  in the detector. N*FFT 
on the right hand side accounts for the total number of samples read in one observation 
j)eriod. The factor of 2 on the right hand side is an artefact of the experimental setup. 
The transmission is at double the bandwidth of the receiver because half the subcarriers 
are nulled to counteract the filter cut-off at the receiver in the USRP. The right side of 
ec}uation 6.1 represents the minimum window size that will be guaranteed to include 
the full off  section of the duty cycle as well as enough of the on section of the duty 

cycle to ensure the threshold is reached by the detector. As a simple example, if the 
number of observation windows is 40, the FFT size is 1024 bins, the threshold is 0.3, 
the duty cycle is 0.6 with 10 frames per duty cycle and the OFDM frame size is 12,672 

sam{)les, equation 6.1 is fulfilled as yz^-(12, 672).(1 — 0.6).(10) =  71680 is smaller than 
2 * 4 0 *  1024 =  72411.
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The high detection and false alarm rates at lower observation periods result in 
rendezvous occurring by accident i.e. the detector finds the signature by chance. As 
the detector has so many false alarms it attem pts to demodulate every band and 
eventually comes upon its desired signature. This could be a major issue if the system 
was operating in an environment in which other transmission tha t could be confused 
with the desired signal was present. This issue is one key justification for setting a 
higher correlation threshold. In Figures 6.16 and 6.18 we see missed detection false
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alarm plots for 0.4 and 0.5 detection thresholds. These thresholds dramatically reduce 

the number of false alarms w ith no significant false alarms for observation periods higher 

than 8 observation windows for the 0.4 threshold and for any observation period for 

the 0.5 threshold. As expected the increase in threshold has a negative effect on the 

point at which the system becomes unstable up to 26 for 80% duty and 45 for 60% 

duty in the case of 0.4 threshold and 28 for 80 duty and 50 for 60% duty in the case of 

0.5 threshold.
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It can also be observed that for many of the traces particularly in Figure 6.16 (c) and 

Figure 6.18 (a)- (c) , there is a noticeable increase in the number of missed detections 

centered roughly around the 90 oi)servation windows mark for a duty cycle of 60%. 

This is caused by two ojf periods of the duty cycle fitting  into the window observation 

period (See Figure 6.17). To address this we can make the following recommendation:

{2N) . {FFT)  «  (6.2)

Hence a combination of equations 6.1 and 6.2 allows us to pinpoint the ideal 

window length. These insights only apply to the scenario where the duty cycle is 

in the same order of magnitude as the observation window. For the case where the 

observation window is significantly bigger than the duty cycle e.g. 4 duty cycles fit into 

an observation window, then the behaviour would directly depend on the percentage 

of the time the signature is j)resent and whether that percentage was enough to breach 

the set threshold. I f  the observation window was significantly smaller than a duty 

cycle then the detector would work not work in the same ratio as the signature was 

present not j)resent.
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Finally we can also say from looking at Figures 6.15, 6.16 and 6.18 (d) tha t two 
mapped subcarriers is for the most ]>art not enough to achieve robust detection and 8 
subcarriers is most likely too conservative. Additionally it can be said tha t a threshold 

of 0.5 is too high given th a t a 0.4 threshold yields effectively no false alarms.

While the bounds outlined in equations 6.1 & 6.2 offer some insight into the 
construction of a more robust detector, in the case where the duty cycles of the 

systems cannot be known exactly in advance these guidelines cannot guarantee reliable 
performance. A solution to remedy the remaining weaknesses in the detector would be 
for the terminal stations to embed the same signature in their transmission once they 
decode it themselves. However, this would cause degradation in throughput for each 
of the terminal stations, not to mention tha t the terminal stations would have to have 
the capability of embedding any number of signatures at any given subcarrier in their 
waveform which would require a very versatile implementation.
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Missed detection and false alarm with var7 ing number of observation windows, 
a detection threshold of 0.4 and 100, 80 \&  60 \%
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6.6 Handover extension: Cyclostationary Codec

6.6.1 Specifications

In C hap ter 5 the goal of the handover mechanism is outlined including the vision for 

the extension which envisions a mechanism for physical characteristic discovery as part 

of the handover protocol. The protocol will have the ability to  ex tract the settings 

needed in order to decode the transm ission of the next control channel, specifically 

modulation order, number of subcarriers and bandwidth. Furtherm ore, this discovery 

process must happen in real tim e so as to not d istu rb  the seamless handover process.

6.6.2 Resources Used

This im plem entation used the following resources:

•  Laptop

•  Iris Software radio

•  USRP

6.6.3 Prototype Overview

The goal and setup of this p ro to type was largely sim ilar to th a t of th e  previous handover 

prototype. The difference being the handover is taking place between control channels 

th a t are heterogeneously configured, relying on the handover protocol to identify this 

difference and make the appropria te  adjustm ents. The block diagram s of base and 

term inal sta tions can be thought of as identical to the previous prototype with the 

m ajor difference being in the  control logic and its interaction w ith the main radio 

chains. This is discussed in greater detail in the next section.
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6 .6 .4  Ins igh ts  f ro m  I m p le m e n ta t i o n

The main functionality of the cyclostationary codec aspect of the extended handover 

protocol is contained in the control logic of the transm itter and receiver. The CodecTx 

control function takes three inputs and has one output. As can be seen from Figure 6.19, 

the function takes the physical configurations th a t  are to be conveyed as event inputs 

from either the OFDM  m odulator or the USRP Tx component. Every time a new value 

for any of the parameters is pushed to the codec Tx function, it cross references the new 

combination of values with the codec LUT and sends the new signature combination 

to the OFDM  modulator which embeds this code into the waveform in the form of 

cyclostationary signatures. The binary number th a t  is embedded into the transm itted  

waveform is then extracted from the waveform by the cyclostationary detector a t the 

receiver.
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The CodecRx function (Figure 6.20) is then passed this code by the cyclostationary 
detector. Whenever this code is different to the code tha t is currently in use, tlie 
function consults the LUT to determine which parameters must be reconfigured and 
then makes said reconfiguration. This is a simple system, some care however must 
be taken when designing our LUT. Since our transmission bandwidth is not known at 
any given time, care must be taken to ensure th a t each code is communicable to the 
receiver, given its l)andwidth and signature block size.

CSj

CC=) Codec with a Larger 
Transmission Bandwidth

02ii0

, 0 , 0 , 1  , 0 , 0 , 1  , 0 , 0 ,

i i

0820

For example, if our transmission bandwidth is greater than our default scanning 
bandwidth, we must ensure tha t any bits tha t we are communicating are in the center 
of our waveform so th a t the smaller bandwidth receiver can see all relevant signatures. 
In Figure 6.21 an example of this case is shown. The transm itter embeds the code 
00100100 (Hex 0x24) into this waveform, however since the receiver bandwidth is only 
half the transm itter bandwidth, the detector only perceives the four center bits and 
detects the number as 10000010 (Hex 0x82).
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On the other side of this coin, if our transmission bandwidth is much smaller than  

our receiver, ie the signatures are far enough apart  so tha t they are viewed in different 

signature blocks by the receiver. An example of this is shown in Figure 6.22 where 

the transm itter  embeds 10000001 (Hex 81) but since the receiver bandwidth is larger 

it perceives the entire transmission within it center half. Since the signatures are far 

enough away the receiver can distinguish them correctly and identify the code, however 

if the transmission was the code 11000001 the receiver would most likely [)erceive the 

two close signatures in the same signature block and incorrectly decode the message 

as 10000001 or 01000001.

6.6.5 Testing and Results

In order to gain some insight into the behavior of the cyclostationary codec and its 

I)erfoniiance profile, a number of correct detection experiments were carried out. To 

achieve this an experimental scenario was set up consisting of two laptops and two 

USRPs. The transm itter and receiver are set a t IMHz with 512 subcarrier OFDM 

symbols. The transm itter is embedded with a specific combination of signatures, 

corresponding to a specific combination of settings. This specific combination is for 

the purposes of this experiment, known at the receiver so tha t th a t  the accuracy of the 

codec detector can be determined.

1. The transm itter is set transm itting with a specific modulation order with the 

signature combination embedded in the signal.
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2. The receiver is set at the same frequency with the codec detector activate, set
to a specific number of averaging windows and a specific detection threshold.

3. The receiver is left to run until the receiver has executed 1000 times, each
execution resulting in detected signature combination, this detected combination

is compared with the expected signature combination.
4. The percentage of correct detections is recorded for the specific combination of 

detector setting and modulation order.
5. This process is then repeated for every combination of detection threshold, 

averaging windows and modulation order.

The results are shown in Figures 6.24, 6.25, 6.26 & 6.27. Each graph represents the 

experiment run at a specihc modulation order at the transm itter, with varied number 
of averaging window's (x-axis) and threshold levels (y-axis). The color represents the 
percentage of correct detections w'ith blue being the lowest and red being the highest. 

The first and most obvious thing about the series of experiments is tha t the higher the 
modulation order is, the more incorrect detections are experienced, primarily at low' 
detection thresholds and for low numbers of averaging window's. This can be easily 
explained. Incorrect detections at low' thresholds are caused by false alarm detections 
by the cyclostationary detector. This occurs w'hen the detector mistakenly detects a 
signature w'here there is none. There are several different factors tha t can contribute 
to this.
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First, the use of a low detection threshold means tha t the natura l correlations have 

less of a mountain to climb to cause a positive detection. W ith a detection threshold 

of 0.2 the subcarriers being compared do not even need to be tha t similar to hit this 

barrier. Second, the use of a small number of averaging windows can add to the 

problem since tlie more averages used the random correlations become insignificant as 

the number of inputs to the correlation increases. The questions then becomes, why 

does an increase in modulation order further aggravate this problem? This can be 

explained more easily with the aid of Figure 6.23. This Figure shows how different 

numbers are represented within a subcarrier under two different modulation schemes. 

For BPSK it can be seen th a t  there is only two states the subcarrier can be in, a phase 

of 0 or a phase of 180. Whereas in 8-PSK the subarrier can have 8 different sta te  

for the 8 different numbers it is capable of representing. This means th a t  the higher 

modulation order, the more similar the subcarrier can be while intending to rej)resent 

different numbers. In the case of 8-PSK, two different numbers are represented by two 

signals th a t  are as close as 45 deg to each other in phase, giving a be tte r  chance of 

having unintentional correlations.
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C orrect detection of codec w ith  varying averaging v/indov\/s, threshold levels and nnodulation o rder
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The next th ing to notice about this set of graphs is the faihire at higher threshold 

levels, this ex])lained by two phenomena. The first is that not enough subcarriers are 

mapped meaning the signature is not powerful enough. The second is that the overall
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power of the signal is not strong enough. This then raises the question as to why 

there is failure at high threshold levels for QAM (Figure 6.27), ASK (Figure 6.25) 

and APSK (Figure 6.26) but not for PSK (Figure 6.24), since all transmissions in this 

exj)eriment were carried out using the same signal power and the same number of 

mapped subcarriers for their signatures.

The difference can be explained by examining the nature  of the different modulation 

orders. PSK, unlike all the others, does not vary its power to convey different bits, 

therefore, each of its subcarriers is always transm itting at full power and does not 

expose its signatures to degradation due to lack of power. This still leaves the ciuestion 

as to why QAM appears to be more vulnerable to this phenomenon than  ASK or 

APSK. This can be explained by the compact nature  of QAM, QAMs constellation 

points are overall closer to the center of the constellation plot than  th a t  of ASK or 

APSK, resulting it overall lower powers and more vulnerability to degradation of the 

signatures embedded.

6 .7  Bargaining Mask Calculator Im plem entat ion  

6.7 .1  specifications

Chaj^ter 4 detailed an approach for calculating mask edges between two systems th a t  

are geographically collocated and frequency adjacent. This approach involves the 

maximization of the shared utility of the two systems. This shared utility is itself based 

on a product of the utilities of the two systems, both  of which are interdependent and 

involve four inputs. In the simulation of this approach, the global m axim a is determined 

by systematically iterating through all possible combinations of the four variables and 

then taking the inputs th a t  produced the greatest shared utility as the optimal inputs. 

However, if this approach were to be used in any practical setting, this method of 

calculation would be useless since the time taken to produce an ou tpu t is in the order 

of hours which renders it useless for producing supposedly adaptive and dynamic edges 

for an emission mask. In order to produce an implementation of some practical use, 

the specification was set with two simple but crucial conditions.

1. T h a t  the implementation produce the same outputs  as the siimilated M atlab 

version, for all possible inputs.
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2. T ha t  the iinpleiiieiitation can execute a single instantiation in a short enough 

time slot so tha t it is feasible for it to produce real time adaptive mask levels.

W ith  this in mind, the implementation of the mask calculator will essentially be an 

application running on a server as part of the Spectrum Management System, this 

application is triggered when queried with a request for masks levels for a pair of 

systems and re tu rns  the levels to be used for the systems, all within a small enough 

timescale svicli tha t the masks are returned before the scenario has changed significantly. 

This application would sit as block B in Figure 2.6.1.

6.7.2 Resources Used

This implementation used the following resources:

•  Xcelerit SDK

•  C om puter

•  Sj)ecs listed in Section 6.7.5.

The Xcelerit Software Develojiment Kit (SDK) is an SDK designed for 

performance-critical applications. In enables the writing of sequential code in 

th a t  results in highly optimized code for a number of j)rocessors. The SDK enables the 

production of highly parallelization programs th a t  can, with the right hardware give 

high speed and low latency results. [108]

The programming paradigm th a t  is utilized in the SDK is a dataflow i)aradigm 

in which applications are described as a directed graph of processing stages th a t  are 

connected together to form the program (Figure 6.28).

"  Xcelerit Directed Flowgraph
-o  
LLI
ce.
3
^  S o u rc e  A c to r  G ener ic /CPU-only  Actor  G ener ic /CPU -only  A ctor  S ink Actor

^ R a n d G e n J " ' ' )  ^ P a th C o m p J  )   ̂ R ed u ce  J  ) ^ C svW riter
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These stages are known as actors in the SDK and have four classifications, Actor, 
CpuActor, Source, and Sink.

The Source actor generates input data items and passes them to the main actor 

nodes, they also maintain state and are not executed as part of the parallel execution 
process. The Sink actor sits at the end of the chain and consumes the results. The sink 
actor also operates outside the parallelization execution and is capable of maintaining 
a state. Actors and CpuActors are are the generic nodes in which the functionality of 
the application is put. They are stateless and do not generate data but rather process 
the data taken on their inputs and produce outputs. The actor has data members 
(constants and parameters) which are specified in advance and are read only. The 
stateless nature of the actors is to maintain identical copies of the algorithm across 
all the processors it may be running on, ensuring consistent processes acted upon the 
data. The number of times an actor is run is driven by the inputs. Both the size and 
amount of the inputs determine the number of executions.

6.7.3 Prototype Overview

Recall th a t the calculation of the optimal mask levels requires the bargaining solution 
to execute and produce a result for every combination of the four inputs, OOBlevell, 
00B level2, Shapingl and Shaping2. To construct the implementation C + +  using the 
Xcelerit SDK was chosen. The SDK enables the parallelization of the j)roblem which 
has the potential to greatly shortening the execution time of the implementation. To 
achieve this parallelization, the manner in which the algorithm is constructed must 

be revisited. The crucial difference between the regular sequential method tha t the 
algorithm was originally built in and the parallelizable form th a t it must be converted 

to is the manner in which the code is iterated or looped. As we have seen the algorithm 
is run once for each possible combination of inputs. In the original form, the program 
consists on the main set of processing functions, nested in a luimber of while loops, each 

loop corresponding to a variable th a t is being iterated. However, when reconstructing 
the algorithm for the SDK, some fundamental changes had to be made to the structure.
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I l l  order for the {jrog ra iii to  be run sin iu ltaneously across many cores, local copies o f 

the a lgo rithm  m ust be made at each core o f the G PU, for th is  reason the m ain actors 

m ust be stateless. Th is  means th a t loops are not a feasible approacli to  ite ra te  th rough  

a ll the i)0ssible values. As was detailed in  the jjiev ious  section, the num ber o f tim es 

an actor is executed is determ ined and driven by the num ber o f inputs  it  receives. In  

th is  approach the idea is to  th in k  o f the m ain actor as a fixed set o f functions th a t 

data  is pushed through. Th is  data is generated in our Source actor. A  block d iagram  

o f the new design is shown in F igure 6.29. In  th is  design there is one component for 

each o f the four variables th a t make up the in pu t. The i)urj)ose o f th is  is to  make the 

program  more paralle lizable. I f  a ll o f the inputs  were generated by a single com])onent, 

then the m in im um  length o f the execution would be the tim e  i t  would take the source 

component to  generate every com bination  o f inputs.

In  th is  a lte rna tive  model the "sourceO" component is the on ly component o f type  

source, the others are generic actors and can have m u ltip le  instances being executed 

in  para lle l w ith  d ifferent inputs. The "sourceO" com ponent creates a new instance o f 

the "so u rce l" component w ith  every o u tpu t. The "so u rce l" component w ill then run  

th rough  the range i t  has been given as a param eter and pass it  on as an o u tp u t, the 

"so u rce l" com ponent w ill also f i l l  a second o u tp u t w ith  the inpu t it  has received from  

the "sourceO" component, (i.e. i f  its  param eter have 10 values to  run  through, i t  wall 

also jmss out 10 copies o f the received in p u t.) These outputs  w ill in tu rn  create a 

num ber o f instances o f "source2" and so on. Th is  fann ing out effect o f the sources 

can be seen v isua lly  in F igure 6.30, each o u tp u t from  the previous source creates a 

new instance o f the next, i f  the sources were to  have inputs o f sourceO 3, sourcel 

=  2, source2 ^  5, source3 “  4, then there would be 120 instances o f the m ain actor 

executed. I f  we assume an in fin ite  num ber o f cores and equal execution tim e  fo r each
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source actor then the execution tim e should be the sum of the luimber of inputs at 

each source. This is a big improvement on the product of the different inputs which 

would be the tim e taken for a serial solution. This source fanning solution is a popular 

strategy for highly parallelizable source input generation [].

o
CO

Block D iagram  of 
Source Expansion

Source 0
Source 2 Im)

Source 1 (n)

Source 1
Source 2

Source 1

6.7 .4  Insights from Implementation

A fte r this in itia l implementation was carried out, we consulted w ith  the xcelerit SDK 

design team and were able to make some adjustments to the design that improved the 

performance further. To explain these improvements, Figure 6.31 shows a profile of the 

original implementation by component. The profile shows tha t a significant amount 

of the tim e taken for execution is outside the main actor component. The Source and 

Sink components seem to be the most expensive in terms of tim e taken.
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Block Diagram of the Profiling of the Original Implementation
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Two changes were made to  stream line th is  design:

•  A  sequencesource component was in troduced to  rej)lace the four sourc:e 

coni])onents tha t are used to  generate the source inputs. Th is  g reatly  im])roves 

the tim e taken to  generate the inpu ts  as it  does not ac tua lly  execute and hence 

takes to  real am ount o f tim e.The sequence source component is passed inpu t 

ranges in  the m ain function  when the flowgraj)!! is being constructed, then upon 

execution it  s im p ly in form s the m ain actor o f these ranges and the m ain actor 

im m ed ia te ly  begins to  run th rough them  at the m axinn im  level o f ])a ra lle liza tion  

w ith  no requirem ent to  w a it for inputs  to  be generated.

•  In  the o rig ina l design, when the m ain actor generated its  U t i l i ty  value i t  passed 

it  s tra igh t to  the Sink actor which compared i t  to a m axinm m  and updated 

the m axinnun when it was exceeded by a new in pu t. Th is  tu rned  out to  be 

very com ])u ta tiona lly  exj)ensive since th is  required the j^assing o f each in d iv id ua l 

u t i l i ty  value back to  the Sink actor which executes sequentia lly on the CPU . To 

remedy th is, a short s tru c t th a t compared two values and re turned the greater one 

was created and th is  was used to  im plem ent the sink com ponent as a reduction, 

com j)aring the result o f an actor to  another and then com paring th a t result to  

the result o f another tw'o actors and so on. Th is  meant th a t th is  comparison 

could be made in para lle l as opposed to  sequentially.

F igure 6.32 shows the optim ized profile. W ith  the im provem ents discussed above, 

the tim e  taken in the source is v ir tu a lly  e lim ina ted  and the tim e  taken for the sink 

component lias been g reatly  reduced.
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6.7.5 Testing and Results

The experimental set uj) in this case is simjjle, the program was simply executed on a 

system. In some cases, different pieces of hardware were activated. The system setup 

was as follows:

•  2x Intel(R) Xeon(R) CPU E5-2690 v2 @ 3.00GHz, hyperthreading off (20 cores)

•  2x Nvidia K40m GPUs, ECC on (look up ECC)

•  GCC 4.8

•  G PU  driver: 340.24

•  Redflat Enterprise Linux 6.5

•  128GB RAM

•  Xcelerit SDK 2.6

Figure 6.33 the time taken for four different iterations of the implementation, the 

M atlab version, the sequential C +  f  version, the original SDK implementation over 

the CPU  and the original SDK implementation over the GPU. Even w ithout the 

improvements detailed in the previous section, the SDK has given us a massive 

performance boost. The SDK over the G PU  gives a speedup in the order of 12000 

over the m atlab  implementation, this is to be expected since Matlab is a scripting 

language not designed for speed. W hat is really significant is the speed up from the 

sec}uential C-^ - implementation which is over 30 times faster.
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F igure 6.34 shows the speedups as a result o f the im j)rovem ents to  the 

im p lem enta tion  and the in tro du c tio n  o f another G PU. O verall a 15x reduction  is 

achieved w ith  the m a jo rity  o f the saving com ing from  the new reduction  based sink 

approach. The app lica tion  in its  current form  is now capable o f producing a mask 

in a tim e  o f the order o f m illiseconds and is f it  to  be deployed in the role outlined 

in  C hapter 2 fc 4 w ith  l i t t le  more m od ihcation. W ha t has V)eeu dem onstrated by 

th is  im p lem enta tion  is th a t th is  barga in ing theory based mask ca lcu la tion  approach to 

achieving dynam ic SCEMs is a tractab le  one and is h igh ly  su itab le  for use as pa rt o f a 

licensing scheme for a system th a t is constantly  changing, bo th  in  term s o f frequency 

and topology.
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6.8 Conclusions

This chapter has focused on the im plem entation and prototyping th a t has been carried 

out to  verify the different com ponents of the Independent Network Coalition framework. 

The goal of the work w'as to act as a proof of concept for the ideas th a t were posited 

throughout this thesis. The successful im plem entation of the mechanisms th a t would 

be the cornerstone of the framew^ork is beneficial to the ongoing pursuit of the idea as it 

revealed some of the previously unforeseen challenges th a t would arise in any a ttem p t 

to realize th is framework. By successfully carrying out these im plem entations, the 

viability of the ideas has been reinforced. The hardw are and software used in the 

construction of these prototypes are experim ental platform s th a t have been designed 

for flexibility and usability, not j)erformance or efficiency. If these designs were to be 

im plem ented in a connnercial setting  where hardw are and software could be purpose 

built and optim ized, then the perform ance and reliability of the resultant prototypes 

would be far superior.
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7 Conclusions

7.1 Introduction

T h is  goal o f th is  thesis has been to  in troduce the no tion  o f an Independent N etwork 

C oa lition  (IN C ) as an a lte rna tive  inode for p rov id ing  in fras truc tu re  resources for fu tu re  

connnunication services. The crux o f the thesis has been focused on describing, 

discussing and analyzing some o f the key systems, technicjues and protocols tha t make 

up a conii)osite IN C  fram ework. Since the work carried out on the constituent parts 

o f the fram ework can seen disj^arate, th is  chaj^ter w ill endeavor to  b ring  the ideas 

together and give an idea o f how the fram ework looks as a whole. The chapter begins 

by sunnnariz ing the different con tribu tions tha t have been produced by th is  thesis in 

Section 7.2. Section 7.3 describes the would-be IN C  centralized entity . Section 7.4 lists 

and b rie fly  discusses some o f the fu tu re  w ork th a t would be beneficial to  fu rthe rin g  the 

IN C  fram ework and Section 7.5 concludes the chapter and thesis.

7.2 Summary of Contributions

The overall co n tribu tio n  o f the thesis was to  show th a t i t  is possible to  exp lo it 

user-deployed in fras truc tu re  and dynam ica lly  available spectral resources in a 

system atic, yet ligh tw eight manner, so as to  create Inde jjendent N etw ork C oalitions 

th a t can support m o b ility  o f users across the fo o tp rin t o f the coa lition  members. As 

stated in  C hapter 1, the m o tiva tion  behind th is  work was to  take advantage o f emerging 

trends in the com m unications w orld, such as the surge in  interest in sharing o f resources, 

a move away from  comj^lete ownership o f aspects o f the wireless com nnm ications 

value-chain, a g row th  in co llabora tive  consum ption and a grow ing interest in User
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Deployed Infrastructure. To achieve this goal a framework for Indejjendent Network 
Coalition formation was devised. Core aspects of tha t framework were explored in 
detail and essential elements were implemented as part of a prototyping process. The 
following sections summarize each of the key aspects.

7.2.1 Spectrum Management Framework for Independent 

Networks

C hapter 2 of the thesis proposed a Spectrum Management System that is based 
on Dynamic Spectrum Access regimes and tha t could suj)port the notion of the 
Independent Network Coalition. This Spectrum Management System leverages key 
paradigms tha t have emerged in research in the past decade and adopts a database 
approach for determining free spectrum. The key contributions here was the level of 
dynamism th a t was introduced to the database. Central to the dynamism is the notion 
of the adaptive SCEM. The SCEM is a least restrictive Block Edge Mask which bounds 
the emission profile of the transm itters on a cell-by-cell basis. The SCEM is adaptive in 
th a t the exact in-band and out-of-band emission levels are context dependent. Hence 
the SCEM for a cell in which there is a dense deployment of users is not the same as 
a cell with a sparse deployment. Chapters 3 and 4 went on to make contributions in 
terms of how' the SCEM is calculated.

7.2.2 Mask Calculation Approach 1: Monte Carlo Generated 

Mask Database Scheme for Independent Networks

The idea in Chapter 3 was to calculate the SCEM, apriori, for all possible deployment 
scenarios so th a t the appropriate SCEM could be retrieved from the database of masks 
by the netw'ork looking to use the spectrum. The key insight th a t made this possible 
was to use a pixelated database th a t was constructed in such a manner to make the 
calculation of all possible options tractable and feasible. The mask calculation method 
significantly extended a statistical Monte Carlo method |58] approach so tha t the 
relative locations of the networks as well as their densities can be used to calculate 
appropriate mask levels for each network. Hence a least restrictive mask can be
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generated. This is a very different and alternative approach to Block Edge Masks. 

It dynamic nature greatly increases the attractiveness of the BEM approach. Hence it 

takes an understandable and well accepted interference control instrument and it adapts 

it for the world of dynamic sj^ectrum access and Independent Netw'ork Coalitions. The 

resulting mask database can be queried by the spectrum  management system and the 

most appro[)riate mask for the specific circumstances retrieved. A key feature of this 

apjjroach is the fact tha t no information about the technology used in the networks is 

needed; hence it is a technology-neutral approach.

7.2.3 Bargaining Theory Generated Mask Scheme for 

Independent Networks

Cha])ter 4 on the other hand provided an alternative ai)i)roach to SCEM calculation. 

This approach involved calculating the mask on an as-needed basis and using extra  

information about the technology deployed in the networks to fine-tune the mask to 

deliver more sj^ectrally efficient results. This approach requires the same inputs as 

before, (relative location and density), and some additional information about the 

networks physical characteristics, namely ACLR and roll off factor of the filter. The 

approach used in Chapter 4 is based on a bargaining theory solution tha t optimizes the 

to tal throughput of the two spectrally neighboring networks. The ai)proach also allow's 

for advances in technology to be taken into account. In Chapter 4, the advances th a t  

were of relevance were those relating to OFDM  waveform shaping. Many techniques 

exist which facilitate the shaping of waveforms to control out-of-band emissions. Hence 

a network th a t  is caj:)able of shaj)ing its emission profile in a more proactive and agile 

fashion can factor this into the equation and ultimately fine-tune its emission profile 

further still to make best use of spectral resources. While a technology-neutral approach 

to mask generation is very attractive, it does make sense tha t a system which is aware 

of its own technological capabilities, should use tha t knowledge where appropriate.

7.2.4 Handover Mechanism for Independent Network Coalitions

Cha])ter 5 moved away from the spectrum management issues and focused on one of the 

m ajor contributions of the thesis. This contribution revolved around a receiver-centric
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handover process th a t  does not recpiire significant coordination aljout tlie different 

networks in the coalition or which does not require changes in network architecture |26|. 

The proposed method allows terminal stations to bootstrap  handover into a network 

without having any prior knowledge of the target network, either at the initiating or 

at the responding network. To achieve this a receiver-centric, cyclostationary based 

handover mechanism was devised tha t functions by vitilizing a cyclostationary signature 

as an identification and rendezvous tool. The cyclostationary signature functions as 

an identifier of the Independent Network Coalition - i.e. all members have the same 

signature. This does involve coordination as those wanting to join a coalition need 

to retrieve the signature. However the amount of coordination between each member 

and the centralized INC is extremely small. The cyclostationary signature functions 

as a rendezvous tool by allowing nodes in the network to rendezvous with a control 

channel which changes in frequency as different frequencies become available via th a t  

database, bu t which continues to operate with the same cyclostationary signature. The 

contribution of the chapter 5 was both to devise the identification handover mechanism 

as well as to carry out a robust analysis of the limits of the approach. The work 

greatly extended the original cyclostationary work by Sutton |103| through using it as 

a building block within a handover framework for these independent coalitions.

7.2.5 Cyclostationary Codec System for Mobility between  

Heterogeneously Configured Networks

Chapter 5 also contributed a new concept, known as the cyclostationary codec. The 

Cyclostationary codec system was developed as an add-on for the handover mechanism. 

The purpose of the codec is to enable independent networks th a t  are part of the same 

coalition to  remain autonomous as possible in terms of their physical configurations 

(bandwidth, modulation order etc) while still being compatible w'ith terminal stations 

from other coalition members. The Cyclostationary codec allows a network to encode 

a message into its waveform th a t  indicates how it is configured and hence allows the 

roaming node to demodulate the waveforms. This system furthers the goal of allowing 

mobility between different networks without the need for excessive coordination or 

communication between networks.
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7.2.6 Prototyping of Independent Network Coalition Systems

T he  work con tr ibu tions  detailed  thus  far have been su b s ta n t ia te d  th rough  

M atlab -based  sinuilations. One of the  key goals of the  thesis was to  prove th rough  

im plem en ta tion  th a t  the  idea of th is  light-weight Independen t  Network Coalition 

form ation  is indeed possible. Hence a significant am oun t  of tim e was spen t on 

developing p ro to types  which showcased key aspec ts  of the  system. Four specific as{)ects 

of the  system  were singled out for im plem enta tion  and  these were:

1. T h e  use of C yc los ta tionary  S ignatures  to  M ark  a D ynam ic C ontrol Channel 

Im plem en ta tion

2. T h e  INC H andover M echanism  Im plem en ta tion

3. T he  C yclos ta tionary  Codec Im plem en ta tion

4. T he  Bargaining theory  M ask C a lcu la to r  Im plem en ta t ion

T he  lirst th ree  of these e lem ents were im plem ented  using a specific software radio 

framework. W hile  the  fram ework was generic and General Purj)Ose Processor (G P P )s  

based, it did prove the  feasibility of the  concepts. A comm ercial im p lem en ta tion  would 

of course be m ore specihc. T he  im plem en ta tions  were dem o n s tra ted  at num erous events 

to  large audiences.- T he  F u tu re  In te rne t  Assembly , DySPAN and the F u tu re  Network 

& Mobile Sunnnit  to  nam e a few. T he  fourth  element was im plem ented  to  show th a t  

it is indeed feasible to  do real t im e m ask calculation. C h a p te r  6 therefore showed th a t  

the  core e lem ents of the  Independen t Network Coalition are feasible.

7.3 The  INC centralized entity: Bringing it all

Together

For the  purposes of clarity  it is w orth  depic ting  how all of the  con tr ibu tions  outline 

above come toge the r  to  form the  framew'ork th a t  enables coalition form ation. The 

In dependen t  Network Coalition centralized en ti ty  consists of two d ist inc t  ])arts, T he  

S pec trum  M anagem ent System  and  T he  Coalition  M anagem en t System .

T h e  S p e c t r u m  M a n a g e m e n t  S y s t e m  is to  m anage the  spec trum  th a t  is 

available for indej)endent networks and  ensiu’e there  is no unaccej^table interference 

betw een different systems. As seen in C h a p te r  2 the  SMS m ain ta ins  a  pixellated
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geolocation database of systems. Tlie SMS also has a mask broker which leverages this 
information about relative geo-locations to provide the systems with dynamic SCEMs. 
This mask broker may either take the form of a mask database, populated using the 
methods discussed in Chapter 3, a mask calculator, driven by the algorithm discussed 

in Chapter 4.

Coalition M anagem ent S ystem  is to allow independent networks become 
member of coalitions with other independent networks or indeed to start their own 
coalitions. The independent network makes a request to the CMS to become part of 

a coalition, the CMS then identifies a suitable^ coalition and assigns the appropriate 
signature as well as the codec look up table tha t corresponds to the coalition.

The INC framework is knitted together by three distinct interfaces:

LUcr
3
O Independent Network 

Coalition (INC) framework

INC framework

Spectrum B Coalition
Management 4̂ --------- » Management
Systems Systems

• A : This interface is the interaction between the SMS and the IN. It encompasses 
the bandwidth requests coming from the IN to the SMS, the assignment 
notifications of bandwidth and SCEM levels from the SMS to the IN and the 
flow of density updates coming from the IN to the SMS.

• B : This interface is the interaction between the SMS and the CMS. Its purpose 
is the requesting of geo-locational information by the CMS from the SMS. This 
information is for the purposes of finding compatible coalitions for members to 
join and for planning signature reuse across different geographic areas.

• C : This interface is the interaction between the IN and the CMS. This interaction 
is the point where a IN actually joins or starts an INC. The prospective member 
would provide its location and some operating characteristics and would receive

 ̂A coalition would be deemed suitable if it was in the same geographical location and could adhere 
to the constraints related to the codec (Chapter 5)
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inforinatioii allowing it to integrate into its new coalition (signature, codec and 

the new handover algorithm th a t  needs to be installed).

7.4 Future Work

The contributions in the thesis go a long way towards showing the user deployed 

infrastructure can be used to provide more extensive services through the formation of 

independent coalitions. There of course are many more issues th a t  can be addressed 

through ftirther research. These issues were beyond the scope of this thesis bu t are 

listed here as seeds for further work.

•  Testing o f the scalability of IN C  mobility mechanism: To be able to make a 

stronger claim about the feasibility of the handover mechanism from a scalability 

pers])ective, a test of a deployment on a wider scale would be beneficial. It 

may become apparent tha t certain adjustments are needed, particularly when it 

come to the decision mechanism for selecting a target cell. Such a wide-scale 

deployment would however require greater resources.

•  A more in depth analysis o f the routing implications o f the IN C  mobility 

mechanism:  Since significant changes to the anatom y of the network have been 

suggested in this thesis particularly when it comes to handover, there are sure 

to be implications on the m anner in which routing is carried out between the 

networks. This kind of network layer work is outside the scope of this thesis 

bu t would nonetheless be a valid undertaking in the pursuit of an efl’ective INC 

framework.

•  Construction and testing of mask database : The mask levels generated as 

part of chai)ter 3 are the core of a database system th a t  can be queried 

with a small am ount information to provide appropriate mask levels for two 

neighbouring systems. To complete this mask database system, a relational 

database  containing these mask levels would need to be constructed. In addition 

to constructing this relational database. I would like to develop a mechanism 

for testing the system based on real data. Meteor have kindly provided the 

C T \ 'R  with real da ta  from cell towers around Dublin. This d a ta  could be used 

to construct Markov chains th a t  ou tpu t the probability th a t  the TS density will 

either increase or decrease, given a current density. The test would instantiate 

new systems at different geo-locations with one of these markov chains dictating
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th e  changes in density. Th is  system  would then  query  the  d a tab ase  and  receive 

u p d a te d  m ask levels as needed.

•  Experimental  modelling of the effect of Shaping : In the  Bargain ing  theory  model 

in C h a p te r  4, the  effects of shaping, b o th  j)ositive and  negative, were accounted 

for in the  model. T he  positive effect ( the reduction) was m odelled as a log 

function, m eaning  the  reduc tion  was less effective, the  m ore it was used. The 

negative effect of the  shaph ig  (the th ro u g h p u t  loss) was said to  be hnear. These 

functions, while helpful as placeholders in our model, do not reflect the  true  

behav iour of a shaping  function. To gain some practica l insight into the  behaviour 

of a real shap ing  algorithm , I would like to  run  a  series of experim ents  th a t  

p roperly  recorded the  re la tionship  between the  positive and  negative effects of a 

few different shap ing  algorithm s.

•  Optimizat ion solution to bargaining mask approach : To find the  op tim al inputs  

to  our barga in ing  solution, the  inpu ts  were varied over all possible values and  the 

global m ax im a  was found. T h is  proves to  be a  very com puta tiona lly  expensive 

solution and  required  extensive op tim ization  in order to  reduce the  tim e  taken 

to  a t ra c ta b le  one. A no ther  approach  in reducing the  t im e taken  would be to 

exj)lore some convex optim ization  solution where the  global m ax im a is found by 

the  solving of an  o])timization problem.

•  Construction of  Cyclostationary Codec with non-OFDM  waveform : In the  

solution outlined for m obility  between independent networks in this thesis. A 

m ajo r  constra in t  in the  solution is th a t  the  m em bers m ust be using an  O FD M  

waveform. If the  solution could be generalized so th a t  it worked across o ther 

nn ilt icarr ier  waveforms such as G F D M  or F B M C  then  it would s treng then  the 

versa til ity  of the  IN C framework.

7.5 Conclusion

T he v irtua lisa t ion  of networks and  the  adven t of user owned and  controlled wireless 

access po in ts  have, coupled w ith  socio-economic trends  of collaborative consum ption  

and  crowdsourcing, ca ta lysed  a change in the  Zeitgeist of the  te lecom m unications 

comm unity. This  change is one tow ards a philosophy of shared  ownership and  control. 

This thesis has p u t  forward a  series of m echanism s,protocols  and  system s enable  such 

a philosophy shift in the  sj)here of wireless cellular networks. These  " Independen t 

Network Coalitions" , as they  have been referred to  in this thesis, are collections of
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otherwise separate networks th a t  can be knitted together using the methods outhned 

in this thesis, to form temporary, but cohesive networks on a wider scale. While the 

process of conceptualizing new kinds of networks is indeed interesting, it is im portant 

while doing so to continue to consider the feasibility of the ideas being put forward. 

There are large portions to this thesis th a t  have been dedicated to the verification 

of the concepts discussed through prototyping. This however does not tell the whole 

story in terms of feasibility. As has been mentioned in the future work section, more 

work to test and verify the scalability of the INC mobility mechanism is most certainly 

needed. Again as touched on in the future works section, a more in depth study of the 

routing implications of the mobility work would be extremely helpful when it comes 

to ensuring feasibility. These kinds of network layer considerations are of course out of 

the scope of this wireless comnumications thesis but are nonetheless worth mentioning 

as part  of this broader discussion.

When considering what this framework would look like as a service, one might think 

of it as an entity tha t tha t sits on a server as is accessed by inde])endent networks 

th a t  are coming online. The existence of a centralized INC entity described earlier 

in this chapter seems to go against some of the princij)les of decentralized ownership 

and control tha t have posited in this thesis. However, this one centralized entity acts 

as a linchpin for the rest the framework, allowing many aspects of the participating 

networks to remain out of the realm of centralized control.

There is a balance to be struck between the centralized vs distributed network 

philosophies. Cloud Radio Access Networks(RAN) also known as Centralized RAN or 

simply C-RAN is a network design j)hilosophy th a t  has grown in j)opularity in recent 

years... C-RAN is the centralization of the RAN functionality, pushing as nmch of the 

signal processing and network stack processing to centralized entities, leaving only the 

essential network comj)onents (i.e. antenna masts) at serving locations. This notion has 

been thought of as an alternative and complement to a small cell approach. Alternative 

in the sense th a t  is moves away from a distributed network solution which is what small 

cells are sometimes considered to be. Complementary in the sense of considering small 

cells simply as small radio masts acting as basestations but in reality {)ass all processing 

to the cloud. Similarly, one could consider a cloud RAN approach as suitable or not 

suitable for an INC framework. On the one hand, the centralization of the RAN 

functionality contradicts the principals of distributed ownership on which INCs are 

supposedly based. On the other hand, one could consider the RAN processing as jus t 

another rented resource (as with spectrum) of which the INC is availing, maintaining 

control over the resultant composite network. This C-RAN service could be integrated
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into the INC centralized entity, enabling the IN proprietor to rent all necessary aspects 

of the network (save the frontend) while still maintaining the desired control.

Moving away from the discussing of what constitutes an independent network and 

what role centralization has to play in its make up, the system discussed in this 

thesis regardless of this, enables a more organic mode of network roll-out. This 

model of network would be much more suited to  a world where usage and demand 

is becoming more and more unpredictable, growing and changing to suit current usage 

patterns while avoiding much of the traditional overhead generally associated with a 

planned network roll-out. A role for these kinds of Independent Network Coalitions 

or Crowdsourced Networks can be found in the wider vision of the future of networks 

namely, "Networks without Borders". |109] [110|. Networks without Borders is a 

vision of the future of communications networks th a t  proposes a new architecture, one 

th a t  pools the resources th a t  make uj) a network (si)ectrum, infrastructure, network 

management, authentication, subscriber tracking services, etc.) and allows virtual 

networks to be constructed by picking and choosing resources from this pool. This 

architectural vision separates use and ownershij) of different network elements in an 

effort to  maximize the utility of said resources. This is analogous to our examples 

of collaborative consumption th a t  featured in C hapter 1. The Independent Network 

Coalition fits into this architectiiral vision comfortal)ly as an additional supply of 

network resources th a t  could be called upon by some virtual network operator tha t 

wanted to extend its services into an area th a t  is perhaps only properly serviced by 

small disparate networks.

On a more practical note, some consideration nnist be made as to where some of 

the INC ideas could fit from a standardization j)erspective. The closest s tandard  to 

the vision of INCs is indeed 802.21 or Media Independent Handover (MIH). I feel there 

could be a role for the handover protocol used in INCs within the 802.21 standard. 

Instead of consulting a central server looking for appropriate target cells, a user could 

simply find its own target by scanning the relevant bands searching for signatures. 

Further to this, a cyclostationary codec could be used to determine the technology of 

the target cell (wifi, gsm, LTE etc). In considering this hypothetical merging of INC 

ideas with existing standards we stop short of discussing the finer details of how this 

integration might look but nonetheless we felt is was worth briefly mentioning.

Upon embarking on this thesis with the goal of enabling these Independent Network 

Coalitions I believed th a t  notions of these kinds of networks were, while interesting, 

blue sky ideas, far from realization. However as I write my conclusion I contend th a t  

the technology and the climate exist to make them  a reality, maybe not exactly as

Ph.D . T hesis 1st April 2015



7.5 C O N C L U S I O N  209

described here, bu t in some form.

1st April 2015 Ph.D . Thesis





A p p e n d ice s



>1
4



A, APPENDIX A: TABLES OF NEW CELL RADII FOR MULTIPLE INTERFERING 
SYSTEMS 213

A Appendix A; Tables o f  new Cell 

Radii for Multiple Interfering 

System s

scenario TS density orientation max radius(m)
1 very sparse co-located 105
2 sparse co-located 70
3 medium co-located 60
4 dense co-located 55
5 very sparse beside 200
6 sparse beside 200
7 medium beside 185
8 dense beside 175
9 very sparse diagonal 200
10 s])arse diagonal 200
11 medium diagonal 200
12 rlense diagonal 200

Table A.l: table of m ax radn for  T S -> T S
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scenario TS density orientation max radius(m )
1 very sparse co-located 200
2 sparse co-located 200
3 medium co-located 195
4 dense co-located 190
5 very sparse beside 200
6 sparse beside 200
7 medium beside 200
8 dense beside 200
9 very sparse diagonal 200
10 sparse diagonal 200
11 medium diagonal 200
12 dense diagonal 200

Table A .2: table of  max radii for  B S - > T S

scenario TS density orientation max radius(m )
1 very sparse co-located 200
2 sparse co-located 200
3 medium co-located 190
4 dense co-located 185
5 very sparse beside 200
6 simrse beside 200
7 medium beside 200
8 dense beside 200
9 very sparse diagonal 200
10 sparse diagonal 200
11 m edium diagonal 200
12 dense diagonal 200

Table A .3: table of max radii fo r  T S - > B S
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B Appendix B; Iris Architecture

Architecture

The Iris software radio architecture consists of the following elements;

• The XML parser
• The Engine Manager & Engines
• The Component Manager k  Components
• The Controller Manager & Controllers
• The Reconfiguration manager

The next few paragraphs will briefly outline each element and describe its role in the 
architecture.

The X M L  parser

The configuration of the radio is that is to be instantiated and run by Iris is dictated 
by an XML document. This XML document conveys which engines, components and 
controllers are to be instantiated, the initial values of the recoiifigurable parameters 
in each component as well as the order in which the components are to be linked. We 
will see examples of this later in the chapter.

The Engine M a n a g e r  & Engines

In Iris, the environment in which one or more components are instantiated and 
executed. Each engine defines its own data flow and reconfiguration mechanisms and 
executes on its own dedicated thread threads. Furthermore engines also maintain 
buffers between each coin])onent as well as buffers at its own edge. Within the 
framework there are two different types of engines, each with its own, separate
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data

timestamp

t ‘ sample rate

Source

Figure B.l: dataset

purpose. The PHY engine is the engine dedicated to conveying PH"\' layer components 

such as signal processing, modulation etc. The execution of a PH^' engine is data  

driven, it creates one thread per execution and has a unidirectional da ta  flow. The 

STACK engine exists for the purpose of creating a network stack for your radio, each 

component representing a layer in the stack. The STACK engine has a bi-directional 

data  flow runs a separate thread for each component.

The Component M anager & Components

The component is the fundamental building block of a radio and is where the 

functionality of the radio is contained. Each component defines a number of inputs 

and ou tpu ts  as well as their types and a number of param eter th a t  are exposed to 

the XML meaning the can be reconfigured a t runtime. A component could consist 

of a single operation such as a signal scaler or a component could be a much more 

complex entity such as a full TDM A MAC or a OFDM  modulation scheme. As 

wdth engines, there are two different types of components, PHY  components and 

STACK components. PHY components are instantia ted  in the PHY engine and 

have unidirectional dataflow .This dataflow is in the form of DataSets, the dataset 

contains some m etada ta  as well as a vector of d a ta  (Figure B .l) .  Each component has 

a doProcess function th a t  contains the functionality of the component, this process 

function is called w'ithin the iris core after the radio flow' graph has been established 

when the d a ta  buffer at the components edge is filled wdth data. A STACK component 

is instantiated in the STACK engine and has its own thread.
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The Controller Manager & Controllers

The controller is the heart of the iris software radio as it creates the reconfigurability. 

A controller sits outside the engine structure and runs on its own thread, giving it 

access to any component within a radio if necessary. The purpose of the controller is 

to alter the parameters within the radio to somehow alter the functionality. These 

alterations are triggered by events within the radio. The events are triggered within 

the components when a certain condition is met. W hen the condition is met the 

event is activated and the controller is passed some information by the component. 

The controller then takes some action based on the event triggered and information it 

has been given and alters some param eter to be pushed back into a component. This 

reconfiguration is given to the reconfiguration manager.
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C Appendix C: Mask simulation 

methodology

In this Appendix we will give a more detailed description of the simulation process 

undertaken to produce the results displayed in chapter 3. These simulations were 

carried out using MATLAB.

1. Create a while loop tha t iterates a very large M 20000 number of times, the 

larger the number of iterations, the smaller the error tha t is to be expected.

2. Randomly generate the location of the first base station, this is done by 

generating each coordinate separately l)etween the limits of the pixel, which 

is defined as a square with a side length of 2.4 times the radius of a cell. The 

random  generator for this and all other random number generations in this 

simulation uses a uniform distribution.

3. Randomly generate the location of the second basestation, using the same 

methodology as above. If the scenario is a victim and interferer tha t are located 

in the same pixel, use the same limits as before, if however the system is meant 

to be in an adjacent or diagonal pixel, use limits tha t create a pixel th a t  is either 

adjacent or diagonal, relative to the first pixel.

4. Generate the terminal stations locations for each system. This is done by 

randomly generating the location of each coordinate as before, using the 

diameter of the circle representing the cell as the coordinate limits, discarding 

any coordinates th a t  fall outside the circle. This is done until we have a number 

of coordinates equal to the given cell density for this particular realization of 

the simulation.

5. Determine the closest victim-interferer pair. In the case of one system uplinking 

and the other downlinking, the closest TS from the first system to any TS 

belonging to the second is chosen. This value is determined by taking each 

TS from one system and calculating its distance from each of the TS from the
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other system iteratively, (note: This could be computed in a more efficient way 
i.e. with some recursive approach that approaches 0 { Nl ogN)  however since no 
vahie of TS density in these simulations is greater than N —50 this would not 

yield significant benefits)
6. The locations of the two BS and the locations of the TS that are part of the 

closest pair are entered into the OOB calculation function. This function uses 

the equations detailed in chapter 3 to determine the OOB level for this particular 
iteration of the simulation. Any pathloss calculations that have been made as 
part of this simulation are made using the Stanford model for pathloss in small 

cells.
7. Steps 2 to 6 are repeated M times and each OOB level is stored and entered 

into an array that produces a CDF.
8. The OOB level for this TS density is then garnered from the CDF by taking the 

corresponding level for 95% of realizations.
9. This process is to be repeated for every density level and for every interference 

scenario. The nature of each interference scenario simply determines the limits 
of the random location generation process that the BS and TS locations are 
generated by in steps 2,3 and 4.

In order to  g ive an idea of th e  possib le error o f th e  generated  OOB m ask  

levels a num ber o f sim ulations w ere cond u cted  th a t calcu lated  th e  standard  

d ev ia tion  o f th e  resu ltant m ask levels th a t are produced. For all sim ulations  

th at included  th is extra  ou tp u t, th e standard d eviation  o f th e OOB levels  

was w ell w ith in  Id B m  for all runs.
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Acronyms

2G Second Generation

ACLR Adjacent Channel Leakage Ratio

ADC Analogue-to-Digital Converter

ACS Adjacent Channel Selectivity

ASK Amplitude Shift Keying

APSK Amplitude Phase Shift Keying

AWGX Additive W hite Gaussian Noise

ADP Asynchronous Distributed Pricing

BEM Block Edge Mask

BS Base Station

CAB Coordinated Access Band

CCC Common Control Channel

CDF Cumulative Distribution Function

C E P T Conference of Postal and Teleconuniications

CR Cognitive Radio

CF Cyclic Frecjuency

C T \ 'R The Telecommunications Research Center

CRC Cyclic Redundancy Check

dB decibels

DAC Digital-to-Analogue Converter

DNS Domain Name Server

DSA Dynamic Spectrum Access

DSL Digital Subscriber Line

D\'B-H Digital Video Broadcast H

EU European Union

ECS Electronic Conununications Services

EPC Evolved Packet Core

ePDG evolved Packet D ata  Gateway
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EIRP Effective Isotropically Radiated Power
FCC Federal Communications Commission
FPGA Field Programmable Gate Array

GOS Generated Orthogonal Sequence
GSM Global System for Mobile communication
G PP General Purpose Processor
GPRS General Packet Radio Service
IB In-Block
IEEE Institute of Electrical and Electonic Engineers
IN Independent Network
INC Independent Network Coalition
ISM Industrial, Scientific and Medical
IP Internet Protocol
ITU International Telecommunications Union
LMA Local Mobility Anchor
LO Local Oscillator
LUT Look Up Table
LTE Long Term Evolution
MAC Medium Access Control
MIH Media Independent Handover
MICS Media Independent Control Services
MIES Media Independent Event Services
MIIS Media Independent Information Services
MME Mobility Management Entity
MNO Mobile Network Operator
M \'NO Mobile Virtual Network Operator
OFDM Orthogonal Frequency Division Multiplexing
OFCOM The Office of Communications
OOB Out-Of-Block
PBA Proxy Binding Acknowledgement
PBU Proxy Binding Update
POM DP Partially Observable Markov Decision Process

PH ’̂ " Physical
PFD Power Flux Density
PM IP Proxy Mobile IP
PoS Point of Service
PSD Power Spectral Density
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PSK Phase Shift Keying

PU Prim ary User

QAM Q uadratu re  Amplitude Modulation

QoS Quality of Service

RAT Radio Access Technology

RLE Radio Link Failure

RE Radio Frequency

RSSI Received Signal S trength Indicator

Rx Receive

SCEM Specific Cell Emission Mask

SCE Spectral Correlation Function

SNR Signal to Noise Ratio

SON Self Organising Networks

SINR Signal to Interference and Noise Ratio

SDR Software Defined Radio

SDK Software Development Kit

SPIC Spectrum Information Channel

SMS Spectrum Management System

TCD Trinity College Dublin

TDD Time Division Duj)lex

TDM A Time Division Multiple Access

T T T Time-To-Trigger

TT R Time-To-Rendezvous

TS Terminal Station
T \ - Television

T \ ’WS Television W hite Space

UE User Equipment

UDI User Deployed Infrastructure

UL Uplink

US United States

USRP Universal Software Radio Peripheral

W APECS Wireless Access Policy for Eletronic Comnmnicatioiis Services 

W IM AX Worldwide Interoj)erability for Microwave Access 

WSD W hite  Space Devices

XML extensible  Markup Language
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