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Abstract

Electromagnetic waves in the Radio Frequency (RF) spectrum are used to convey wire-
less transmissions from one radio antenna to another. Spectrum utilisation factor,
which refers to how readily a given spectrum can be reused across space and time
while maintaining an acceptable level of transmission errors, is used to measure how
efficiently a unit of frequency spectrum can be allocated to a specified number of users.

The demand for wireless applications is increasing exponentially, hence there is a
need for efficient management of the RF spectrum. However, spectrum usage stud-
ies have shown that the spectrum is under-utilised in space and time. A regulatory
shift from static spectrum assignment to DSA is one way of addressing this. Licence-
exemption policy has also been advanced in Dynamic Spectrum Access (DSA) systems
to spur wireless innovation and universal access to the internet. Furthermore, there is a
shift from homogeneous to heterogeneous radio access and usage of the same spectrum
band. These three shifts from traditional spectrum management have led to the chal-
lenge of coexistence among heterogeneous wireless networks which access the spectrum
using DSA techniques.

Cognitive radios have the ability for spectrum agility based on spectrum conditions.
However, in the presence of multiple heterogeneous networks and without spectrum
coordination, there is a challenge related to switching between available channels to
minimise interference and maximise spectrum allocation. This thesis therefore focuses
on the design of a framework for coexistence management and spectrum coordination,
with the objective of maximising spectrum utilisation across geographical space and

across time. The amount of geographical coverage in which a frequency can be used
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Abstract

is optimised through frequency reuse while ensuring that harmful interference is min-
imised. The time during which spectrum is occupied is increased through time-sharing
of the same spectrum by two or more networks, while ensuring that spectrum is shared
by networks that can coexist in the same spectrum and that the total channel load is
not excessive to prevent spectrum starvation.

Conventionally, a graph is used to model relationships between entities such as
interference relationships among networks. However, the concept of an edge in a graph
is not sufficient to model relationships that involve more than two entities, such as
more than two networks that are able to share the same channel in the time domain,
because an edge can only connect two entities. On the other hand, a hypergraph is a
generalisation of an undirected graph in which a hyperedge can connect more than two
entities. Therefore, this thesis investigates the use of hypergraph theory to model the
RF environment and the spectrum allocation scheme.

The hypergraph model was applied to an algorithm for spectrum sharing among
100 heterogeneous wireless networks, whose geo-locations were randomly and indepen-
dently generated in a 50 km by 50 km area. Simulation results for spectrum utilisation
performance have shown that the hypergraph-based model allocated channels, on aver-
age, to 8% more networks than the graph-based model. The results also show that, for
the same RF environment, the hypergraph model requires up to 36% fewer channels
to achieve, on average, 100% operational networks, than the graph model. The rate
of growth of the running time of the hypergraph-based algorithm with respect to the
input size is equal to the square of the input size, like the graph-based algorithm. Thus,

the model achieved better performance at no additional time complexity.
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different coexistence groups. Radio devices/networks in each coexistence group

manage interference within their respective groups.
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Glossary

spectrum utilisation This is a measure of how readily spectrum can be reused by

multiple independent radio communication systems across space and time.

time complexity This is an abstract way to represent the running time of an algo-

rithm in terms of the rate of growth with respect to the size of the input.
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Chapter 1

Introduction

1.1 Research Background

According to a report that was released by Ericsson in June 2021, global mobile net-
work traffic per month is forecast to grow from 58 Exabytes (EBs) at the end of 2020
to 300 EBs in 2026, representing growth by a factor of 5 [1]. However, the Radio
Frequency (RF) spectrum, the medium through which wireless traffic is transmitted,
is a finite resource and is one of the major limitations on the growth of wireless in-
frastructure. Nonetheless, spectrum utilisation studies have shown that there exists
chunks of licensed spectrum that are not in use at particular times and/or in particular
geographical locations [2-6]. As such, wireless communications regulation and research
has focused on efficient spectrum management to meet the growing demand for wireless
applications.

Dynamic Spectrum Access (DSA) is regarded as a potential solution for increasing
spectrum utilisation. DSA involves real-time adjustment of radio resources in response
to changes in the availability of radio resources [7]. This enables dynamic spectrum
sharing, thereby reducing the probability that spectrum will remain idle. Three tech-
nologies have been proposed for implementing DSA: spectrum sensing, beacon signal
and geo-location combined with spectrum database [8,9].

DSA policy was first approved in the Television (TV) band in the United States
of America (USA) in 2008 [10]. Since 2015, Singapore, the United Kingdom (UK),
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Canada and South Africa have implemented DSA frameworks for operation in the
vacant spectrum in this band, which is called Television White Space (TVWS) [11-
14]. In order to further improve spectrum accessibility for wireless innovations, the
regulators have embraced licence exemption or light licensing policies for access to
TVWS.

Communications regulators in the USA and UK, Federal Communications Com-
mission (FCC) and Office of Communication (Ofcom), respectively, have approved
the geo-location combined with spectrum database method as the main method of
implementing managed dynamic spectrum sharing between licensed TV stations and
licence-exempt secondary user networks in such a manner that the licensed TV sta-
tions are protected from interference that may originate from the secondary user net-
works [10,15]. While the regulations guarantee interference protection of primary users
from secondary users, interference protection of secondary users from other secondary
users is not guaranteed [16].

Following implementation of TVWS regulatory frameworks, heterogeneous Radio
Access Technology (RAT) standards have been published to support development of
radio systems that can operate in TVWS spectrum to provide diverse wireless com-
munication services [17-21]. Interference management among heterogeneous secondary
networks becomes a challenge when the available spectrum is not adequate for each
network or for networks of the same RAT standard and configuration to operate ex-
clusively in a channel. Without spectrum coordination and interference management,
efficient utilisation of white space spectrum may not be realised [16, 22].

In 2017, the USA approved a DSA framework for the 3.5 Gigahertz (GHz) band,
which is called the Citizens Broadband Radio Service (CBRS), and is based on a three-
tier shared access model that is governed by a Spectrum Access System (SAS) [23].
The current incumbent users, which are federal radar systems and fixed satellite service
earth stations, operate in the highest tier. Priority Access Licence (PAL) and General
Authorised Access (GAA) users operate in the middle and lowest tiers, respectively.

GAA users are not guaranteed interference protection from higher tiers and from

other GAA users. However the rules state that GAA users must coordinate in their
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spectrum access and usage in order to minimise interference and to increase spectrum
utilisation [23]. The CBRS band does not mandate a common radio spectrum access
procedure. CBRS spectrum has attracted various RAT standards such as 4G Long
Term Evolution (LTE) and 5G New Radio (NR) mobile networks, Fixed Wireless Access
(FWA) networks, and private enterprise networks. Thus, coordination of spectrum
access among heterogeneous radio systems operating in the GAA tier is a challenge
due to RAT compatibility issues.

In 2019, the UK’s Ofcom released a statement on enabling wireless innovation
through shared access licensing to 1800 MHz, 2300 MHz and 3.8-4.2 GHz spectrum
bands and through local licensing to spectrum that is already licensed to Mobile Net-
work Operators (MNOs) in the 800 MHz, 900 MHz, 1400 MHz, 1800 MHz, 1900 MHz,
2100 MHz, 2300 MHz, 2600 MHz and 3.4 GHz bands, but which is not being used or
planned for use in a particular area within the next three years [24]. These spectrum
bands are expected to support diverse use cases such as Fixed Wireless Access (FWA)
networks, Internet of Things (IoT) applications, and enterprise networks. Hence, di-
verse RAT standards are expected to operate in these spectrum bands. In the state-
ment, Ofcom announced future plans to consider the feasibility of transitioning towards
a DSA approach to shared and local licensing, implemented by a fully automated central
database.

Multiple wireless devices are said to “coexist” if they can operate in proximity
without significantly impacting each other’s performance [25]. Coexistence manage-
ment starts with the design of the wireless protocol. However, inherent interference
management mechanisms become less effective in heterogeneous environments due to
incompatible wireless protocols, different scheduling modes, disparate bandwidth size
and communication ranges [22,26].

Cognitive radios are capable of spectrum agility, which is the ability of the radio
to change its operating frequency in response to changes in the RF environmental
conditions, in order to optimise its performance [7]. However, in the presence of two
or more independent heterogeneous networks, without proper coordination, there is a

challenge related to switching between available frequency bands to provide smooth
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spectrum access without interruption to service because of harmful interference among
the networks and to arrive at a spectrum allocation that achieves the most efficient
spectrum utilisation across all networks [22,27]. Thus, coordinated spectrum access
and coexistence management of heterogeneous secondary user devices is an important
research challenge in DSA.

There are proposals in the literature for wireless protocols to implement coexis-
tence mechanisms between heterogeneous radio systems [26, 28-32]. However, these
approaches require modifications to the radio protocols and hardware. Furthermore,
such radio-technology-dependent approaches might not be sustainable because tech-
nology is evolving at a fast rate and new radio standards are being introduced for
operation in spectrum bands that are designated for access using DSA techniques.
Therefore, standards bodies have published technology-agnostic wireless coexistence
methods for heterogeneous networks. These methods can be implemented through a
logical entity that does not take part in the communication process called a Coexis-
tence Manager (CxM). The CxM is essentially a Radio Resource Manager (RRM) that
frequency-isolates networks that cannot coexist in the same spectrum and manages
other transmission characteristics to minimise interference. The Institute of Electrical
and Electronic Engineers (IEEE) published the 802.19.1 Standard for Wireless Net-
work Coexistence Methods in 2014, which was revised in 2017 and 2018 [33-35]. The
Wireless Innovation Forum (WInnForum) published the GAA Spectrum Coordination
Technical Report in 2019 [36-38]. The CBRS Alliance, which has now re-branded as
the OnGo Alliance, published CBRS Coexistence Technical Specifications in 2020 [39].
However, actual implementation of coexistence management algorithms is left to the
industry.

The DSA ecosystem is characterised by multiple independent operators, multiple
independent Radio Access Networks (RANs), and heterogeneous RAT standards, op-
erating in the same spectrum band. The nodes are expected to operate under different
transmission policies according to regulatory policies, licence conditions and operator
policies. The nodes are also expected to operate under different interference manage-

ment policies depending on the coexistence management service or policy that they
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are subscribed to. Modelling of such RF environments for radio resource management
or frequency planning is likely to involve complex multiple relationships such as net-
work dependency of nodes, and membership of interference coordination groups and
coexistence groups.

In radio resource allocation, graph theory is conventionally used to represent radio
device/network relationships. However, the concept of an edge in a traditional graph,
which is a two-element subset because an edge can only connect two vertices, is not
sufficient to model multiple relationships which ought to be represented by subsets of
cardinality that is greater than 2. On the other hand, a hypergraph is a generalisa-
tion of an undirected graph in which a hyperedge is a subset of arbitrary cardinality
rather than just 2 as in traditional graphs. Hypergraph theory has found application
in modelling of cumulative interference from secondary user devices to prevent harmful
interference to licensed user devices [40-45]. Hypergraph theory has also been used to
model network dependency in a heterogeneous radio environment [46]. The novelty in
this thesis is that hypergraph theory is used to model spectral coexistence for coordi-
nated spectrum allocation and for spectrum sharing in the time domain. To the best
of the author’s knowledge, hypergraph theory has not been applied before in modelling
of interference and spectral coexistence-related information in the same data structure.
To this end, this thesis seeks to investigate the use of hypergraph theory in modelling
spectral coexistence management relationships of networks in a heterogeneous radio
environment in order to implement efficient, coordinated radio resource allocation and
coexistence management.

Use of hypergraph modelling will be investigated at two layers. At the storage
layer, implementation of a hypergraph data model for a coexistence information system
database will be investigated. At the application layer, the investigation will involve
hypergraph modelling of the RF environment for radio resource allocation algorithms.
It is envisioned that this novel RF environment modelling technique could be applied in
coexistence mechanisms, automated network management, dynamic spectrum manage-
ment, frequency planning and machine learning applications for proactive coexistence

management.



Chapter 1. Introduction

1.2 Research Aims and Objectives

The main aim of this thesis is to contribute a solution to the aforementioned problem
of coexistence among heterogeneous wireless networks in DSA systems by developing a
radio resource management framework, RF environment modelling technique and req-
uisite algorithms for efficient allocation of shared spectrum, while ensuring coexistence
among heterogeneous secondary networks. Traditional graph theory has been widely
used in network modelling, whereby a network is represented by a node in the graph
and interference between a pair of networks is represented by an edge between the
networks [47-50]. Graph colouring algorithms have been used to to solve the problem
of radio resource allocation based on spatial coexistence. Radio resource management
frameworks have therefore been developed around the properties of the graph data
structure. However, the traditional graph model is insufficient to model spectral co-
existence information. The concept of an edge in a traditional graph is a two-element
subset, whereas a subset of coexistent networks may comprise more than two networks.
Therefore, this thesis proposes the use of advanced graph theory, called hypergraph
theory, to model interference and coexistence relationships of the RF environment.
Furthermore the thesis proposes a novel radio resource management framework, which
is designed according to the properties of the hypergraph data structure. The specific

objectives of this thesis are as follows:

1. To analyse state-of-the-art coexistence mechanisms, coexistence management sys-
tems and spectrum coordination systems, with the goal of investigating how the
performance of these systems can be improved through novel modelling techniques

that are more efficient than the current modelling tools.

2. To develop a framework for radio resource management in DSA systems. The
framework should be amenable to the modelling technique that is being investi-
gated and should guide the design, implementation and evaluation of centralised

RRM applications.

3. To derive a data model for representing interference and spectral coexistence
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information of the RF environment in the same data structure. The data model

should be amenable to channel allocation algorithms.

4. To develop radio resource allocation algorithms for the centralised RRM appli-
cation. The algorithms should pass an accuracy test and upon rigorous testing,
should outperform existing approaches when compared using an appropriate per-

formance metric.

5. To demonstrate application of the developed framework and to suggest applica-

tion use-cases.

1.3 Original Contributions

The following original contributions to knowledge

1. In Chapter 3, a survey of state-of-the-art heterogeneous coexistence mechanisms
in TVWS and CBRS spectrum bands is presented. In comparison with previous
surveys, this survey focuses on the TVWS and CBRS bands, which have differ-
ent regulatory requirements than the 5 GHz unlicensed band, and discusses how
hypergraph-based modelling technique can be applied to the proposed hetero-
geneous coexistence mechanisms. Preliminary work leading to this survey was
published in [16] (peer-reviewed publication number 1 in Section 1.3.1). Through
this contribution, the first specific objective that is described in Section 1.2 was

met.

2. Chapter 4 presents a survey of the state-of-the-art, database-assisted spectrum co-
ordination and coexistence management solutions. In contrast to the discussions
in previous surveys, this survey provides a detailed analysis of the RF environ-
ment modelling techniques. This contribution meets the first specific research

objective that is described in Section 1.2.

Furthermore, a framework for radio resource management is derived. The nov-
elty in the framework is that spectral coexistence information is included in the

RF environment model, along with interference information, to enable spectrum

7
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time-sharing among two or more coexistent networks. This in in contrast to the
traditional approach whereby network models have only represented interference
relationships for spatial coexistence using a graph data structure. This output

contributes sufficiently to the second specific research objective.

3. Chapter 5 proposes a novel technique for modelling the RF environment for spec-
trum sharing to realise efficient spectrum utilisation using hypergraph theory. To
compare the performance of graph-based and hypergraph-based modelling tech-
niques, these two techniques were applied in an IEEE 802.19.1 coexistence man-
agement system. Spectrum utilisation results show that the hypergraph-based
modelling enables more networks to be allocated operating channels from a given
set of available channels than when graph-based modelling is used. These results
were published in [51,52] (peer-reviewed publication numbers 2 and 3 in Section
1.3.1). This contribution exhaustively meets the third, fourth and fifth specific

research objectives that are described in Section 1.2.

4. Finally, in Chapter 6, the computational cost of the proposed hypergraph-based
spectrum sharing algorithms is analysed and is compared with that of the graph-
based spectrum sharing algorithm. The design of the hypergraph model is not
complex because computationally-complex hypergraph algorithms are not re-
quired in the computing the hypergraph representation, and the hypergraph is
decomposed to the form of a traditional graph, without losing coexistence infor-
mation, to make it amenable to a graph colouring algorithm for allocation of radio
resources, which is less complex than hypergraph colouring. This is demonstrated
by analytical and actual results which show that the rate of growth of the run
time of the hypergraph-based algorithm, with respect to the size of the input, is

comparable to graph-based algorithm.

Chapter 6 also proposes a novel technique for modelling the RF environment to
reduce the time-complexity of the bandwidth allocation procedure in spectrum
coordination systems using hypergraph theory. The technique was applied in

implementation of spectrum coordination in CBRS SAS using WInnForum GAA
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Spectrum Coordination. This work was presented as an abstract at a conference
[53] (abstract presentation number 1 in Section 1.3.1). This research output
contributes to the third, fourth and fifth specific research objectives that are

described in Section 1.2.

1.3.1 Research Outputs

The following are the publications and conference presentations that were used to dis-

seminate the research that was carried out in this thesis.

Peer-Reviewed Publications

1. T. Nyasulu and D. H. Crawford, “Comparison of Graph-based and Hypergraph-
based Models for Wireless Network Coexistence,” 2021 IEEE International Mediter-
ranean Conference on Communications and Networking (MeditCom), 2021, pp.

203-208, doi: 10.1109/MeditCom49071.2021.9647587.

2. T. Nyasulu and D. H. Crawford, ” Hypergraph-Based Model for Coexistence Man-
agement of Heterogeneous Wireless Networks,” 2021 Wireless Days (WD), 2021,
pp. 1-8, doi: 10.1109/WD52248.2021.9508293.

3. T. Nyasulu, D. H. Crawford and C. Mikeka, “Malawi’s TV white space regula-
tions: A review and comparison with FCC and Ofcom regulations,” 2018 IEEE
Wireless Communications and Networking Conference (WCNC), Barcelona, Spain,

2018, pp. 1-6, doi: 10.1109/WCNC.2018.8377175.

Abstract Presentation

1. T. Nyasulu, “RF Environment Modelling Techniques for Heterogeneous Network
Management, (Abstract)” WInnComm 2021, Virtual, USA, 2021.

Available: https://conference.wirelessinnovation.org/winncomm-2021-top-ten
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Poster Presentation

1. T. Nyasulu, D. Anderson, D.H. Crawford, R. Stewart and M. Brew, “T'V White
Space for Internet Access In The Developing World, (poster)” 2017 Turing Talks,
Edinburgh, UK, 2017.

Available: https://turingtalks.files.wordpress.com/2017/06/nyasulu.pdf

1.4 Thesis Organisation

The remainder of this thesis is organised as follows:

Chapter 2 introduces the general context of the research topic. It includes a back-
ground to the need for efficient spectrum utilisation and to the concept of DSA. The
research problem of coexistence management among heterogeneous wireless networks in
DSA systems is discussed. Hypergraph theory is introduced as the modelling technique
that is to be investigated for implementing coexistence management and spectrum co-
ordination applications.

Chapter 3 presents a survey of state-of-the-art technology-dependent coexistence
mechanisms to solve the challenge of heterogeneous coexistence. The chapter argues
that this approach is neither sufficient nor sustainable because such mechanisms are
tailored for specific scenarios and technologies. Nonetheless, such coexistence mech-
anisms could be exploited in intelligent coexistence decision-making functions. Most
importantly, the chapter discusses potential areas in which hypergraph modelling can
be applied to improve performance of coexistence mechanisms.

Chapter 4 provides a survey of state-of-the-art modelling techniques for coexistence
management and spectrum coordination schemes, and presents an argument that tra-
ditional graph theory is not sufficient to model relationships in spectrum coordination
and coexistence management systems of heterogeneous wireless networks because such
systems involve complex multiple relationships which are beyond the pairwise connec-
tions of a graph data structure. Finally, the chapter proposes a high-level solution
framework for spectrum coordination and coexistence management which is based on

hypergraph data structure.

10



Chapter 1. Introduction

Chapter 5 investigates spectrum utilisation of a hypergraph-based model for coexis-
tence management through comparison of simulated performance between graph-based
and hypergraph-based spectrum sharing techniques. A detailed design of the coexis-
tence decision algorithm is presented. The controlled variables in the simulation are
the level of interference and the number of available channels. The performance metric
used is spectrum utilisation.

Chapter 6 investigates computational cost of the hypergraph-based model through
time complexity analysis using the Big O notation. First, an analysis is done to com-
pare the time complexity of the hypergraph-based and graph-based spectrum sharing
algorithms that were developed in Chapter 5. Then a hypergraph-based model for
bandwidth allocation in spectrum coordination schemes is proposed, and an analysis
is carried out to compare its time complexity with that of a graph-based bandwidth
allocation scheme.

Finally, Chapter 7 presents a summary, key results, further work and final remarks.

11



Chapter 2

Hypergraph Theory and

Coexistence Management in DSA

2.1 Introduction

This chapter provides the context of the research. A background to DSA is given to
highlight the over-arching objective of spectrum sharing, which is maximisation of spec-
trum utilisation. This is followed by a review of DSA frameworks in TVWS and CBRS
spectrum bands and the challenge of coexistence among heterogeneous radio systems is
discussed. Next, graph theory and hypergraph theory are introduced as mathematical
tools for modelling the RF environment in coexistence management solutions. Finally,
an argument is presented as to why hypergraph theory is more suitable than graph
theory and why it is worth investigation in this thesis, in the light of comparison with

previous work.

2.2 DSA Background

In a bid to ensure universal access to internet services, the US Congress directed the
FCC to develop a National Broadband Plan (NBP) in early 2009 [54]. The plan was
released in 2010 and four key objectives were identified. One of these objectives was to

ensure efficient allocation, use and management of government-owned and government-
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influenced resources such as radio spectrum. The plan indicated that the FCC at
that time only had 50 MHz of spectrum in inventory, which was far much less than
the amount of spectrum that was required to meet the growing demand. The plan
therefore made several recommendations on spectrum policy including: to make 500
MHz of spectrum available within 10 years, to provide mechanisms and incentives to
re-purpose spectrum to more flexible usage and to introduce innovative spectrum access
models such as opportunistic and licence-exempt use of spectrum.

In 2012, the European Parliament and Council approved the first Radio Spectrum
Policy Programme (RSPP), which contains strategic objectives for spectrum policy and
harmonisation in accordance with the Europe 2020 Initiative and the Digital Agenda
for Europe [55]. The programme identified several action points, including: to identify
1200 MHz of wireless spectrum to meet the demand for wireless data traffic, to promote
spectrum sharing in order to ensure efficient use of spectrum and to improve spectrum
access for innovative wireless applications.

Both the US and EU strategic plans underscore the need for efficient spectrum
management in order to meet the demand for wireless spectrum. Wireless signals are
conveyed through the electromagnetic spectrum, a finite resource that has become a
scarce resource because, under the current static spectrum allocation policy, the demand
for bandwidth is greater than the supply. While technologies have been developed to
increase the amount of data that can be carried per unit of bandwidth, more bandwidth

can be freed up through efficient and innovative spectrum management approaches.

2.2.1 Spectrum Occupancy Measurements

Inefficiencies in spectrum management came to light when findings from spectrum
utilisation measurements confirmed that generally, a large amount of spectrum is not
in use at all times and/or in all geographical locations. In July 2002, FCC’s Spectrum
Policy Task Force conducted a study to assess spectrum use below 1 GHz in Atlanta,
Chicago, New Orleans, San Diego and in a suburb in Washington DC. The studies
indicated that, while some frequency bands such as those used by mobile network base

stations are heavily used, most frequency bands are not in use or are used only part of
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the time [56]. For instance, the usage data for a police dispatch channel in New York
State showed that during the measurement period, typical occupancy was less than
15% and would rise close to 85% during peak periods [2]. Other spectrum utilisation
measurements that were done in USA (2005), Singapore (2008), Czech Republic and
France (2008-2009), Japan (2012) and Malawi (2012-2013) also concluded that licensed
spectrum is underutilised [2-6].

Under the traditional policy of static spectrum allocation or “command-and-control”,
large portions of allocated spectrum are underutilised and are unavailable to other users
and services other than the licensed user and service. There is therefore a significant
amount of “spectral holes” in frequency bands which have been allocated to a specific
service or to a specific company or organisation. These “spectral holes” are called
“white spaces”. This fallow spectrum could be put to use if the current regulation pol-
icy approach of allocating a particular band to a technology, service or operator could
be transformed to a more flexible and efficient approach that allows other uses for these

white spaces when not in use by the priority services.

2.2.2 Efficient Spectrum Management Initiatives

The IEEE 1900.1 standard defines Dynamic Spectrum Access (DSA) as the process of
making continuously-changing spectrum assignments to radio access networks within
a composite wireless network that is operating in a given location and time [7]. The
physical aspects of spectrum utilisation that can be adjusted include the frequency
range that can be accessed, and the transmission characteristics such as transmission
power. The varying circumstances include, but are not limited to: changes in the
environmental constraints such as spectrum availability or operational policies, and
changes in the radio state such as its location. The changing objectives may include
spectrum-usage efficiency, Quality of Service (QoS) and energy conservation targets.
This form of spectrum assignment is considered by regulators and operators as
highly disruptive to the traditional model of spectrum assignment. The service and the
company or organisation that has been assigned to operate in a particular spectrum

band are referred to as “primary service” and “primary user”, respectively. “Incumbent
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users” is another term used to refer to primary users. “Secondary users” could be
allowed to use the spectrum, when it is not in use by the primary users, for a service that
could be different from the primary service. This kind of spectrum sharing is referred to
as Dynamic Spectrum Sharing (DSS), which is an implementation of frequency sharing
techniques on a changing basis in response to varying circumstances and objectives,
possibly in real-time [7,57]. For instance, a radio system will have to check for frequency
bands that are not being used by primary users before it starts transmitting and will
have to immediately stop transmitting when the primary user signal occupies that
frequency band. Dynamic spectrum sharing techniques are considered to be a subset
of techniques for implementing DSA [7].

DSA can take place in various forms. First, primary users could be encouraged
to share their spectrum with secondary users who can occupy white spaces in an op-
portunistic manner on licence-exemption or light-licensing basis. Second, two primary
systems may share the same spectrum through real-time leasing and trading of spec-
trum between two or more operators. This has been termed Licensed Shared Access
(LSA) or Authorised Shared Access (ASA). Third, within the same primary system,
spectrum may be shared between heterogeneous subsystems, e.g. in 3G systems, macro
cells and micro cells may share the same spectrum.

Dynamic channel assignment may be performed by one or more logical entities,
within the radio system or network. An external logical entity or party that does not
take part in the communications process, such as a spectrum management /assignment
database system or a spectrum broker, may also perform the dynamic spectrum assign-

ment process.

2.2.3 Enabling Technologies for DSS

To achieve interference protection of the primary services, three methods have been
considered for detection and protection of Primary Users (PUs): beacon signals, spec-
trum sensing and geo-location combined with spectrum database [8,9]. These methods
are used to provide an Secondary User (SU) device with a list of frequency bands or

channels that are not being used by the primary services and are permissible for use by
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the SU device at its geographical location, under the provisions of the regulatory frame-
work. There are other supporting technologies that are necessary for proper functioning
of dynamic spectrum sharing. Location technologies, such as General Positioning Sys-
tem (GPS), are used for determination of the geo-location of an SU device in order to
get location-specific operating parameters. Transmission Power Control (TPC) mecha-
nisms enable an SU device to automatically adjust its transmission power, in response
to a received command, to control interference. Information security features for SUs
devices are also necessary to ensure that communication between the database and the
device are secure, to prevent the device from accessing unauthorised databases and to
ensure that unauthorised parties cannot modify the device to operate in a manner that

is not consistent with the regulatory framework.

2.2.3.1 Beacons

In this method, a beacon is used as a controlling signal that implies that the channel is
vacant. Secondary users can start transmitting in a channel only if they have detected a
beacon signal in that channel. There are two proposals for operation and maintenance
of the beacon signal. The beacon signal can be implemented by the primary user
and transmitted by a PU transmitter (i.e. TV transmitters in the case of TVWS).
However, this would require modifications to the radio hardware standards of primary
services. Alternatively, it can be implemented by a third party and transmitted by a
fixed transmitter, operating in the concerned spectrum band, and having capability to
detect which frequency bands or channels are free [8] [9]. The major issue with this
signal method is that beacon signals can be lost when there is a blockage between the
beacon transmitter and the SU device as illustrated in Figure 2.1. Also, if an SU device
is located in an area where there are no beacon signals, it would be prevented from

transmitting even there are no PU devices in operation.

2.2.3.2 Spectrum Sensing

SU devices that are equipped with spectrum sensing technology can autonomously de-

tect the presence of PU transmissions (i.e. TV signals in the case of TVWS) and would
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Figure 2.1: Tllustration of blocked signals from beacon and TV transmitters.

only use the frequency bands or channels in which PU signals have not been detected.
Like the beacon method, this method is also subject to the blocked signal problem as
shown in Figure 2.1. This problem arises when there is a blockage between the PU
transmitter and the SU device, but there is no blockage between the SU device and the
PU receiver antenna. In such a case, the SU device may not detect the signal from the
PU transmitter and may cause harmful interference to the PU receiver should it start
transmitting on the same channel as the PU transmitter. Furthermore, some primary
services, such as Programme Making and Special Events (PMSE) in TVWS, use wire-
less microphones that transmit at low power, which makes detecting the presence of

these licensed signals challenging.

2.2.3.3 Geo-location combined with Spectrum Database

In this method, the SU device is aware of its geo-location coordinates and can access a
geo-location spectrum database to acquire a list of frequency bands or channels that are
vacant at its location. This method requires additional capabilities on the SU device.
It needs to be able to report its location, which may require it to be equipped with
a built-in GPS receiver, for example. However, for indoor operation, GPS reception
may be poor. It also needs an additional IP connectivity, wired or wireless in another
band, to access the geo-location spectrum database. This method requires development

and maintenance of a geo-location database which can be implemented by a third
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party but needs to be certified by the regulator. Currently, the geo-location combined
with spectrum database method offers the best short-term solution for interference
protection of primary users [8] [9]. It provides audit information for use in the event of

interference complaints by licensed primary users.

2.3 TVWS DSA System

In 1990, the FCC asked for High Definition Television (HDTV) service using the same
6 MHz channel that was used by standard definition analogue TV in the USA. This
requirement was achieved through data compression techniques for spectral efficiency
and through migration to digital electronics. The first standard for Digital Terrestrial
Television (DTT) was approved in the US in 1995. By the late 1990s, Europe and
Japan had produced their first DTT standards and the first transmissions began in
1998 and 2003, respectively, and coexisted with analogue transmissions. By 2006,
European Union (EU) countries started switching off analogue transmissions and this
was completed in most of the EU region by 2012. The digital switch-over has led to a
significant amount of digital dividend due to the higher spectrum utilisation of digital
TV over analogue TV [58].

In addition to this cleared spectrum, there will be typically a number of TV channels
in a given geographical area that cannot be used by DTT channels as a result of
interference planning for physical separation of co-channel or adjacent channel TV
stations. According to modelling studies commissioned by Ofcom in 2009, more than
150 MHz of TVWS spectrum is expected to be available in over 50% of locations and
over 90% locations are likely to have around 100 MHz [58]. Developing countries are
likely to have plenty of white space spectrum because penetration of TV services is
generally low, especially in rural areas. TVWS spectrum availability measurements
conducted in 2013 in Malawi and Zambia suggest that up to 75% of the Ultra High
Frequency (UHF) TV channels are available in both urban and rural areas [59].

TVWS is considered as a key resource for bridging the digital divide that still

exists in rural areas. Due to the favourable propagation characteristics of the Very
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High Frequency (VHF) and UHF bands, connectivity solutions that leverage TVWS
spectrum have been proven to be a cost-effective means of connecting rural locations
that are often characterised by sparsely-populated areas, dense vegetation and rugged
terrain [60—64]. In countries where the spectrum costs are high, use of TVWS spectrum

would be cost-efficient for both existing operators and new operators [65].

2.3.1 TVWS Regulatory Frameworks

To enforce the requirement that secondary users access TVWS spectrum on the con-
dition that they cause no harmful interference to DTT services and that they vacate
the channel when a licensed user occupies the channel, regulatory frameworks stipu-
late rules for dynamic spectrum sharing as well as radio equipment requirements for
secondary devices. An overview of rules for implementation of TVWS ecosystems
that have been published by FCC, European Telecommunications Standards Institute
(ETSI) and Ofcom is presented in Appendix A. Malawi Communications Regulatory
Authority (MACRA) released its first draft TVWS regulations in 2016. A comparative
analysis of FCC’s, Ofcom’s and MACRA’s TVWS regulations was carried out and the
findings are published in [16].

National regulators in the United States of America (USA), Singapore, United
Kingdom (UK), Canada and South Africa have passed TVWS regulations and they
have adopted licence-exemption or GAA licence policy in their TVWS regulations [10—
14]. However, unlike the Industrial, Scientific, Medical (ISM) band, it is a managed
approach since secondary user devices are registered. The main motivation for licence
exemption is to stimulate innovation and business start-ups by excluding such entry
barriers as expensive licence fees and licence application delays. A compelling case
in favour of licence-exempt access in delivering broadband internet and machine-to-
machine connections was made in [66]. The study showed that the economic benefits
which emerge as a result of enabling licence-exempt access far outweigh the revenue
from spectrum licence fees.

Licensed models have been proposed to allow lease of temporary exclusive spectrum

usage rights to secondary users in the form of a secondary market for spectrum leasing
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and auction. The spectrum broker regime may be the most suitable scheme, especially
for commercial internet service providers and LTE networks which are obliged by reg-
ulation to meet an agreed level of service quality. In 2011, an EU-funded study called
“COGnitive radio systems for efficient sharing of TV white space in EUropean context
(COGEU)” proved the feasibility of a spectrum broker prototype for real-time radio
resource management and spectrum trading of TVWS spectrum [67-71]. The frame-
work was called “Real-Time Secondary Spectrum Market (RTSSM)”. A mixed licensed
model that serves to achieve the best of both licensed and licence-exempt policies has

also been proposed by (COGEU) [72].

2.3.2 Geo-location White Space Spectrum Database

The use of databases to coordinate dynamic spectrum sharing between primary and
secondary users in the TV band has been made possible by improvements in compu-
tational power to enable rapid processing of propagation analysis and determination
of operating parameters of secondary devices. Advanced wireless radio equipment can
interact autonomously with the database to submit device parameters and to obtain
operating parameters.

An illustration of Ofcom’s TVWS database architecture is given in Figure 2.2. The
geo-location spectrum database performs the following core functions: protection of
primary users and other licensed users from harmful interference caused by secondary
users, registration of secondary user devices, enforcement of use of authorised devices
by secondary users, real-time provision of operating parameters and instructions to
stop transmission.

The Ofcom framework does not require the Geo-location Spectrum Database (GLSD)
to use actual spectrum usage data of secondary devices when determining available
spectrum. Instead, the database determines the maximum allowable power based on
an estimate of worst-case density of White Space Devices (WSDs), thus limiting WSDs
unnecessarily. While this approach reduces the complexity of the white space spectrum
database, it results in transmit power limits which could otherwise be more generous,

possibly unleashing a wave of new use cases for white space spectrum.
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Figure 2.2: Overview of Ofcom’s TVWS Framework.

In dynamic spectrum sharing within the TV band, there are two types of interference
that need to be addressed: (a) between the primary user networks and secondary
user networks, and (b) among the secondary user networks themselves. The current
FCC and Ofcom regulatory frameworks for implementing white space databases only
address interference protection of primary users from harmful interference that could
be generated by secondary users. There is no guaranteed interference protection for
secondary user networks from either primary user networks or other secondary user
networks. The TVWS spectrum database does not assign exclusive rights to a particular
channel when a WSD requests for available channels. Secondary networks are free to
occupy any of the available channels. There is therefore the likelihood that more than
one secondary network could occupy the same channel and interfere with each other,
especially when the number of available channels is not enough to allow each network
to occupy its own channel. Interference management at radio system level among the
secondary users themselves is not covered in the regulations as this is not typically the
focus of regulators.

Coordination of spectrum usage among secondary user devices could facilitate inter-

ference management among the WSDs. The ETSI TS 103 145 specifies three possible
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physical deployment scenarios for the spectrum coordination function: in the regulator-
approved GLSD, by another third party database service provider, and in the WSD or
network [73]. For a GLSD with spectrum coordination function, a subscribed network
specifies the minimum QoS and usage protection requirements such as minimum band-
width, minimum SINR or maximum allowable interference, and guaranteed minimum
available time. The spectrum coordinator function in the GLSD in turn translates these
requirements into protection criteria which are used by the GLSD to ensure that prior-
ity based channel assignment is maintained in the presence of other networks, including
those that have not subscribed to the spectrum coordination service.

The authors in [74] propose implementation of a “geo-location spectrum database
with QoS guarantee”. In this model, a portion of white space spectrum is reserved
by the geo-location spectrum database for assignment of temporary exclusive rights
to priority users. This essentially introduces a three-tier access system among the
incumbent users, priority licensed users and licence-exempt users.

The authors in [75] propose a geo-location spectrum database that acts as an auc-
tioneer for TVWS spectrum and reserves spectrum for exclusive use of successful bid-
ders. The policies of this framework are aimed at maximising spectrum utilisation
and revenue. A dynamic TVWS allocation algorithm was designed to determine the
assigned bandwidth and power required to maintain the desired QoS and coexistence
among the secondary users. This proposal rules out opportunistic licence-exempt access

to white space spectrum.

2.4 CBRS DSA System

CBRS is designated in the FCC regulations under title 47, Chapter I, subchapter D,
part 96 of the Electronic Code of Federal Regulations (e-CFR) [23]. The FCC rules
that govern use of the 3.5 GHz band for CBRS have three objectives:

1. to protect incumbent users from interference. Incumbent users are federal radio
location services, fixed satellite services and grandfathered wireless broadband

licensed services (that is wireless broadband services that were were already op-
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erating in the band before introduction of CBRS,

2. to make additional spectrum for flexible broadband, improved broadband access

and performance,

3. to facilitate wireless broadband for industrial applications, innovation and eco-

nomic growth.

The CBRS frequency band covers 150 MHz of bandwidth from 3550 MHz to 3700
MHz. The CBRS band has a three-tier access model. Incumbent users operate in the
top tier and must be protected at a given location and time. Users that acquire Priority
Access Licences (PALs) through auction operate in the middle tier and are protected
from other PAL users and GAA users. PAL users shall operate in the 3550-3650 MHz
band. GAA users operate on the bottom tier and are not guaranteed any interference

protection. GAA users can occupy any vacant spectrum in the entire band.

2.4.1 CBRS Framework and Ecosystem

The CBRS rules designate two kinds of fixed CBRS devices (CBSDs). Category A
CBSDs are low power devices that can transmit at a maximum effective isotropic
radiated power (EIRP) of 30 dBm/10MHz channel, antenna height cannot exceed 6m
Height Above Average Terrain (HAAT) for outdoor operation. Typical use cases include
low power access points and femtocells. Category B CBSDs are high power devices that
can operate at EIRP of up to 47dBm / 10 MHz channel. Typical use cases include
point-to-point and point-to-multipoint links. An end-user device is a device that is
controlled by an authorised CBSD and can operate at maximum power limit of 23
dBm/10 MHz. However, an end-user device is not considered as a CBSD.

The functional architecture of the CBRS system is illustrated in Figure 2.3 [76].
It consists of three main entities: the Environmental Sensing Capability (ESC), the
SAS and the FCC Database. The ESC is a system that uses signal sensing to detect
the presence of an incumbent federal user signal and communicates such alerts to
the SAS. Typically, this would consist of a commercially operated network of sensing

nodes that can be used to detect signals from federal fixed or shipborne radars in the
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vicinity of exclusion zones and in coastal areas. An ESC must be approved by the
regulator. Access to spectrum is managed by the SAS. A SAS shall base its spectrum
use authorisation on the information about incumbent users that is obtained from an
FCC-approved ESC and from the FCC Database. The purposes and functionality of
the SAS include:

1. implementation of interference protection of incumbent users and PAL users,
2. registration and authentication of CBSDs,

3. determination and assignment of operating frequency and maximum transmit

power levels to CBSDs,
4. enforcement of exclusion zones and protection zones for incumbent and PAL users,
5. security of transmissions between the SAS and CBSDs,
6. interference complaint resolution,

7. coordination of operating parameters to minimise interference between GA A users

operating Category B CBSDs as per sub-part 96.35 of the rules in [23].

2.5 Challenge of Heterogeneous Coexistence

Management

In this thesis, a heterogeneous radio environment refers to radio systems that operate
using different Physical (PHY)/Media Access Control (MAC) designs. Heterogeneous
wireless environments can take two forms. First, when independently-operated net-
works, using different RAT standards, operate in the same spectrum band, they form a
heterogeneous radio environment. Second, a composite radio system that is composed
of radio subsystems that use different RAT standards is a heterogeneous radio system.
For instance, a composite TVWS radio system could be made up of an IEEE 802.22
Wireless Regional Area Network (WRAN) radio for the back-haul connection and an
IEEE 802.11 Television Very High Throughput (TVHT) radio for the access network.
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Figure 2.3: CBRS Functional Architecture.

One of the functions of the MAC sublayer is to control access to the shared physical
transmission medium. Media access control methods can also incorporate coexistence
methods for preventing or mitigating electromagnetic interference in order to coexist
with different wireless devices and standards in the same frequency band. Such co-
existence mechanisms can be classified into two: autonomous (non-collaborative) and
collaborative methods, depending on whether the methods require different devices or
networks to cooperate [77].

Autonomous coexistence protocols can be used independently by any device or
network and do not require any communication or cooperation between interfering
networks e.g. Channel Sense Multiple Access/Collision Avoidance (CSMA-CA), dy-
namic frequency selection, and transmission power control. Radio devices or networks
make independent decisions about channel selection and interference mitigation based
on context information that is gathered through individual observations. There is no
information exchange between networks and there is therefore no need for a common

control channel or central infrastructure. Each system aims at maximising its own per-
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formance based on knowledge of the local radio environment. With the exception of
CSMA-CA, autonomous coexistence mechanisms do not enable channel sharing. Such
mechanisms are generally sufficient when there are adequate spectral resources such
that each network may operate in a separate channel. Coexistence becomes a challenge
when the available spectrum is not sufficient to provide a separate channel for each
network or MAC/PHY design.

When the environment consists of heterogeneous networks, different radio standards
cannot coordinate channel access because they use different wireless protocols. Media
access control mechanisms specified for the TVWS and CBRS radio standards can only
enable effective spectrum sharing when the spectrum is shared by similar radio systems
that use the same MAC/PHY standard [22]. For instance, co-channel IEEE 802.22
base stations share one or several super-frames and each base station uses only specific
frames for transmission. Radio systems that are based on other standards, such as
IEEE 802.11 TVHT, cannot join a frame schedule used by IEEE 802.22 base stations
because their frame structures are different, among other factors. On the other hand,
using the CSMA-CA algorithm, IEEE 802.11 TVHT devices can back-off when an IEEE
802.22 radio is transmitting, but the reverse is not true. The IEEE 802.22 radio would
not back off because it is an “impolite radio”. Apart from incompatible media access
control strategies, different PHY /MAC standards have other different operational char-
acteristics and requirements such as transmission powers, channel bandwidths, packet

size, which make media access coordination challenging [22].

2.5.1 Impact of Interference in a Heterogeneous Radio

Environment

In [78], the authors performed stochastic geometry analysis to evaluate the percentage
reduction in service area of cognitive TVWS wireless networks as a result of mild to
severe interference from neighbouring networks. The objective of the study was to
make a case for the future need for coexistence mechanisms in TVWS. The study used
the metric fractional service area as a measure of quality of service. The fractional

service area measured the fraction of the service area attained under mutual network
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interference conditions compared to that attained under no interference. The results
showed that unless the number of available channels is sufficiently large, no reasonable
service area can be achieved. As the number of available channels was increased, the
fractional service area became increasingly sensitive to the density of Access Points
(APs). When the number of available channels was held constant, equivalent service
areas were obtained for path loss exponents of 2 to 6, with path loss exponents 3 and 4
representing rural areas and 6 representing urban areas. It was concluded that for the
same number of available channels, rural and urban areas will obtain equivalent effective
service coverage areas despite the significant difference in AP density between rural and
urban areas. This was attributed to the favourable propagation characteristics in rural
areas, which, though desirable from a communication point of view, also make signals
susceptible to causing interference.

A controlled study was conducted in [79] to analyse performance and coexistence
among IEEE 802.15.4, 802.11 and 802.22 radio systems operating in TVWS spectrum,
and located in geographical proximity. The study concluded that generally, all of
the systems would be significantly degraded if the interferer is located within 12m
range. In [80], a simulation was conducted to evaluate the performance of an IEEE
802.22 system when co-channel IEEE 802.11af (now called 802.11 TVHT) systems are
operating near an IEEE 802.22 Base Station (BS) and its Customer Premise Equipment
(CPE). It was found that the upstream throughput of the IEEE 802.22 radio system
was significantly degraded due to loss of control data.

Performance evaluation of LTE and Wi-Fi coexistence in TVWS spectrum was
studied in [26] in the light of proposals for off-loading LTE traffic to unlicensed spec-
trum. The results showed that, while LTE systems were slightly affected by Wi-Fi,
Wi-Fi was significantly impacted by LTE transmissions because the Wi-Fi nodes were
blocked from accessing the channel and remained in “LISTEN” mode for more than
96% of the time. Results of another study on coexistence of LTE and Wi-Fi in a dense
deployment scenario showed that Wi-Fi co-channel throughput decreases by up to 97%
in the presence of LTE interference, whereas LTE co-channel throughput is reduced by

up to 10% only [27].
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The 3rd Generation Partnership Project (3GPP) requires that Long Term Evolu-
tion Unlicensed (LTE-U) should use Listen-Before-Talk (LBT) mechanisms to coexist
fairly with other network technologies, such as Wi-Fi, in unlicensed spectrum [81].
The study in [82] assessed suitability of the LBT channel access mechanism for high-
and low-power networks based on LTE technology operating in GAA CBRS spectrum.
Throughput performance results showed that the mechanism is most effective when the
GAA ecosystem is comprised of low-power CBSDs only. This is because, high-power
CBSDs have a longer communication/interference range than low-power CBSDs and
therefore a higher number of neighbour CBSDs would detect their transmissions and
back off. This reduces opportunities for spectrum reuse, and hence degrades the overall
throughput. The authors therefore conclude that, in scenarios of asymmetric operating
power, interference mitigation could be more effective if LBT is combined with coor-
dinated channel allocation in such a way that GAA CBSDs with highly asymmetric

power are not allocated overlapping channels [82].

2.5.2 Significance of Coexistence Management

This thesis aims at addressing needs that are envisioned when deployment of large scale
TVWS and CBRS networks operating under the control of a GLSD and a SAS, respec-
tively, shall begin to roll out. Licence-exempt spectrum resources that are available
to anyone may be used extensively, leading to spectrum congestion. Uncoordinated
spectrum access is suitable for small scale deployments indoors or locally. However,
for large scale or multiple co-located networks, spectrum coordination is necessary to
minimise the likelihood of harmful interference.

Signals in the TV band travel further for the same transmission power than those
in the upper frequency bands such as the ISM band. This propagation characteristic
makes TVWS spectrum attractive for wide coverage applications. However, it also
renders TVWS radios prone to causing or receiving interference because of larger cell
sizes and capacity to serve more end user devices [78]. When commercial operators
start deploying independent TVWS networks, there shall be the possibility of more

than two operators operating in the same area without knowledge of the operating
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parameters of the other networks. Without proper coordination of operating channels,
isolation of sources of interference and resolution of interference cases in such scenarios
shall be almost impossible.

The OnGo Alliance specifications for LTE-Time Division Duplex (TDD) and NR-
TDD in CBRS spectrum include multiple options for Uplink (UL)/Downlink (DL)
configurations. LTE-TDD and NR-TDD cells require cell phase synchronisation and
compatible UL/DL TDD configurations in order to effectively coexist in the same chan-
nel [39]. Although LTE-U and MultiFire specifications are initially focused on 5 GHz
unlicensed spectrum, these technologies could also be potential candidate RATs for
the CBRS and TVWS bands [81,83,84]. The 3GPP requires that the core technol-
ogy should be as frequency-agnostic as possible and that these network technologies
should use LBT mechanisms to coexist with Wi-Fi network technologies in unlicensed
spectrum [81].

Radio resource allocation and coexistence management are not new issues in wire-
less communication. However, the challenge is distinctive in spectrum that is accessed
using DSA techniques because of the dynamic nature of the availability of spectral
resources. DSA systems require dynamic coordination of spectrum allocation and au-
tomated network management. Cognitive radio is capable of spectrum agility, which
is the ability to change its operating frequency dynamically based on the spectrum
conditions. But, in the presence of two or more independent heterogeneous networks,
there is a challenge related to switching between available frequency bands to provide
smooth spectrum access without interruption to service as a result of harmful interfer-
ence among the networks. This dynamic spectral environment makes manual network
planning and operation of large networks more challenging than in static spectrum
assignment environments. To this end, the goal of this thesis is to develop a frame-
work for coordinated dynamic radio resource allocation that ensures coexistence among

heterogeneous DSA networks.
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2.5.3 Approaches to Coexistence Solutions

A survey of state-of-the-art research proposals on heterogeneous coexistence solutions
showed that there are three general approaches to solving this challenge. These ap-
proaches can be structured in a hierarchy as follows, from the bottom of the hierarchy

to the top.

1. Technology-dependent coexistence mechanisms that can involve hardware and/or
wireless protocol modifications to specific MAC/PHY designs in order to facili-
tate coordination of access to shared wireless media between radio systems that

operate using those specific MAC/PHY designs.

2. Technology-agnostic coexistence management methods for managing coexistence
between two or more radio devices/networks, which may operate using different
wireless protocols with different coexistence mechanisms. This function could be
implemented within a radio device/network or by a logical entity that does not

take part in the communication process.

3. Technology-agnostic high-level spectrum coordination that coordinates bandwidth
allocation to groups of networks that are under the management of different
coexistence managers. Interference mitigation is achieved by allocating non-
overlapping bandwidth to coexistence groups whose member radio devices/networks

have potential to interfere with radio devices/networks of the other coexistence

group.

A survey of state-of-the-art research on heterogeneous coexistence mechanisms that
are based on the first approach is presented in Chapter 3, whereas a survey of coex-
istence management solutions that are based on the second and third approaches is
presented in Chapter 4. The surveys are focused on techniques for modelling the RF

environment and algorithms for radio resource allocation.
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2.6 Investigation of RF Environment Modelling Techniques

An RF environment herein refers to all secondary radio devices and networks that
are operating in a given spectrum band in a given location at a given time. The RF
environment model is defined as a representation of how the device/system parameters
(i.e. transmit frequency, power, desired SINR) and the spectral factors (i.e. signal
propagation characteristics and number of available channels) interact so as to affect
each other’s performance [78]. Modelling is the art of formulating an application in
terms of precise, well-documented problems in order to apply well-known algorithmic
design techniques [85]. Algorithms are designed to work on well-defined data structures.
Proper modelling can therefore eliminate the need to design new algorithms by relating
an application to what has been done before. In this framework, RF environment
modelling involves representing the RF environment as a well-known data structure to

which algorithms of radio resource allocation can be applied.

2.6.1 Basics of Graph Theory

A graph is a set of vertices and edges connecting some pairs of the vertices [86]. When
graph theory is used in modelling, a vertex represents an entity and an edge represents
a relationship between a pair of entities. Thus, in traditional graphs, only binary rela-
tionships can be represented by an edge since an edge is a two-element set comprising
the two vertices that it connects.

A graph G = (V,E) consists of a set of vertices V and a set of edges E. An
illustration of a graph which has a set of 7 vertices and a set of 5 edges is given in
Figure 2.4a. Two vertices are adjacent to each other if they are connected by an edge.
For every it" vertex v; € V, the total number of vertices that are adjacent to v; is called
the degree of vertex v;, denoted by d(v;). The maximum degree over all vertices in
graph G is called the maximum degree of G, denoted by A(G). The graph in Figure
2.4a has A(G) of 4. A super-node is a vertex with a large number of edges that are

incident on it.

31



Chapter 2. Hypergraph Theory and Coexistence Management in DSA

Graph traversal refers to the process of visiting every edge and vertex in a graph
in a systematic way. A graph G = (V, E) is classified as an undirected graph if edge
(i,j) € E implies that edge (j,7) is also in E. Thus, an undirected graph has edges
that do not have a direction, and an edge can therefore be traversed in both directions.
A connected set in a graph refers to a set of vertices in which any two vertices are
connected to each other through at least one edge. In Figure 2.4a, vertices {2,3,4,5,6,7}
form a connected set. Graph traversal is applied in solving graph problems, such as
searching for connected sets in a graph. Examples of graph traversal algorithms include
Breadth-First Search (BFS) and Depth-First-Search (DFS).

Vertex colouring of a graph G = (V| E) seeks to colour the vertices of V' using the
minimum number of colours such that ¢ and j have different colours for all (¢,7) € E.
The chromatic number of a graph is the minimum number colors needed to produce
a proper colouring of a graph. Computing the chromatic number of a graph is NP-
complete, as such heuristic methods are used. Vertices are coloured sequentially and
the choice of colour depends on the colours already assigned to the vertex’s neighbours.
These methods differ in how the next vertex is selected and how a colour is chosen.
Selecting vertices in decreasing order of vertex degree is preferred because high-degree
vertices have more colour constraints [87]. An illustration of vertex colouring is given in
2.4b. Vertex colouring algorithms are utilised in allocation, scheduling and clustering

of resources, such as spectral resources in wireless communication systems.

Vertex

G(V,E)

G(V,E)

(a) A ) L (b) Vertex colouring example.
a) An example graph.

Figure 2.4: An illustration of a graph and vertex colouring.
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2.6.2 Basics of Hypergraph Theory

A hypergraph is a generalisation of an undirected graph in which a hyperedge is a
subset of vertices of arbitrary cardinality rather than strictly a two-element subset, as
is the case in a graph. While elements of a set are represented by vertices, properties
of different subsets or general statements about arbitrary subsets are represented by
the hyperedges [86,88]. In a hypergraph, the relationships can be multifaceted, which
allows modelling of multiple features at a time [89].

An example of a hypergraph is illustrated in Figure 2.5. Let H be a hypergraph H =
(X,E). X ={x1,x9,...,x,} is a set of vertices of hypergraph H and E = {ej, ea,...,em}
is a set of hyperedges of hypergraph H such that e; # () and G ej = X. A hyperedge
is therefore a subset of any number of vertices. In the hypergr]a:plh shown in Figure 2.5,
hyperedges e; and es contain 3 vertices each, whereas hyperedges es and e4 contain 2

vertices each.

81 € €3 €4
111 0 0 O
2/1 1 0 1
3/1 0 0 O
4,0 1 1 0
5/0 0 1 1
6/ 0 0 1 0

H(X,E) I(H)

Figure 2.5: An example of a hypergraph and its representation using an incidence
matrix.

The cardinality of the j* hyperedge, denoted by |E;| is called the degree of the
hyperedge E;. Any two hyperedges are said to be adjacent if the intersection of their
sets is not an empty set. A hypergraph is represented in the form of an incidence
matrix, I(H), which has one row for each vertex and one column for each hyperedge.

In Figure 2.5, the incidence matrix of the example hypergraph is shown. A vertex
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x; € X and a hyperedge e; € F are said to be incident to each other if z; belongs to

hyperedge e;, that is:

1 ifx; € ey,
I; = (2.1)
0 if €Ty ¢ Ej.

2.6.2.1 Hypergraph Operations

Weak Deletion of a Hyperedge
Weak deletion of e; € E from H is to remove e; from E. This procedure is illustrated

if Figure 2.6.

H;= H\{e.}

Figure 2.6: Weak deletion of hyperedge e;.

Hyperedge Contraction
Contraction of hyperedges is used to decompose a hypergraph to a desired form [86].
Let e be a hyperedge in a hypergraph H = (XFE). A contraction of the hyperedge e

involves the following two steps :
o weakly delete e from H.
e replace all vertices of e by one vertex belonging to each e’ such that €' Ne # ()

This is illustrated in Fig. 2.7.
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Contract e;
_—

H(X,E) H;

Figure 2.7: Contraction of hyperedge e;.

2.6.2.2 Hypergraph Colouring

A proper A-colouring of a hypergraph H = (X, E) is a colouring of its vertices X with
the colours from a set {1,2,..., A} in such a way that every hyperedge e; € E has at
least two vertices coloured with different colours [86]. Thus, in any proper colouring
no edge e; of size |e;| > 2 is monochromatic. Proper colouring is sometimes referred to
as weak colouring.

A strong A-colouring of a hypergraph H = (X, F) is a colouring of the vertices using
at most A colours in such a way that every hyperedge e; € F is polychromatic, that is,
all vertices in a hyperedge are coloured differently [86]. Strong hypergraph colouring
algorithm has found application in radio resource allocation that aims at mitigating

the impact of cumulative interference [40-45].

2.6.2.3 Hypergraph Clustering

A graph cut involves partitioning of the vertices of the graph into two disjoint sub-
sets. Graph cuts have found application in optimisation problems. The hypergraph
clustering problem is aimed at finding an optimal hypergraph cut solution for effec-
tive clustering. Hypergraph clustering has been used in several applications such as
radio resource allocation [90,91] and image processing [89]. In radio resource alloca-

tion, hypergraph clustering seeks to optimally partition the vertex set into K disjoint
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subsets, representing subsets of radios/networks which need to be assigned orthogonal

channels [92].

2.6.3 Choice of RF Environment Data Modelling Technique

An RF environment data model is a representation of the RF environment characteris-
tics, using a well-known data structure, in order to solve the radio resource allocation
problem using well-known algorithms. The choice of the technique for modelling the RF
environment data was based on two factors: 1) the parameters of the RF environment
that would be taken into consideration to achieve maximisation of spectrum utilisation

and 2) the nature of the data or information from these parameters.

2.6.3.1 Maximising Spectrum Utilisation

The goal of spectrum efficiency is to deliver greater transmission capacity for a given
amount of spectrum. The solutions for achieving efficient utilisation of spectrum can
be broadly categorised into two: 1) sending more information per transmission, and 2)
sending more transmissions per unit of spectrum. The metric that is used to measure
efficiency in the first category is called spectral efficiency, which is defined as the
amount of data that can be transmitted using a specific radio access technology over a
certain amount of spectrum. It is expressed in bits per second per hertz (b/s/Hz). It
is therefore a measure of how efficiently a radio access technology can utilise a limited
frequency spectrum based on the design of the PHY/MAC properties such as the type
of modulation scheme. However, this measure does not address spectrum re-use across
space and time. The second category is evaluated by how readily assigned spectrum can
be reused across space and time by exploiting frequency-sharing, geographical spacing
and time-sharing. The factors that affect how efficiently spectrum is used include reuse
of frequencies across geography and the percentage of time that a unit of spectrum is
in use. In this thesis, the focus is on this second approach.

The International Telecommunications Union - Radiocommunication Sector (ITU-
R) recommendation SM.1046-3 defines how to evaluate utilisation efficiency of spectrum

that is already assigned [93]. Spectrum utilisation factor is defined to be the product
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of the frequency bandwidth, the geometric (geographic) space, and the time that the
frequency is occupied by a user and thus denied to other potential users. While this
metric can be used to measure spectrum utilisation, it does not fully address the aspects
that are being considered in this thesis.

The thesis is focused on spectrum use by multiple independent wireless networks
that are competing for the spectrum to which they all have equal access rights, such
as licence-exempt spectrum. In this case, the goal is to assign spectrum to as many
independent networks as far as the interference and channel load constraints can allow.
As such, unlike with the spectrum utilisation factor, which seeks to maximise the
geographical space that is covered by the spectrum, in this thesis networks that have
a larger coverage area are not deliberately prioritised over networks that have smaller
coverage area. Rather, this thesis aims to provide spectrum to as many independent
networks as far as possible with respect to interference, spectral coexistence and channel
load constraints. To this end, spectrum utilisation is defined as a measure of how
readily spectrum can be reused by multiple independent radio communication systems
across space and time. Efficiency of spectrum utilisation will be measured by the
number of networks that are assigned an operating channel out of the total number of
networks that are competing for the same available channels and will be expressed as
a percentage.

This thesis aims to maximise spectrum utilisation by optimising, most importantly,
the percentage of time during which a unit of spectrum is put to use through effec-
tive time-sharing by coexistence networks, besides optimising the geographical space
through frequency reuse. To implement this approach, the parameters of the RF en-
vironment that are necessary in decision making process for channel allocation are

interference and spectral coexistence.

2.6.3.2 Shortcomings of Graph Theory

Graph theory is used to model radio resource allocation in the spatial domain. The RF
environment is represented by an undirected graph such that a vertex represents a radio

device or network, and an edge exists between a pair of nodes if the devices/networks
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that the vertices represent have potential for one-way or mutual interference. Radio
resource allocation in space and frequency domain is modelled using a vertex colouring
algorithm. Colours represent channels. A vertex colouring algorithm, which ensures
that vertices that are connected by an edge between them are not assigned different
colours, is used to model channel assignment in such a manner that networks that have
potential to interfere if they operate on the same channel are assigned different colours.
Thus, the vertex colouring algorithm is sufficient for modelling exclusive channel allo-
cation, whereby a network is assigned an operating channel that is unique among its
neighbour networks.

The authors in [27] pointed out their proposed joint graph multi-colouring channel
assignment for inter-RAT coexistence management of LTE and Wi-Fi through fre-
quency and spatial diversity fails to exploit Wi-Fi CSMA operation in the joint chan-
nel assignment algorithm to further improve spectrum utilization in the time domain
through channel sharing among Wi-Fi neighbour networks. It can be intuited that
this is due to the fact that the information about groups of Wi-Fi networks that can
time-share the same spectrum was not represented in the graph-based data model of
the RF environment model and could therefore not be included in the joint channel
assignment algorithm.

A coexistence decision algorithm for spectrum sharing is proposed in [94] for use in
IEEE 802.19.1 systems. The algorithm introduces shared spectrum allocation on top of
exclusive channel allocation. The algorithm selects a network at each step and assigns
spectrum to the network. The algorithm first tries to find an unoccupied channel for
the network, and if no unoccupied channel is available, the algorithm searches for a
channel occupied by a neighbour network of the same MAC/PHY type, subject to
channel load constraints. While this approach ensures spectrum allocation stability in
that previous allocations are not rearranged to accommodate new networks, channel
sharing options are dependent on the previous channel allocations. There is therefore
a trade-off between stable channel assignment and maximising bandwidth utilisation

in terms of accommodating more nodes.
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2.6.3.3 Proposed Approach to Efficient Channel Allocation

A more efficient channel allocation could be realised if the previous allocations could
be re-arranged. Algorithms that minimise the need to change channel assignment fre-
quently could be applied. Consider the illustration in Figure 2.8a. The RF environment
is modelled using a graph, whereby a vertex represents a radio and an edge connects
vertices of networks that have potential for interference if they operate on the same
channel. There are 5 radios operating in TVWS spectrum. The 2 access points (AP
and AP,) operate using the same MAC/PHY design, such as IEEE 802.11, and the
3 base stations (BS7, BS; and BSs3) access the spectrum using the same MAC/PHY
technology, such as IEEE 802.22. The two RATs cannot effectively coexist in the same
channel because, while the 802.11 AP may back off when it detects ongoing transmis-
sions, the 802.22 BS will not back off because it is an “impolite” radio.

Assume that there are 2 available channels. Assume also that an exclusive channel
allocation scheme initially assigns channel 1 to BS2 and channel 2 to AP} and B.Ss,
as illustrated in Figure 2.8a. Figure 2.8b is an illustration of the channel allocation
when channel sharing is introduced on top of the exclusive channel allocations. AP
cannot be allocated channel 2 to share with AP; because it has potential to interfere
with BSs which is already assigned the same channel. BSj is assigned channel 1 to
share with B.S,. Figure 2.8c illustrates a more efficient channel allocation whereby, the
radios are first organised into groups based on spectral coexistence, and the channels are
assigned to groups of networks that can manage interference among them using their
inherent MAC protocols, instead of to individual networks, resulting in all networks
being accommodated. Thus, it can be intuited that representing spectral coexistence
relationships in the RF environment model that serves as input to a radio resource
manager may facilitate a more efficient channel allocation when the number of available
channels is not sufficient for each network to be allocated an exclusive channel. This is
so because channels can be assigned to groups of networks that are capable of spectral

coexistence, instead of to individual networks.
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The shortcomings of graph theory in modelling of the RF environment data for
spectrum sharing in both the spatial and time domains can be summed up as follows.
First, an edge in a graph can only connect two vertices, which means that, while an
edge is sufficient to represent interference between two networks, it is not adequate to
represent groups of coexisting networks that may comprise more than two networks
depending on the channel load. Second, an edge in a graph can represent only one type
of relationship, thus it cannot represent both interference and spectral coexistence at

the same time.

AP AP
! . - Channel 1

- Channel 2

—
(
le BSZ BS3
(a)
AP AP, I channel 1
- Channel 2
le BSZ BSg

AP AP
//—1-—'—\ 2 -Channell

Figure 2.8: (a) exclusive channel allocation, (b) channel sharing on top of exclusive
channel allocation, (c¢) more efficient channel sharing.
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2.6.3.4 Choice of Hypergraph Theory

To maximise spectrum utilisation through implementation of an algorithm for spectrum
allocation across space and time, requires information about interference and spectral
coexistence, respectively, to be represented in the RF environment model so that it can
be used in the decision-making process of the algorithm. Interference relationship is
evaluated between two networks, whereas spectral coexistence relationship can involve
two or more networks depending on channel load. Therefore, representing interference
and spectral coexistence information of a given RF environment requires a data struc-
ture that meets two requirements. First, the data structure should be sufficient to
represent multiple relationships, that is relationships involving more than two entities.
Second, it should be possible to represent multi-faceted relationships, that is more than
one type of relationships in the same data structure, e.g. representing interference and
spectral coexistence information in the same data structure.

Hypergraph theory was therefore chosen over graph theory as the modelling tech-
nique because it meets the requirements. A hypergraph is a generalisation of a graph
in which hyperedges can connect an arbitrary number of vertices and can represent
multi-faceted relationships. In this model, interference relationship is represented by
connections between two vertices, and for the purpose of clarity, these are called edges.
Spectral coexistence relationships, which can involve more than two vertices, are rep-
resented by hyperedges. This is illustrated in Figure 2.9.

Directions of edges of a graph could be used to represent the direction of interference.
This is useful in some cases, e.g. when transmit power adjustment is used to control
interference, in which case identification of the interference source and victim networks
is necessary to determine which networks need to have their transmit powers adjusted.
According to the scope of the radio resource allocation algorithm design in thesis,
there is no use for information of direction of interference since two neighbour networks
cannot share the same network whether interference is one way or mutual. Furthermore,
according to the definition of a hypergraph, it is a generalisation of an undirected graph.

A hypergraph is represented by an incidence matrix (see Figure 2.5), which represents
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which vertices are incident on which hyperedges. Thus, the direction of edges cannot

be represented in an incident matrix.

Edge representing
interference relationship

Hyperedge representing spectral

coexistence relationship

Steeee

Figure 2.9: Illustration of representation of interference and spectral coexistence rela-
tionships using a hypergraph.

2.7 Literature Review on Hypergraph-based Radio Re-

source Allocation Models

A literature review on use of hypergraph theory in spectrum allocation schemes for dy-
namic spectrum sharing was conducted. The focus was on what type of relationships
in the RF environment model were characterised using hyperedges and what hyper-
graph procedures or algorithms were used in spectrum allocation. A summary of the

comparison between previous work and this study is presented in Table 2.1.

2.7.1 Review of Modelling Techniques

2.7.1.1 Cumulative Interference

Hypergraph theory has been proposed for modelling of potential cumulative interfer-
ence between secondary user devices and primary user devices in opportunistic dynamic
spectrum sharing systems. The hypergraph model is used to represent groups of cu-
mulative interferers so that they are allocated different channels in order to alleviate

the the impact of cumulative interference on licensed services. This is illustrated in
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Figure 2.10. For instance, hyperedge e5 contains three vertices: PUs which represents
a primary user, SUs and SU4 which represent secondary users. Thus hyperedge e5 is
used to represent the information that SUs and SU,; have potential to cause harmful
interference to PUs in the event of concurrent transmissions from SUs and SUy in the
same frequency band. To mitigate this, it can be seen that PUs, SUs and SU, are
allocated different colours: red, blue and green, respectively, and the colours represent

different channel allocations.

H(X,E)

Figure 2.10: Ilustration of modelling cumulative interference using a hypergraph.

In future 5G-enabled Vehicle-to-Everything (V2X) networks, various types of V2X
communications are expected such as vehicle-to-vehicle (V2V), vehicle-to-person (V2P),
vehicle-to-infrastructure (V2I). These heterogeneous networks may share the same wire-
less medium for data transmissions and hence the need for interference management.
In [97,98], the hypergraph model is used to model interference from clusters of nodes
that belong to the same broadcast communication group. A vertex represents a com-
munication group. An edge is used to model interference between a pair of vertices that
represent communication groups that can interfere with each other. A hyperedge is used
to model cumulative interference from multiple vertices that represent communication
groups that belong to the same cluster. A strong hypergraph colouring algorithm is

used to model resource block assignment such that vertices that are incident to the
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same edge and/or hyperedge cannot be coloured by the same colour.

When Device-to-Device (D2D) pairs share the same UL channels with cellular User
Equipments (UEs), they can cause severe interference to UEs and to other D2D pairs.
In [40,41], a hypergraph is used to model interference relationships with the purpose
of implementing channel allocation that alleviates the impact of cumulative interfer-
ence. A vertex represents either a D2D pair or a UE. Two vertices are connected by
an edge if the radios that they represent have potential to interfere when operating
in the same channel. A hyperedge represents a set of neighbouring D2D pairs or UEs
whose cumulative interference exceeds a set threshold. A strong hypergraph colouring
algorithm is used to model channel allocation such that vertices in the same hyperedge
are not coloured by the same colour to eliminate the cumulative interference. The
proposed hypergraph-based radio resource allocation algorithm was compared with a
graph-based radio resource allocation model in terms cell capacity. Results showed
that the the hypergraph-based method effectively increases cell capacity better than
the graph-based method. However the hyypergraph-based method has cubic time com-
plexity compared to the graph-based radio resource allocation model which runs in
quadratic time. In [45], an interference-aware hypergraph-based codebook allocation
for D2D Underlaid Cellular Network Using sparse code multiple access (SCMA) is
proposed.

While D2D communication underlaying cellular networks could improve spectrum
efficiency, densely deployed D2D pairs could cause severe interference to cellular UEs
without proper spectrum allocation, leading to failure by the cellular network to main-
tain guaranteed QoS. A spectrum allocation algorithm based on location-aware hyper-
graph colouring (LAHC) is proposed in [42]. The entire cell of the cellular network
is divided into regions based on the outage probability of cellular UEs. To achieve
protection of the QoS of cellular UEs with low complexity, spectrum sharing between
a set of D2D pairs and UEs is limited according to the region in which the set of D2D
pairs are located. Cumulative interference from densely populated D2D pairs is charac-
terised using hypergraph theory and spectrum allocation is modelled using hypergraph

colouring to eliminate cumulative interference and enhance the system capacity.
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While the schemes proposed in [40-42] consider only spectrum resource, the study
in [43] considers both spectrum and transmission power. To reduce the complexity, the
radio resource allocation problem is decomposed into two sub-problems: subchannel
allocation and power allocation. For subchannel allocation, a hypergraph clustering
algorithm is proposed, and a bisection algorithm is used for power allocation.

While the studies in [41-43,95] focus on D2D communication in the same cell, the
studies in [90,96] consider cross-cell D2D communication pairs. The papers propose a
protocol to support D2D communications underlaid in cellular networks. Cumulative
interference is modelled using a hypergraph, and hypergraph clustering is applied to
solve the radio resource allocation problem such that clusters represent channels.

The radio resource allocation schemes in [41-43,45,90,95] are implemented using a
centralized architecture and require global coexistence-related information. However,
due to the randomness of D2D pairs’ activity and limited bandwidth backhaul, the
paper in [44] proposes a distributed scheme for resource allocation. The distributed
channel access problem is formulated as a local altruistic game and a distributed learn-
ing algorithm is proposed to quickly optimise the resource allocation.

Femtocells are very low-range, low-power base stations in cellular systems. As the
density of femtocells increases, interference can become a challenge when the coverage
areas of femtocells overlap. In [91], a hypergraph model is used to model cumulative
interference relationships between femtocells in order to realise an inter-cell interference
coordination scheme based on QoS. A two-vertice edge is used to represent interference
between a pair of Femtocell Base Stations (FBSs). On the other hand, a three-vertice
hyperedge is used to represent three neighbour FBSs whose cumulative interference
is less than a set threshold and any edges between vertices of the same hyperedge
are eliminated. A greedy hypergraph colouring algorithm is used to allocate all the
femtocells into different clusters, each of which has maximum total throughput. FBSs
whose vertices belong to the same cluster share the same sub-channel and orthogonal
sub-channels are assigned to FBSs that belong to different clusters.

Non-Orthogonal Multiple Access (NOMA) is regarded as a solution for improving

spectrum utilisation by allocating a subcarrier to more than one user at the same time
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within one cell, and additional benefits can be realised by employing NOMA in Het-
Nets. However, NOMA systems are prone to serious cumulative interference because
they are sensitive to the weak interference streams, hence the need to allocate spectrum
resources intelligently to mitigate cumulative interference. A hypergraph based colour-
ing algorithm that is proposed in [40,41] to solve the cumulative interference problem
requires high computation complexity. Hence, the paper in [92] proposes hypergraph
spectral clustering (HGSC)-based algorithm which aims at improving the throughput,
guaranteeing the fairness among user pairs associated to the same BS, while alleviating

the strong interference and severe cumulative interference in dense NOMA-HetNets.

2.7.1.2 Network Dependency

Spectrum management could provide a solution to coexistence challenges among hetero-
geneous wireless networks that cannot effectively coordinate access to a shared medium
by frequency-isolating incompatible networks. A centralised, measurement-based, spec-
trum management of heterogeneous wireless networks is proposed in [46]. A hypergraph
is used to represent the structure of the RF environment in the 2.4 GHz ISM band such
that the hypergraph can be searched for specific relationships among the radios and
conflict subgraphs can be derived to realise spectrum assignment that ensures coexis-
tence of heterogeneous wireless networks. This is illustrated in Figure 2.11. A vertex
represents a radio device, a hyperedge represents radios that belong to the same network
and require the same channel, and an edge between a pair of vertices represents either
a transmission link if the vertices belong to the same hyperedge, or an interference
relationship.

It should be noted that although Figure 2.11 shows the directions of the link and
spatial edges for illustration purposes, the information about directions of the edges
cannot be represented in a hypergraph, which is a generalisation of an undirected
graph. A hypergraph is represented by an incidence matrix, which is a representation
of the information about which vertices are incident on which hyperedges (see Figure
2.5). Thus, the direction of edges cannot be represented in an incident matrix. In-

stead, the authors use subgraphs to represent the information about the directions of
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Figure 2.11: Ilustration of modelling network dependency using a hypergraph.

the link and spatial edges. A mixed integer program (MIP) algorithm is applied to
optimise the channel assignment and to realise spectrum assignment that ensures co-
existence of heterogeneous wireless networks based on the constraints that are derived
from relationships in the hypergraph and from the conflict subgraphs and based on

radio measurements that are reported by the networks [46].

2.7.2 Comparison with Previous Work

As per the review that is presented in Subsection 2.7.1, hypergraph theory has found
application in modelling of these two types of multiple relationships in radio resource
allocation: (a) cumulative interference, and (b) network dependency. Cumulative in-
terference is modelled using hypergraph theory in [41-45,91,92,92,95,97,98] and hyper-
graph colouring or clustering algorithms have been used to solve the channel allocation
problem based on the constraints represented in the hypergraph data model. In [46], hy-
pergraph theory is used to model network dependency, conflict subgraphs are extracted
from the hypergraph and the channel assignment problem is solved using multiple inte-
ger programming. This thesis is distinct from previous work in that the type of multiple
relationship that is represented using hyperedges is spectral coexistence. The RF envi-
ronment is structured using a hypergraph such that pairwise interference and spectral
coexistence are represented by edges and hyperedges, respectively, for the purpose of
modelling coexistence management.

Applications of hypergraphs can be grouped in two: hypergraph representation,
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and the use of hypergraph procedures. The drawback of most of these applications
is the computational complexity depending on how a hypergraph representation is
computed and how the hypergraph procedures are exploited. Complexity increases
when hypergraph properties are exploited without reducing the size of the hypergraph
first [89]. In this thesis, reduction of computational complexity is considered in three

ways:

1. since spectral coexistence relationships are derived either through spectral coex-
istence analysis in TVWS radio system or through CBSD grouping information
that is provided by CBSDs in CBRS GAA radio systems, computing hypergraph

representation is not complex, and no hypergraph clustering is required,

2. hyperedge contraction is used to reduce the size of the hypergraph by decomposing
the hypergraph into the form of a traditional graph, without losing the coexistence

information which provides the constraints for radio resource allocation, and

3. in this form, the decomposed hypergraph is amenable to a graph colouring algo-
rithm for spectrum allocation, which has quadratic time complexity, compared to

strong hypergraph colouring which could have cubic time complexity [85,95].

2.8 Chapter Summary

This chapter has outlined the context of the research that is presented in this thesis.
DSA policies are aimed at maximising spectrum utilisation by enabling dynamic access
to vacant spectrum when and where spectrum is not being used by licensed users. In
TVWS, the GLSD rules do not coordinate spectrum allocation among licence-exempt
secondary user networks. In CBRS, while the regulations do not guarantee interference
protection for GAA users, the regulations mandate that SAS administrators facilitate
spectrum coordination of GAA users. A review of previous studies confirmed perfor-
mance degradation when heterogeneous radio systems were co-located.

Techniques for modelling the RF environment are crucial in solving coexistence

management problems. While graph theory is sufficient to model spectrum assignment
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in the space and frequency domains, it is not sufficient to model spectrum sharing in the
time domain as well. Hypergraph theory has therefore been introduced as the modelling
technique that will be investigated in this thesis. Coexistence management starts with
the design of the radio system. The next chapter therefore reviews MAC/PHY-based
coexistence mechanisms and investigates how hypergraph-based modelling could be

employed.
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Chapter 3

Heterogeneous Coexistence

Mechanisms

3.1 Introduction

Multiple wireless technologies are being targeted for dynamic sharing of the same spec-
trum band, given that a single wireless access procedure cannot meet the specific needs
and constraints of all wireless applications and given that efficient spectrum usage is
necessary to support the exponential growth of wireless traffic. This chapter presents
an overview of RAT standards for TVWS and CBRS. Consequently, coexistence mech-
anisms between heterogeneous wireless RAT standards operating in shared spectrum
continues to be a growing research problem.

The contribution of this chapter is a survey of state-of-the-art solutions for MAC/PHY-
based coexistence mechanisms between heterogeneous secondary user networks that
operate in shared spectrum bands with equal spectrum access rights. While previous
surveys are either outdated or are focused on the 5 GHz unlicensed band, this survey is
focused on TVWS and CBRS spectrum bands which are governed by DSA regulatory
frameworks. More importantly, this survey discusses the potential of using hypergraph

theory in modelling data structures that are used in coexistence mechanisms.
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3.2 Comparison of Surveys on Heterogeneous Coexistence

Mechanisms

The challenge of coexistence mechanisms in shared spectrum has been studied in var-
ious spectrum bands and between various technologies. Table 3.1 presents a compar-
ative summary of existing surveys. Authors in [99] review coexistence mechanisms for
Heterogeneous Cognitive Radio Networks (H-CRNs) operating in TVWS, focusing on
classification of the coexistence mechanisms that are either specified in TVWS radio
technology standards or are proposed in literature. Although this survey [99] includes
both technology-dependent mechanisms and technology-independent centralized coex-
istence frameworks in the taxonomy, the latter is not reviewed in detail. On the other
hand, the surveys in [28,100-102] focus on technology-dependent coexistence mech-
anisms only. A short survey on coexistence between radar and LTE-U in the 5 GHz
unlicensed spectrum is presented in [100], whereas in [28], a comprehensive survey of co-
existence between Long Term Evolution Licence Assisted Access (LTE-LAA) and Wi-Fi
is presented, including corresponding deployment scenarios. Moreover, in [101], the au-
thors focus on coexistence in the 5 GHz band between Wi-Fi and multiple technologies:
LTE-U, LTE-LAA, Dedicated Short Range Communications (DSRC) and radar. The
survey in [102] provides a comprehensive review of inter-technology wireless coexistence
mechanisms in general, from a unified, system-level perspective.

In comparison, the survey that is presented in this thesis includes research that has
been published after the publication date of [99]. While the surveys in [28,100-102]
focus on the 5 GHz unlicensed band, this survey, according to the scope of this thesis,
is focused on TVWS and CBRS bands, which has different regulatory requirements
than the 5 GHz unlicensed band. Furthermore, besides discussing the weaknesses and
strengths of the coexistence mechanisms, this survey investigates the potential of using

hypergraph-based modelling in coexistence mechanisms.
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Chapter 3. Heterogeneous Coexistence Mechanisms

3.3 Radio Access Technologies

3.3.1 TVWS

Wireless communication standards have been developed for operation in the TV band
in accordance with the applicable national and international TVWS regulatory frame-
works. These have been developed by IEEE, ETSI, and ECMA. The Internet Engineer-
ing Task Force (IETF) also published a protocol to achieve interoperability between
WSDs and white space spectrum databases in Request for Comments (RFC) 745. The
protocol is called Protocol to Access White Space databases (PAWS). A summary of
the categorisation of the standards is presented in Table 3.2. However, only standards
for radio access interfaces are reviewed in this section.

Table 3.2: A Summary of TVWS Technology Standards.

Focus Area IEEE 1900 IEEE 802 ECMA IETF
Terminology 1900.1
Coexistence 1900.2 802.19.1
Spectrum Usage 1900.4
Policy Language 1900.5
Spectrum Sensing 1900.6
WRAN 802.22
WLAN 1900.7 802.11TVHT
WPAN/IoT 802.15.4TVWS | ECMA-392
Database Access PAWS

Other use cases for TVWS spectrum have been proposed in the literature. TVWS
is considered potential spectrum for traffic off-load to licence-exempt spectrum such
as LTE-U and DSRC such as V2X [26,103,104]. Feasibility of TVWS spectrum for
implementing middle-mile networks using LTE-Advanced technology to connect rural

wireless access points to the internet Point of Presence (PoP) was studied in [105].
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3.3.1.1 IEEE 1900.7-2015 Standard: White Space DSA Radio Systems

This standard specifies a radio interface, including MAC sublayer and PHY layer, of
white space DSA radio systems for fixed and mobile operation in white space frequency
bands, while avoiding causing harmful interference to licensed users. The goal is to
facilitate development of cost-effective radio systems that support interoperability [17].
This standard is applicable to any white space spectrum and shall follow national and
international regulations. This wide variety of use cases created a very wide range of
general requirements which could not all be supported in one standard. As such, the
developed standard is mainly focused on the wireless local area access network category
of use cases [106].

The standard specifies 2 MHz sub-channels and 8 MHz channels. The 1900.7 PHY
shall use 8 modulation and coding schemes: Binary Phase Shift Keying (BPSK) (1/2),
Quadrature Phase Shift Keying (QPSK) (1/2,3/4), 16-Quadrature Amplitude Mod-
ulation (QAM) (1/2, 3/4) and 64-QAM (2/3, 3/4 and 5/6). The standard specifies
Filter Bank Multi-Carrier (FBMC) for multi-carrier modulation. FBMC was selected
because it has shown better simulated Adjacent Channel Leakage Ratio (ACLR) perfor-
mance than Orthogonal Frequency-Division Multiplexing (OFDM). ACLR performance
of white space radios is regulated in order to prevent interference to licensed primary
users. A white space radio that has better ACLR performance is permitted to operate
in more TV channels and with higher permitted transmit power than one with poor
ACLR performance.

The 1900.7 network shall operate in a master-slave mode, with the designated mas-
ter node being responsible for network coordination. The method of media access is

based on CSMA-CA with a Request to Send/Clear to Send (RTS/CTS) mechanism.

3.3.1.2 IEEE 802.22 Standard: Cognitive Wireless RAN

This standard, which was first published in 2011, is for WRANSs that operate in TVWS
spectrum. It supports development of broadband wireless access systems that support

multimedia services. It was initiated in 2004 to provide reliable and secure wireless
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broadband connectivity to under-served or unserved communities where wired infras-
tructure is economically not feasible to roll out because the areas are sparsely populated,
among other factors. It is the first cognitive radio-based standard to allow dynamic
spectrum sharing of the TV band with the licensed TV broadcasters and wireless micro-
phones on a non-interfering basis according to regulatory requirements for protection
of licensed services [107]. The standard specifies the following capabilities to aid spec-
tral context awareness: geo-location, access to white space spectrum database, and
spectrum sensing.

In 2012, the committee published the IEEE 802.22.2-2012 Installation and Deploy-
ment of IEEE 802.22 Systems, which specifies the recommended engineering practices
that will ensure highest broadband rates, longest coverage radius, and the most efficient
spectrum use [108]. An IEEE 802.22 network comprises a fixed BS that shall be able
to provide broadband internet services for up to 512 fixed or portable CPE devices,
serving a coverage radius of 10-30 km. In conditions of exceptional signal propagation
conditions, a coverage radius of up to 100 km can be supported with intelligent schedul-
ing of the traffic in the frame to absorb additional propagation delays. The architecture
of an 802.22 network is given in Figure 3.1 [18]. More system parameter specifications

of the IEEE 802.22 are given in Table 3.3.

TVWS Geolocation
Spectrum Database

802.22 BS 802.22 CPE

K PAWS Protocol % 802.22 Protocol

Figure 3.1: IEEE 802.22 Network Architecture.
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Table 3.3: System Parameters for IEEE 802.22 WRAN.

Parameter Specification Additional informa-
tion

Supported Frequency || 54-862 MHz Subject to mnational TV

Range Band Allocation

Channel bandwidth 6, 7, 8 MHz According to regulatory re-

gion

Data rate

SISO and single channel op-
eration: 4.54 to 22.67 Mbps

Optional 4X4 MIMO and 4
channel operation: 72.59 o

(up to 31.78 Mbps optional) | 362.96 Mbps (up to 513.91

Mbps)
Payload Modulation QPSK, 16-QAM, 64-QAM
Multiple Access OFDMA
Duplex TDD
Frame/Super frame size || 10 ms / 160 ms Super frame based on

groups of 16 frames

Self-coexistence spectrum etiquette and on-

demand frame contention

Two amendments to the standard have so far been made. Amendment 802.22a was
published in 2014 to provide management and control plane interfaces and procedures
as well as enhancements to the management information base (MIB) [109]. In 2015,
amendment 802.22b was published to include PHY and MAC layer enhancements for
broadband services and monitoring applications in Advanced WRANs (A-WRANSs)
through an additional PHY mode and additional functionalities of multi-hop relay,
multiple channel operations and multiple-input-multiple-output (MIMO) operations
and advanced security [110].

The IEEE 802.22 protocol reference model includes a cognitive plane in addition to
the usual data plane and management /control plane. Figure 3.2 is an illustration of the
cognitive plane. The cognitive PHY layer has three functions: data communications,
spectrum sensing and geo-location. The MAC layer provides mechanisms for flexible
and efficient data transmission and supports cognitive control mechanisms for reliable

protection of licensed service and self-coexistence among IEEE 802.22 systems. The
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cognitive plane is comprised of the Spectrum Sensing Function (SSF) and Geo-location
(GL) functions at the PHY layer and the Spectrum Manager (SM), Spectrum Sensing
Automation (SSA) functions and a dedicated security sub-layer at the MAC Layer.
The SM entity shall reside at the MAC layer of the BS and shall maintain spec-
trum availability information, manage channel lists of backup and candidate channels,
manage scheduling of quiet periods for CPEs to perform in-band spectrum sensing, and
shall implement coexistence mechanisms. To fulfil these functions, the SM shall use
input from SSF, GL and white space spectrum database as well as local regulations
and any predefined SM policies. The SM shall make a decision on the the necessary
configuration parameters to the MAC which shall in turn remotely reconfigure all the
registered CPEs. The SSA entity shall reside at the BS and the CPE and shall imple-
ment procedures for out-of-band sensing of the RF environment. The security sub-layer
at the cognitive plane enhances the security of the cognitive-based radio access besides

the security sub-layer at the data plane.

TVWS geolocation
spectrum database

. . A
Location Information Available channels

._Channel Information
Sensing Reports
Location Information

Spectrum Manager and Spectrum
Sensing Automation

Spectrum Sensing Automation

N

I f ]
: ! i !
i | | :
I
: | i ;
i i | i
: : , !
| | | |
I . I
| Location Occupied Sensing ] | Location ) . |
I .
i Information : ] " : Occupied Sensing |
: Channels Instructions i i nformation Channels Control |
| ] I :
i PHY | | i PHY | |
]
| e e =
| GL SSF ! ; GL SSF |
I I I I
e e e =
I
| 8o22Basestation | ] 802.22 CPE |

Notes:
GL — Geo-location function
SSF — Spectrum Sensing Function

Figure 3.2: Reference Model for the IEEE 802.22 Cognitive Plane.
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An TEEE 802.22 air interface is required to coexist with not only licensed services
but also with other IEEE 802.22 radios such that multiple IEEE 802.22 BSs and CPEs
that operate in the same vicinity do not interfere with one another. In IEEE 802.22
networks, interference is further aggravated by the fact that their coverage range can
potentially go up to 100 km, and hence the interference range and impact on other
co-located IEEE 802.22 cells is larger than in any other existing unlicensed technology.

The MAC layer uses the Coexistence Beacon Protocol (CBP) as transport mecha-
nism for the following inter-WRAN self-coexistence elements: spectrum etiquette and
on-demand frame contention. When a BS is powered on, it performs BS network dis-
covery followed by spectrum etiquette process for channel acquisition. If an exclusive
operating channel is available, the BS starts operation in the normal mode of data
services. If no exclusive channel is available, the BS selects a channel occupied by
one or more WRANSs and checks if the potential interference is from BSs only or from
both BSs and CPEs. The BS has the following options for self-coexistence mecha-
nisms: downstream/upstream split adjustment mechanism if interference comes only
from other BSs, otherwise if it comes from the CPEs, it performs on-demand-frame
contention with neighbour WRANSs on the selected channel by accessing a contention-

based self-coexistence window.

3.3.1.3 IEEE 802.11 Standard: Wireless LAN

The 2016 revision of the 802.11 standard [19] is a compilation in one document of the
802.11 standard for wireless local area networks operating in 6 different bands and all
the revisions that were released before 2016, including the 802.11af-2013: Television
White Spaces (TVWS) operation (Amendment 5) [111]. In this review, the focus is on
clause 22 of the 802.11-16 standard, which specifies the TVHT PHY entity based on
Orthogonal Frequency-Division Multiplexing (OFDM), which in this thesis is referred
to as IEFEE 802.11 TVHT.

The Basic Channel Unit (BCU) is defined as a 6 MHz, 7 MHz, or 8 MHz TV channel,
depending on the applicable regulatory domain. Multi-channel operation is optional

for two contiguous or non-contiguous BCUs (TVHT 2W or TVHT W+W), or four con-
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tiguous BCUs (TVHT 4W) or two non-contiguous frequency elements, each of which
comprises two contiguous BCUs (TVHT 2W+2W). The media access method that shall
be implemented in a node (therein called Station (STA)), is a Distributed Coordina-
tion Function (DCF)-based CSMA-CA. The standard specifies additional coordination
functions: Hybrid Coordination Function (HCF) which includes a QoS facility and
Mesh Coordination Function (MCF) that is usable only in mesh Wireless Local Area
Network (WLAN) networks.

The architecture of an 802.11 TVHT network operating in the TV white space
band is given in Figure 3.3. The main architectural components that sets apart TV
white space operation from other bands is the geo-location spectrum database which
provides information about TV channels that are available for use by secondary devices,
and which in this standard is referred to as Geo-location Database (GDB). The other
distinctive architectural element is the Radio Location Secure Server (RLSS) which acts
as a local database of the geo-location information and operating parameters for basic

service sets (BSSs) that are under its management. It also has access to the GDB.

GDD enabling STA (AP)

uh
829
&3

TVWS Geolocation Radio Location Secure Server GDD dependent STAs
Spectrum Database (RLSS)

K PAWS Protocol % 802.11 TVHT Protocol >’

Figure 3.3: Architecture of 802.11 TVHT networks.
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The standard defines an STA as any singly addressable MAC/PHY entity oper-
ating using the IEEE 802.11 radio system. STA operation that requires information
from the GDB for regulatory compliance is termed as a Geo-location Database De-
pendent (GDD) operation. A Geo-location Database Dependent (GDD) enabling STA
is required, according to the applicable local regulation, to access the GDB to obtain
information about available TV channels and the permitted power limits after submit-
ting its identification, geo-location, device parameters and other information specified
in the regulations. A GDD enabling STA has authority to control the operation of one
or more GDD dependent STAs.

3.3.1.4 IEEE 802.15.4 Standard: Low-Rate Wireless Networks

The 2015 revision of the 802.15.4 standard was created to consolidate all amendments
that were made after the 2011 version; which includes the 2014 amendment (802.15.4m)
that was published to define alternative PHY and MAC layers for low-rate, low-cost
and low-power wireless networks that operate in TVWS spectrum.

The standard specifies a super-frame format that has a Contention Access Period
(CAP) and Contention Free Period (CFP). During CAP, devices wishing to commu-
nicate shall use ether slotted CSMA-CA or ALOHA mechanism, as appropriate, to
coordinate access to the shared medium. The CFP is formed by portions of the active
super-frame that have been allocated as Guaranteed Time Slots (GTSs) to applications
that are QoS-conscious such as low latency applications or those that require specific
data bandwidth requirements.

Three types of PHY implementations are specified for TVWS operation: frequency
shift keying (TVWS-FSK PHY), OFDM (TVWS-OFDM PHY) and narrow-band OFDM
(TVWS-NB-OFDM PHY). The TVWS-FSK PHY shall use 2-level or 4-level FSK mod-
ulation. Six modes of BPSK, QPSK and 16-QAM modulation and coding schemes
are specified for TVWS-OFDM PHY and their corresponding supported data rates.
TVWS-NB-OFDM PHY has 9 modulation and coding scheme indices from BPSK 1/2
to 64-QAM 7/8.
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3.3.1.5 ECMA-392

This standard specifies the PHY layer and MAC sub-layer for personal /portable cogni-
tive wireless networks operating in the VHF /UHF TV broadcasting frequency bands,
which, according to international regulations, the extremes of the range of the TV
broadcast band is from 47 MHz to 910 MHz [21]. It also specifies a multiplexer (MUX)
sublayer to enable the coexistence of concurrently active higher layer protocols within
a single device. ECMA-392-compliant devices support at least one of the three device
types (master, peer, or slave) and at least one of the bandwidths (6, 7 or 8 MHz). The
PHY layer specifies OFDM implementation. Payload bits shall be mapped using any
of the 10 allowed modulation and coding schemes ranging from QPSK 1/2 to 64-QAM
5/6.

The MAC service functionality includes mechanisms for detection and protection of
licensed TV broadcast and wireless microphone services through access to a TV white
space spectrum database and spectrum sensing. The standard also provides for seamless
device operation using coordinated channel measurement, channel classification based
on either channel measurement report or channel availability information from the
white space spectrum database, or both, and transmission power control. Devices can
access the medium during the Data Transfer Period (DTP) using Channel Reservation
Protocol (CRP) or using Prioritised Contention Access (PCA). In PCA mode, which
is a prioritised CSMA-CA access mechanism, devices contend for access to the shared
medium based on traffic priority.

In master-slave network mode, the master device coordinates channel access. In
peer-to-peer network mode, channel access is coordinated using distributed beacon-
ing and channel reservation. Centralised and distributed self-coexistence protocol and
mechanisms are included in the standard to enable neighbouring networks to coordinate
sharing of the same channel. Distributed self-coexistence mechanisms include beacon
period merging or promoting a slave device to a beaconing device if it observes interfer-
ence from another network. Centralised coexistence mechanisms include merging two

networks into a single master-beacon network.
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3.3.2 CBRS

The CBRS ecosystem is expected to be characterised by radio access networks that
operate using heterogeneous RATs. Fixed wireless access (FWA) is the default use
case since licensed wireless broadband networks were already operating in this band
before CBRS was approved. The OnGo alliance is leading efforts for development of
4G LTE and 5G NR solutions for the CBRS band. The OnGo alliance specifications
for network architecture aim to allow both the traditional operator deployment model
and private network operation, including neutral host network deployment models [112].
The Wireless Innovation Forum (WInnForum) is taking a leading role in standardisation
of various aspects of the CBRS system, including software defined radios for operation
in CBRS. A field trial for a CBRS ecosystem governed by a SAS was studied in [113]
Federated Wireless, an approved SAS administrator, reported in April 2021 that use
of GAA spectrum has been growing exponentially: up to 120,000 CBSDs in just over
a year. They concluded that the extensive CBRS ecosytem development using GAA
spectrum led to the accelerated speed of Priority Access Licence (PAL) deployment
[114]. The FCC announced winning bidders of the auction of PAL spectrum in the 3550-
3650 MHz Band on 1st October 2020 [115]. SAS administrators would be able to offer a
secondary spectrum market for CBRS PAL holders to lease their spectrum throughout
the license area when they are not ready to deploy their network or to lease it for
temporary use in a partial geography. The FCC has set up rules to facilitate a paperless
secondary spectrum market, called “Light-Touch Leasing”, in order to conveniently

establish a “use-it-or-share it” principle for PAL holders [116].

3.4 Taxonomy of Coexistence Mechanisms

A proposed taxonomy that classifies coexistence mechanisms using a diverse set of
criteria as shown in Figure 3.4. The discussion of each category includes proposed

implementations from literature or technical specifications and the associated features.

63



79

Coexistence mechanisms of heterogeneous wireless networks

in TVWS and CBRS GAA shared spectrum.

e . Classification by coexistence Classification by coexistence
Classification by coexistence discovery method (CD) technique (CT)
mechanism’s system architecture (CA) y g
—»‘ Spectrum Sensing (CD-1) %—»‘ Busy tone broadcast signalling (CT-1) ‘

->‘ Autonomous (CA-1) ‘

—% Coexistence beacon signalling (CT-2) ‘

->‘ Collaborative (CA-2) ‘

Spectrum Sensing and Coexistence

. >
Information Database (CD-3)

Beacon signalling and dynamic quiet
period (CT-3)

->‘ Centralised (CA-3) ‘

Classification by coexistence
coordination medium (CCM)

L Centralised coexistence system (CT-1) ‘ B

Credit token-based coexistence
protocol (CT-4)

N

—ﬁ Coordination-media-free (CCM-1)

Listen-Before-Talk (CT-5)

—ﬁ Common standardised PHY (CCM-2) ‘ L >

Carrier sense adaptive transmission
(CT-6)

—ﬁ Backhaul internet (CCM-3) ‘ Ly

Blank subframe (CT-7)

Figure 3.4: Taxonomy of heterogeneous coexistence mechanisms.
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3.4.1 Classification by Coexistence Mechanism System Architecture

(CA)

The coexistence mechanisn system architecture attribute classifies implementations de-
pending on whether or not inter-network exchange of coexistence-related information

is required, and whether coexistence-related information is distributed or centralised.

3.4.1.1 Autonomous (CA-1)

Each network makes its own decisions about operating parameters and manages inter-
network interference mitigation based on local evaluation of channel quality. Thus,
implementation of autonomous coexistence mechanisms is characterised by low com-
plexity since inter-network coordination is not required. However, autonomous coex-
istence mechanisms by themselves do not result in overall optimal performance and
fairness due to lack of global knowledge of the RF environment and each network
alms at maximising its own performance without regard of the performance of other

networks.

3.4.1.2 Collaborative (CA-2)

In collaborative protocols, each coexisting network can make autonomous radio resource
allocation decisions, but makes use of coexistence information that is broadcast by other
coexisting networks via an inter-network communication channel. Such collaborative
coexistence protocols have also be referred to as distributed coexistence systems since
autonomous radio systems are connected to communicate directly and to coordinate
using a distribution medium.

Collaborative coexistence mechanisms are more likely to achieve more efficient co-
existence decisions than non-collaborative mechanisms owing to broader knowledge of
their radio environment through information sharing. Information exchange happens
directly or indirectly between networks. Decision making capability is implemented in
radio hardware that is responsible for initiating a network such as a base station or an

access point.
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The shared spectrum ecosystem is anticipated to be characterised by multiple oper-
ators, multiple RANs and multiple RATSs. In such a radio environment, collaboration
becomes complex. The following are the key challenges that would require expensive
and complex modifications to the radios and wireless protocols [22]: (a) collaborative
coexistence requires common control channel(s) for exchange of coexistence-related in-
formation between heterogeneous networks and they generate a lot of overheads as a
result of the information exchange between networks, (b) implementation of collabora-
tive coexistence strategies that enable sharing of a channel on frame reservation basis
across heterogeneous networks would only be possible if time synchronisation can be
achieved across all participating networks, which is a challenging problem [22].

Tight synchronisation is complex to implement among heterogeneous networks that
use different wireless protocols. For instance, whereas it may be possible to keep tight
synchronisation within an IEEE 802.22 network or across different IEEE 802.22 net-
works, it may not be possible to include IEEE 802.11 TVHT personal /portable net-
works unless all systems and protocols are based on a universal reference clock [22].
Thus, in both [117] and [118], the papers propose channel-based reservation for data
communication channels, as opposed to frame-based reservation. In [117], frame-based
communication is proposed for the control channel only because it is accessed using
a common RAT. In [118], time synchronisation is avoided all together in the control
channel by opting for a contention-based access method instead.

Other challenges regarding direct coordination between heterogeneous, independently-
owned wireless networks are related to conflict of interest issues and customer privacy

concerns.

3.4.1.3 Centralised (CA-3)

In centralised coexistence mechanism, exchange of coexistence-related information hap-
pens indirectly through a central database. Such schemes require infrastructure for
centrally-collected information and each participating network requires access to the
central database, e.g. through backhaul internet. The advantage of this approach is

that a common standardised radio is not required since exchange of information hap-
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pens using an Internet Protocol (IP) connection. However, this approach can only be
effective if all networks in the environment subscribe to the coexistence information
database. Hence, the centralised coexistence system that is proposed in [117] still re-
quires a common RAT for the purpose of detecting networks that are not subscribed
to the centralised coexistence information database. The drawback of this approach is
the additional requirement for database infrastructure and a backhaul IP connection
to access the database. Furthermore, in areas where internet infrastructure is either
non-existent or slow, performance of the centralised coexistence mechanisms is likely
to be affected. This can be mitigated by having the physical location of the database
as close to the subscribed networks as possible and by using delay-tolerant networking

techniques.

3.4.2 Classification by Coexistence Coordination Medium (CCM)

This attribute classifies solutions based on the type of interface that is used to exchange

coexistence-related information, which determines the design of the solution.

3.4.2.1 Coordination-Media-Free (CCM-1)

In autonomous coexistence mechanisms (CA-1), there is no need for a coordination

media since coexisting networks do not exchange any coexistence-related information.

3.4.2.2 Common Standardised PHY (CCM-2)

Coexistence-related information that is conveyed using the air interface can only be
decoded by networks that use the same wireless protocol. The common control channel
can be provided through a common PHY channel [119]. Heterogeneous networks that
collaborate via a PHY channel therefore require additional radio hardware in terms of
a common standardised RAT besides their native RATs. An in-band or out-of-band
wireless channel may be dynamically designated as a common control channel for the
purpose of information exchange [99]. However, reception of signals from the common

control channel is subject to other features such as topology.
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3.4.2.3 Backhaul Internet (CCM-3)

Indirect information exchange via internet access to a coexistence information database
is one way of working around the challenge of inter-network communication between
networks that operate using heterogeneous wireless technologies. This method is prob-
ably a natural means of information exchange in DSA systems, particularly TVWS and
CBRS systems, because the regulatory frameworks already require a master device to

have an IP backhaul connection and to have capability for database access [10,15].

3.5 State-of-the-Art Heterogeneous Coexistence Mecha-

nisms

The most common problems that affect performance of contention-based coexistence
protocols when more than one transmitter-receiver pair share the same channel are
hidden node collision and exposed node problems. Research on RAT-dependent coex-
istence mechanisms has focused on resolving these two problems.

The hidden node collision problem occurs when a transmitter is visible from its
receiver node but hidden from another transmitter that is visible from the same re-
ceiver. When the two transmitters transmit simultaneously on the same channel, the
transmissions would collide at the receiver. Consider the illustration in Figure 3.5. The
802.11 TVHT AP is close to the 802.22 CPE but far away from the the 802.22 BS.
If the 802.11 TVHT AP cannot sense transmissions from the 802.22 BS, it may be a
hidden terminal to the 802.22 CPE.

On the other hand, the exposed node problem happens where a transmitter that
senses the activity of another transmitter cannot transmit even though their destined
receivers are outside the transmission range of each other. Consider the illustration
in Figure 3.5. If the 802.11 TVHT AP is able to detect the signal from the 802.22
BS, the 802.11 TVHT AP cannot transmit when the high-power 802.22 base station is
transmitting, even when transmissions from the low-power 802.11 TVHT AP may not
interfere with the 802.22 CPE which has a directional antenna. The 802.22 BS then
becomes an exposed node to the 802.11 TVHT node.
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Figure 3.5: Illustration of hidden and exposed node.

Mechanisms have been adopted to address the hidden and exposed node problems in
homogeneous networks, such as handshaking using RT'S/CTS control packets. However,
in heterogeneous environments, the handshaking procedures cannot work because the
co-located networks use different air interfaces and therefore cannot understand each
other’s control messages.

Fair access to spectrum is another problem which is experienced when contention-
based and frame-scheduling-based RATs operate in shared spectrum. For instance, the
studies in [26,31] showed that Wi-Fi networks experience spectrum starvation in the
presence of LTE networks. Coexistence between contention-based network technologies
and frame scheduling-based RAT's has received attention, probably because these are
the most common media access control techniques.

Mapping of the surveyed papers to the taxonomy is given in Table 3.4. The surveyed
techniques are analysed by investigating the coexistence scenarios and constraints that
are addressed, and the strengths and weaknesses of the approach. The surveyed papers

are classified based on the coexistence discovery method, CD-1 or CD-2.
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Chapter 3. Heterogeneous Coexistence Mechanisms

3.5.1 Spectrum Sensing (CD-1)

Note that the discussion on spectrum sensing mechanisms is restricted to detection
of coexisting secondary user networks, and not primary users, since in the spectrum
bands that this survey is targeting, primary users are protected by the regulator-
approved spectrum database. In autonomous coexistence mechanisms, a network scans
the spectrum to detect transmissions from coexisting networks [82], whereas in collabo-
rative coexistence mechanisms networks facilitate cooperative sensing and exchange of
coexistence-related information, in the form of coexistence beacons, in-band or out-of-
band [117]. The surveyed papers are classified according to the coexistence technique

(CT).

3.5.1.1 Busy Tone Broadcast Signalling (CD-1:CT-1)

A busy tone-based coexistence method has been suggested as a simple but effective
method for ensuring coexistence between IEEE 802.22 WRAN and 802.11 TVHT net-
works. In this method, when the 802.22 network is transmitting, its receiver nodes
can broadcast low-power busy tone signals using the sensing antenna to announce to
neighbour networks that the frequency is occupied. The assumption in this approach is
that, since IEEE 802.22 WRAN radio systems have simultaneous transmit and receive
capability, the inherent self-cancellation technology can suppress the self-interference
from the busy-tone.

This method was first studied in [32]. The authors propose that, when an IEEE
802.22 CPE is receiving packets from the 802.22 BS using its directional TX/RX an-
tenna, it simultaneously transmits a low-power (100 mW) busy-tone signal using the
omni-directional sensing antenna. The IEEE 802.22 CPE would no longer be a hidden
node to the nearby 802.11 TVHT nodes since they can detect the busy-tone signal using
CSMA-CA and would not transmit. Additionally, the IEEE 802.11 TVHT nodes would
be able to differentiate between the much stronger signal from the IEEE 802.22 BS and
the weak busy-tone signal and thus detect the exposed IEEE 802.22 BS node using

an algorithm. The study simulated feasibility of the framework and results showed
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increased spectrum utilisation as a result of the coexistence scheme. There are two
limitations of this research. In the IEEE 802.11 TVHT network, only the AP had the
capability to detect the busy tone signal. As such, client nodes could still interfere with
the IEEE 802.22 network transmissions. Moreover, an indoor path loss model was used
for an outdoor environment resulting in unrealistic values for interference power.

The study in [30] addressed the limitations of the study in [32]. An extended busy
tone coexistence protocol between IEEE 802.22 WRAN and 802.11 WLAN TVWS net-
works was analysed and simulated for different transmission ranges and under realistic
conditions. The HATA path loss model for rural outdoor environments was used. In-
stead of only the IEEE 802.22 TVHT APs detecting the busy tone signal, their clients
also had capability to listen for the busy tone signal and to convey their assessments to
the AP. The results of the coexistence algorithm showed that the protocol can enable
considerable reduction of interference without significant reduction in throughput.

In another study, the authors went further to analyse an extended busy tone co-
existence algorithm for scenarios of different IEEE 802.11 TVHT client distributions
experiencing log-normal shadowing [29]. The results showed that IEEE 802.11 TVHT
WLAN node could reliably detect the busy signal and would move to a different channel
to avoid interfering with the IEEE 802.22 WRAN nodes.

3.5.1.2 Coexistence Beacon Signalling (CD-1:CT-2)

A distributed coexistence system was proposed in [117]. This architecture implements
inter-network coordination using coexistence beacons that are broadcast in a broad-
cast channel by each neighbouring network during the coexistence window. In this
framework, when a BS or AP wants to initiate a network, it must identify which of the
available channels has already been selected as a broadcast channel by already operat-
ing neighbour networks. The initiating network switches to the common RAT to listen
for beacons of the available networks during the coexistence window. The coexistence
beacon contains specific coexistence information such as geo-location, spectrum utilisa-
tion, transmit power, interference range. The initiating network selects the broadcast

channel which is being used by neighbours that are geographically closer using the
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geo-location information in the beacon. Based on the information collected from the
beacons during the coexistence window, the initiating network makes an autonomous
coexistence decision about which of the available TV channels to use during the com-
munication window. Unlike the broadcast channel, the selected communication channel
should not be shared by neighbour networks to avoid interference. The framework im-
plemented time-synchronisation based on absolute GPS time for timing of coexistence

and communication windows among all associated nodes.

3.5.1.3 Beacon Signalling and Dynamic Quiet Period (DQP) (CD-1:CT-3)

The studies in [29, 30, 32] addressed the hidden node collision at the receivers of the
IEEE 802.22 network only. However, packet collision can also occur at the receiver
of the IEEE 802.11 TVHT network when the IEEE 802.22 transmitter, which is an
“impolite” radio, starts to transmit before the IEEE802.11 TVHT transmitter has
finished transmitting its packets.

The study in [122] was aimed at resolving the collision problem at both the IEEE
802.22 and 802.11 TVHT receivers. Collision at the IEEE 802.22 receivers was miti-
gated by transmitting beacon signals during a small time fraction at the beginning of
every time slot. During the beaconing fraction of the time slot, the IEEE 802.22 trans-
mitter would stop transmitting to allow the IEEE 802.22 receiver to to emit beacon
signals which can be detected by IEEE 802.11 TVHT transmitters. The study also ad-
dressed collision at the 802.11 TVHT receivers that could happen when an IEEE 802.22
transmitter starts transmitting at the end of a scheduled quiet period while the IEEE
802.11 TVHT receiver is still receiving packets from a transmission that started during
the quiet period. They proposed a collision avoidance algorithm for Time Division
Multiple Access (TDMA) networks to prevent ongoing IEEE 802.11 TVHT transmis-
sions from continuing beyond the scheduled quiet period by dynamically initiating an
early termination of the quiet period immediately after detecting CSMA-CA Acknowl-
edgement (ACK) packets. The IEEE 802.22 network initiates the early termination of
quiet period by transmitting beacons and the IEEE 802.11 TVHT receiver would stop

accessing the channel once it detects the beacons. The study assumed that the IEEE
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802.22 network is registered with an IEEE 802.19.1-based coexistence system that is
responsible for synchronisation of their clocks and scheduling of transmissions via the
IEEE 802.19.1 interface, but there is no direct communication between the IEEE 802.22
and 802.11 networks.

3.5.1.4 Credit Token-Based Coexistence Protocol (CD-1:CT-4)

A distributed system architecture is proposed in [118]. It proposes implementation of
a common RAT and common control channel for exchange of control messages among
the coexisting networks. This system avoids the need for time-synchronisation for ac-
cess control to the common control channel. Instead it proposes a contention-based
MAC such as CSMA-CA for access control to the common control channel and to
deal with control message collisions. This framework proposes a coexistence frame-
work based on channel reservation of white space channels for data communication
channels, rather than frame reservation because it is challenging to implement tight
synchronisation between heterogeneous networks. The channel reservation process is
coordinated via the back-haul internet connection of the master device. When a net-
work has unused spectrum among its reserved channels, it can offer the fallow spectrum
to networks that require extra spectrum through a non-monetary auction based on the
credit-token-based coexistence protocol (CT-CXP), which is specified in IEEE 802.16h

(this standard has now been superseded).

3.5.1.5 Listen-Before-Talk (CD-1:CT-5)

Cognitive radios typically adopt sense-before-talk strategy to detect the presence of
incumbents. When incumbent protection is handled by the geo-location database, the
cognitive radio would only have to handle interference from coexisting heterogeneous
secondary networks. In [127], an optimal coexistence strategy for ad hoc cognitive
networks operating in TVWS spectrum is proposed. The channel selection process
models the achievable data rate on a channel as the reward and the time spent in
sensing the available channels to assess interference as the cost. An autonomous self-

coexistence decision making algorithm based on game theory is proposed in [128]. The
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problem of self-coexistence is modelled as a non-cooperative congestion-averse game
between secondary cognitive networks.

The 3GPP requires that LTE-U should use LBT mechanisms to coexist fairly with
other network technologies, such as Wi-Fi, in unlicensed spectrum [81]. Suitability of
LBT channel access mechanism for networks based on LTE technology operating in
GAA CBRS spectrum was assessed in [82]. The test scenario considered an outdoor
deployment of low-power Category A and high-power Category B CBSDs in order to
study the impact of asymmetric operating power situations on LBT-based coexistence.
As per FCC specifications, the difference in maximum EIRP between the two categories
of CBSDs is 17 dB [23]. Thus, if Category A CBSDs transmit using an EIRP level
that is lower than the maximum, the difference in power could be greater than this.
Performance was measured in terms of mean DL object data rate per user and total
served traffic per operator per AP. Performance evaluation results showed that the
mechanism is most effective when the GAA ecosystem is comprised of low-power CBSDs
only, all operating at 24 dBm. When the deployment scenario comprises low-power
CBSDs operating at 24 dBm and high-power CBSDs operating at 34 dBm, representing
10 dB power asymmetry on both UL and DL, a drop in performance is observed. This
is because, high-power CBSDs have a longer communication/interference range than
low-power CBSDs and therefore a higher number of neighbour CBSDs would detect
their transmissions and backoff. This reduces opportunities for spatial-reuse of the
channels, hence degrades the overall throughput. The authors therefore conclude that,
in scenarios of asymmetric operating power, interference mitigation could be more
effective if LBT is combined with coordinated channel allocation in such a way that
GAA CBSDs with highly asymmetric power are not allocated overlapping channels [82].

Studies on coexistence of LTE and Wi-Fi have therefore concentrated on design of
LBT features to achieve the objective of fair access to spectrum for Wi-Fi networks in
the presence of LTE networks. Some of the features proposed include: (a) LBT with
random backoff in a contention of variable size [130-132], (b) frame-based LBT [133],
(¢) synchronous LBT, in which frame boundary of licensed and unlicensed carrier is

synchronized to enable modified use of existing co-ordination methods such as enhanced
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Inter-Cell Interference Coordination (eICIC) [134], (d) LBT with RT'S/CTS [135].

An LBT scheme that employs machine learning to allow opportunistic access to
licensed CBRS spectrum and maximise spatial reuse of spectrum while minimising
harmful interference to higher-tiers is proposed in [129]. The authors propose a re-
inforcement QQ-learning technique to adapt an energy-detection threshold (EDT) for

carrier sensing based on the spectrum observations of GAA secondary user radios.

3.5.1.6 Carrier Sense Adaptive Transmission (CD-1:CT-6)

The patent in [124] describes systems and methods for Carrier Sense Adaptive Trans-
mission (CSAT) and related operations, which are aimed at mitigating interference
between coexisting RAT standards. This is achieved through dynamic adaptation of
certain parameters of a given CSAT communication scheme based on received signals
and spectrum utilisation of the radio devices that are transmitting in shared spectrum
using the RAT that requires interference protection.

CSAT is earmarked for LTE-U to facilitate its coexistence with Wi-Fi in the same
licence-exempt band. This technique employs a duty cycling approach combined with
CSAT to determine the duty cycle of LTE-U based on Wi-Fi occupancy. The study
in [126] showed that, when optimally configured, CSAT is capable of providing the
same level of throughput fairness to Wi-Fi as LBT would do. The impact of CSAT on
AP-client association fairness was studied in [125]. The study concluded that energy-
based CSAT will take a much longer time to scale back the duty cycle when Wi-Fi APs
want to switch to the same channel due to beacon drops and delays in the reception.
Hence, in order to maintain association fairness with Wi-Fi, the authors propose that
the maximum duty cycle of LTE-U BS should be reduced from 95% to not more than

80% even if the channel is sensed to be vacant.

3.5.1.7 Allocation of Channel Time (CD-1:CT-7)

The study in [121] proposes allocation of only a fraction of time for the LTE to access
the bandwidth, as a form of LTE-U duty cycling, in order to give WLAN networks a

chance to transmit. However, this method is not efficient because, since it is based on
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static transmission time intervals, the LTE network would be muted even when the
bandwidth is idle, including the times when WLAN networks backoff after a collision
since transmitting during the backoff period would not impact WLAN performance.
A proportional fair allocation scheme is proposed in [120]. All the nodes that
are competing for the same bandwidth are assigned equal channel times, including
idle times. The scheme can be implemented without inter-RAT coordination and no
changes are required to the WiFi standard. The LTE network obtains the parameter
values that are required for computing optimal probability to access the channel and

transmission duration through channel monitoring.

3.5.1.8 Blank Subframes (CD-1:CT-8)

Almost Blank Subframes (ABSs) are LTE subframes during which a macro BS trans-
mits only control channels and cell-specific reference signals with reduced power, but
no user data. ABSs are an important part of enhanced Inter-Cell Interference Coordi-
nation (eICIC) in the 3GPP standard because pico BSs can have no interference from
macro BSs during these periods [136]. ABSs offer a practical way of implementing
LTE-U duty cycling.

The authors in [31,123] propose a modified version of ABS, called Blank Subframe
or null subframe, in which no LTE control channels and cell-specific reference signals are
transmitted to enable coexistence with Wi-Fi. LTE throughput is expected to decrease
almost proportionally to the number of blank subframes and a trade-off must be estab-
lished. However, if Wi-Fi transmissions are not completely aligned with the duration
of the LTE silent periods, LTE performance degradation may be observed when Wi-Fi
transmissions carry on beyond the duration of the blank subframe and interfere with
LTE transmissions, especially when blank subframes are not adjacent. Hence, there
is need for collaboration between the two wireless protocols. One possible solution is
for the LTE node to report the duration and occurrence of its blank subframes to the
Wi-Fi nodes as part of a negotiation process, so that Wi-Fi nodes might be able to

effectively confine their transmissions within the LTE silent period [31].
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3.5.2 Spectrum Sensing and Coexistence Information Database

(CD-2)
3.5.2.1 Centralised Coexistence System (CD-2:CT1)

A centralised coexistence framework was proposed in [117], whereby information ex-
change between subscribed networks was implemented through the internet, by way
of access to a coexistence information database. Additionally, the BS or AP was a
multi-radio equipment which enabled it to detect un-subscribed networks by switching
to a standardised RAT and searching for user signature in their packets. The BS or AP
also had decision-making capability to identify coexistence opportunities and to make
autonomous coexistence decisions. The BS or AP would initially access the secondary
spectrum utilisation database to acquire operational information of other subscribed
networks. Based on this information, it makes a preliminary autonomous coexistence
decision regarding which TV channel to use. It then switches to that channel and uses
the common RAT to detect the presence of any un-subscribed networks, after which it
makes the final coexistence decision and uploads its decision to the coexistence infor-

mation database.

3.6 Challenges of Heterogeneous Coexistence Mechanisms

Autonomous coexistence mechanisms by themselves may not achieve adequate hetero-
geneous interference mitigation and efficient spectrum utilisation due to their knowledge
being only local, rather than, global and due to their best-effort nature. Such mecha-
nisms are sufficient when the channel load is not excessive. For instance, in LBT, as
the number of contending nodes increases, a significant fraction of the time is spent
in the collision state which reduces the time spent on actual data transmission, which
effectively decreases the throughput.

Although collaborative coexistence mechanisms may result in better interference
mitigation and spectrum utilisation than autonomous coexistence protocols due to

global knowledge of the RF environment, they are often limited to certain coexis-
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tence scenarios, such as when all networks in the system support the same coexistence
protocol and when the network density is not excessive for the available channels [27].

Sustainability of MAC/PHY-based coexistence mechanisms is probably the main
drawback since it is a radio-technology-dependent approach and technology evolves
from time to time. Surveyed papers have focused on coexistence between IEEE 802.22
and 802.11 networks in TVWS [29,30,32,117,118,122], and between LTE-U and Wi-
Fi in TVWS, 5 GHz or CBRS GAA spectrum [31, 82, 123-126], because these are
expected to be the most prevalent technologies. However, this approach generally
requires N2 solutions between all the radio technology pairs, where N is the number
of radio technologies [46]. Technology is changing rapidly such that such solutions can
be short-lived. Furthermore, new technologies could be introduced to meet specific use
cases.

Nonetheless, autonomous and collaborative heterogeneous coexistence mechanisms
could be exploited in centralised frequency coordination or coexistence mediators, which
utilise intelligent coexistence decision-making to optimise interference mitigation and
spectrum utilisation, rather than leaving the networks to fight for spectrum among

themselves.

3.7 Potential Application of Hypergraph Theory in

Heterogeneous Coexistence Mechanisms

Two potential areas of application of hypergraph theory in coexistence mechanism are
envisioned: at the data storage layer, where coexistence-related information is stored,
and at the application layer, where coexistence decisions and channel allocation are

computed.

3.7.1 Database Model

As per the survey in Section 3.5, use of databases in the architecture of coexistence
mechanisms has been proposed to overcome the challenge of inter-network communica-

tion. Databases can be used as a means of indirect exchange of coexistence information
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between networks that cannot communicate directly due to incompatible wireless pro-
tocols. Coexistence mechanisms, such as modified LBT and CSAT require dynamic
adaptation of certain coexistence-related parameters in order to optimise performance
of the coexistence mechanism. Machine learning techniques have been proposed to im-
plement dynamic adjustment of certain features of the coexistence mechanisms. Such
machine learning algorithms would make decisions using learning databases. It is en-
visioned that the data would involve complex multiple relationships that can be repre-
sented sufficiently using a hypergraph data model. A relational database management
system, in which data structure is based on tables, may not be suitable for multiple
relationships. On the other hand, the hypergraph data model has found application
in modelling of complex relationships in knowledge databases and learning databases.
For instance, TypeDB (previously known as Grakn) is a distributed, hyper-relational

database solution which was launched in 2016 for managing complex data [137].

3.7.2 Coordinated Channel Allocation

The 3GPP specifies that LTE-U should use LBT mechanisms to coexist fairly with
other network technologies, such as Wi-Fi, in unlicensed spectrum [81]. However, due
to the difference in transmit power between the two network technologies, low-power
Wi-Fi networks are likely to sense high-power LTE-U transmissions and back-off, thus
reducing opportunities for spatial re-use of channels. Similarly, the authors in [82], who
studied the suitability of LBT in scenarios of asymmetric operating power among GAA
CBSDs, concluded that coexistence could be more effective if LBT is combined with
coordinated channel allocation in such a way that GAA CBSDs with highly asymmetric
power are not allocated overlapping channels [82]. Modelling of coordinated channel al-
location would involve multiple relationships such as groups of coexistent networks that
can effectively coordinate access to shared spectrum and therefore could be allocated
overlapping channels. Such multiple relationships could be modelled using hypergraph
theory. Application of hypergraph theory in modelling coordinated channel allocation

is discussed further in Chapters 5 and 6.
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3.8 Chapter Summary

This chapter has analysed state-of-the-art coexistence mechanisms as one of the solu-
tions to minimise interference and maximise spectrum utilisation among heterogeneous
wireless networks. Autonomous coexistence mechanisms are not sufficient due to their
local knowledge and best effort nature. Collaborative mechanisms require modifications
to the radio standard to meet the requirements for inter-RAT communication and
time-synchronisation. Furthermore, both autonomous and collaborative mechanisms
are specific to particular standards. However, technology is changing rapidly such that
such solutions could be short-lived when new technologies would be introduced to meet
specific use cases. Nonetheless, autonomous and collaborative coexistence mechanisms
could be exploited in intelligent coexistence decision making functions.

The chapter has also discussed the potential use of hypergraph theory in modelling
coexistence information in coexistence mechanisms. Two potential areas of applica-
tion have been identified. First, hypergraph data models could be used to model
coexistence information databases and learning databases in machine learning-enabled
coexistence mechanisms. Second, hypergraph modelling could be used to model co-
ordinated channel allocation in coexistence mechanisms that require assigning non-
overlapping channels to networks that cannot effectively coexist. The next chapter
reviews technology-independent solutions for spectrum coordination and coexistence

management of heterogeneous wireless networks.
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Chapter 4

Coexistence Management and

Spectrum Coordination

4.1 Introduction

Coexistence management and spectrum coordination solutions have the potential to
provide a long-term and radio-technology-independent solution to heterogeneous coex-
istence through intelligent radio resource allocation that ensures mitigation of harmful
interference and maximisation of spectrum utilisation, among other objectives. The
contribution of this chapter is a survey of state-of-the-art solutions for coexistence
management and spectrum coordination in TVWS and CBRS GAA spectrum bands,
focusing on modelling techniques for solving the channel assignment problem. This is
followed by a discussion of research gaps that focuses on the suitability of hypergraph
theory in modelling multiple relationships for coexistence management and spectrum
coordination. Finally, the chapter contributes a high-level framework for development

of coexistence management applications that employ hypergraph modelling techniques.

4.2 Definition of Terms

This section provides the meanings of the key terms as used in this thesis. Coexis-

tence management refers to the function that is responsible for managing coexistence
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between two or more radio devices/networks which may operate using different wireless
protocols with incompatible coexistence mechanisms. PHY/MAC-based autonomous
and collaborative coexistence mechanisms may be exploited in coexistence manage-
ment to further improve spectrum utilisation by allowing networks that operate using
compatible PHY /MAC designs to share the same spectrum in the time domain. This
function could be implemented within a radio device or network, such as a base station,
or in a logical entity that does not take part in the communication process, such as a
database-assisted application system.

A group of radio devices/networks that are subscribed to the same coexistence
management entity form a coexistence group. Spectrum coordination is a high-level
solution that ensures that coexistence groups that have potential to interfere with each
other are allocated non-overlapping bandwidth. This function could be implemented

through a geo-location database system.

4.3 Comparison of Surveys

While coexistence management is not a new issue in wireless communication, the prob-
lem is more challenging in dynamic spectrum access due to a dynamic radio environ-
ment and fragmentation of available spectrum. Radio resource allocation research has
focused on finding solutions to accommodate as many spectrum requests as possible
when the available spectrum is not adequate to serve the aggregated demand for chan-
nels. Optimisation techniques have been used to formulate optimisation problems from
the the perspective of radio resource allocation.

Detailed surveys on radio resource allocation algorithms and optimisation tech-
niques for cognitive radio systems can be found in [138-141]. Unlike these surveys
which include techniques for interference protection of primary users in hierarchical
spectrum access systems as well as coexistence between secondary users which have
equal access rights, this survey is focused on the latter only because in TVWS, and
CBRS GAA spectrum bands, interference protection of primary and priority users is

covered by the geo-location spectrum database.
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4.4 Taxonomy of Coexistence Management and Spectrum

Coordination Solutions

The taxonomy used in this survey classifies the surveyed papers according to four
different criteria as illustrated in Figure 4.1. The solutions are classified according
to the following characteristics: (a) objectives, (b) coexistence discovery methods, (c)
spectrum re-use methods, and (d) problem solving approaches regarding radio resource

allocation.

4.4.1 Objectives (OBJ)

This attribute identifies the objectives of the spectrum coordination and coexistence
management scheme. The main objectives in assignment of the available spectrum to
secondary user networks are (a) spectrum utilisation maximisation (OBJ-1), and (b)
interference minimisation among secondary user networks (OBJ-2). Other objectives
include: (a) fairness optimisation (OBJ-3), (b) throughput maximisation (OBJ-4), (c)
stability of spectrum assignment (OBJ-5), (d) channel contiguity (OBJ-6), (e) energy
minimisation (OBJ-7), and (f) monetary or non-monetary revenue maximisation (OBJ-

8).

4.4.2 Coexistence Discovery Methods (CD)

This characteristic classifies the coexistence management solutions based on the method
used to collect information about other coexisting networks. The coexistence discovery
methods are classified into three categories: (a) RF spectrum measurements (CD-1),
(b) coexistence discovery database (CD-2) and (c)coexistence discovery database plus

RF spectrum measurements (CD-3).
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Coexistence management schemes that use spectrum monitoring measurements only
to gain knowledge required for coexistence management do not require communication
between coexisting networks. This approach is attractive for spectrum that is shared
between different operators and different wireless technologies because inter-network
communication presents technology compatibility, security and trust issues. Alterna-
tively, a coexistence discovery database can serve as the main source of coexistence in-
formation, while measurement reports from networks may serve as a secondary source.
The main disadvantage of this approach is the requirement for additional database in-
frastructure for exchange of coexistence-related information between networks and for
coexistence decision-making.

In shared spectrum, the RF environment may be composed of radio devices or net-
works that belong to to different operators, which raises security and privacy concerns.
However, the coexistence information database service can be provided by approved
spectrum database administrators as a value-added service on top of the obligated ser-
vice of providing lists of available channels. For instance, the characteristics of the
regulatory frameworks that make it easier to deploy centralised spectrum coordination

function include:

e Master devices are required to register their device parameters and channel usage
parameters with the database. This information provides input for the coexistence

information database,

e Master devices are IP-addressable and have a direct IP connection or an indirect
connection via a proxy, which is likely to be a robust connection and can be wire-
line infrastructure. This IP connection can be used for most of the messaging
between networks in order to reduce the overhead that is transmitted over the

air interface,

¢ A radio resource management database operated by a regulator-approved spec-
trum database operator may serve as a trusted means of sharing coexistence-
related information among different subscribing network operators. Since network

operators are required by regulation to register contact information and radio de-
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vice parameters with a regulator-approved spectrum database, indirect exchange
of coexistence-related information via the infrastructure of a regulator-approved
database operator stands a higher chance of being trusted by network operators
than direct exchange between different operators that may be unknown to each

other.

However, such independent spectrum managers can only be effective if all secondary
networks subscribe to the spectrum management service. Secondary networks need to
subscribe to the service and service fees may apply. It could be envisioned that the
benefits of spectrum coordination would attract most network operators to subscribe

to the service.

4.4.3 Spectrum Re-use Methods (SRM)

This attribute identifies the approach used to maximise spectrum utilisation. Spectrum
utilisation can be re-used in spatial (SRM-1), frequency (SRM-2) and time (SRM-
3) domains. Spectrum sharing using codes was not covered in the surveyed papers.
Spectrum sharing in the time domain on a frame basis, using frame scheduling, frame
reservation, or based on on-demand frame contention, requires time-synchronisation
and inter-network coordination, which is a challenge to implement across heterogeneous
network technologies. On the other hand, LBT mechanisms such as CSMA-CA allow

spectrum sharing in the time domain without direct coordination among the networks.

4.4.4 Problem Solving Approaches

The problem solving approach attribute identifies the method used to solve the radio
resource allocation problem in order to meet the objectives of the spectrum coordination
scheme. This attribute is further classified into two: (a) data model (DM), and (b)
radio resource allocation method (RRA).

The data model identifies the main method used to represent the RF-related at-
tributes of the coexisting networks such as radios, networks, and interference. It rep-

resents the data structure of the input to the radio resource allocation algorithm, e.g.
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interference constraints. The data models adopted by the state-of-the-art coexistence
solutions use graph theory (DM-1), hypergraph theory (DM-2) and ecology-inspired
optimisation (DM-3). A graph is a structure made of vertices and edges. Edges con-
nect pairs of vertices. When graphs are used to model spectrum allocation, a vertex
represents a radio device or network and an edge represents an interference relation-
ship. A hypergraph is a generalization of an undirected graph in which a hyperedge is
a subset of vertices of arbitrary cardinality rather than two-element subsets [86,88]. A
hyperedge is used to represent a group of radio devices that belong to the same net-
work. In ecology-inspired optimisation, behavioural ecology models that help predict
how an animal behaves when searching for food, are used to model how networks select
spectrum [142-144].

The radio resource allocation method represents the approach used to solve the
problem of determining an optimal assignment of the available spectrum to the coex-
istent networks such that spectrum utilisation is maximised, the coexistent networks
generate and receive minimum interference, among other objectives. Methods adopted
in the surveyed state-of-the-art coexistent management solutions include optimisation

problems, graph algorithms and machine learning techniques.

4.5 Coexistence Management Standards in TVWS and
CBRS GAA Spectrum

Spectrum coordination has the potential to provide a long-term and radio-technology-
independent solution to heterogeneous coexistence management since there is no re-
quirement for major modifications to the radio standard. There are published standards
for coexistence management in DSA systems that are based on the centralised dynamic
radio resource management approach. A separate spectrum management entity, al-
though not provided for in the current Ofcom and FCC TVWS regulatory frameworks,
has not been disallowed either. The IEEE released the 802.19.1 standard in 2014 to
guide development of wireless coexistence management of geo-location-capable devices

operating in TVWS, CBRS and 5 GHz bands. The database for coexistence-related
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information and coexistence decision-making is centralised, but decision-making about
which of the recommended channels to use can be autonomous, distributed or cen-
tralised.

As per sub-part 96.35 of the FCC rules in [23], GAA users operating Category B
CBSDs, which are high power devices, must cooperate in the selection and usage of the
available spectrum to minimise the potential for interference and maximise spectrum
utilisation. The Wireless Innovation Forum (WInnForum) published technical reports
for three RAT-agnostic approaches to GAA spectrum coordination in 2019 [36-38]. The
OnGo Alliance published the CBRSA-TS-2001 CBRS Coexistence Technical Specifica-
tions in 2020, focusing on Band 48 LTE-TDD using Frame Structure 2 (FS2) and
limited support for n48 NR-TDD deployment [39].

In the following sections, an overview of each of these technical standards and
specifications is presented. This is followed by a survey of RAT-independent coexistence

management implementations based on the standards.

4.5.1 IEEE 802.19.1 Wireless Network Coexistence Methods

In 2014, the IEEE released the 802.19.1 standard for network-based coexistence meth-
ods for dissimilar, independently operated networks to make the most effective use of
TVWS spectrum. The standard was revised in 2017 and in 2018 to make it applicable
to any WSD or geo-location capable radio device operating under general authorisation
in TVWS, in 5 GHz licence-exempt spectrum and in 3.5 GHz GAA spectrum [33-35].

The standard specifies a system architecture for the coexistence system as illustrated
in Figure 4.2. There are two entities that are external to the coexistence system. The
Spectrum Management Database (SMDB) refers to any regulator-approved database,
if required by the regulations for operation in the frequency band. White Space Ob-
ject (WSO) refers to a WSD or a network of WSDs. Geo-location Capable Object
(GCO) refers to a communication device or a network of communication devices that
has/have inbuilt capability to determine its/their geo-location. The Radio Location
Secure Server (RLSS) is a local database for IEEE 802.11 TVHT white space networks
and is described in Section 3.3.1.3.
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Figure 4.2: IEEE 802.19.1 System Architecture.

The scope of the coexistence system comprises four logical entities and seven logical
interfaces. SMDBs and WSOs are accessed via interfaces C and A respectively. The
Coexistence Manager (CM) uses the services of the Coexistence Discovery and Infor-
mation Server (CDIS) to discover and to get information about potential neighbour
nodes/networks via interface B2. The CM provides two kinds of services: information
or management service. A WSO or GCO that subscribes to information service is
only provided with available channels and expected interference levels from potential
neighbours. The WSO or GCO itself must decide which parameters to use for the best
performance. If a subscriber desires that the CM should make coexistence decisions
and should also reconfigure their WSOs or GCOs, then they have to subscribe to the
management service.

Coexistence Enabler (CE) is an interface element that represents one or multiple
similar WSOs or GCOs or RLSSs and facilitates communication between the CM and
the WSOs or GCOs or RLSSs via interfaces B1 and A, respectively. The standard
also provides mechanisms for information exchange between CMs within the same co-

existence system via interface B3. The Coordination Enabler (COE) is an interface

90



Chapter 4. Coexistence Management and Spectrum Coordination

element that represents one or several CMs via interface B4 and facilitates commu-
nication between CMs that belong to independently operated networks via interface
B5.

The standard specifies two types of coexistence algorithm: coexistence discovery and
coexistence decision. The CDIS uses coexistence discovery algorithms to discover WSOs
or GCOs that can interfere with each other and thus affect each other’s performance.
Coexistence decision algorithms are used by the CM to produce a coexistence report
or to arrive at a decision to reconfigure WSOs or GCOs in such a way that they
cause minimum harmful interference to each other. The standard also specifies three
decision making topologies among master and slave CMs: autonomous, distributed and
centralised. A CM may change its decision-making topology at any time.

The standard specifies that the all communication between the logical entities
of the coexistence system shall use Transmission Control Protocol/Internet Protocol
(TCP/IP). Implementations of all entities shall support both Secure Shell (SSH) and
Transport Layer Security (TLS) protocols. It also specifies several procedures for in-
teractions between the logical entities that are required to fulfil the task of coexistence
management.

There has been a number of studies in the literature to demonstrate proof of the
concept of IEEE 802.19.1 standard [77,117,119,145-149]. The standard leaves actual
implementation of the system to the industry [106]. To the best of the author’s knowl-
edge, there are no 802.19.1-compliant TVWS radio systems on the market to date.

The study in [117] showed that in the absence of coexistence systems, up to 92% of
the available spectrum is overlapped by neighbouring networks. It was shown in [145]
that performance improved when a coexistence system was introduced to reconfig-
ure heterogeneous networks that were interfering with each other. A simulation that
was conducted as verification of a TVWS coexistence system based on the P802.19.1!
showed that the coexistence system increased the throughput of the 802.11 networks by
30% when 30 network pairs were sharing three available TV channels [147]. The study

in [148] involved comparing network performance between a scenario that employed

!Draft version of the IEEE 802.19.1 standard
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an IEEE 802.19.1 coexistence system and another scenario that did not use any co-
existence system, but relied on spectrum sensing only. Performance evaluation results
showed that the gain of the coexistence system over the non-coexistence system was
significant, ranging from 20% to 100%.

The study in [150] proposed an implementation of a channel allocation algorithm
that is based on operating channel selection, which is specified in the 802.19.1 standard
for coexistence management. In this method, the CM updates channel availability
information as and when radios select operating channels from the list of available
channels. This information is used to determine which is the most suitable channel for
a particular radio. The test bed was implemented in such a manner that the 802.22
BSs were hidden nodes to the 802.11af APs (now called 802.11 TVHT). As such, the
802.11af APs would not back off when an 802.22 BSs was transmitting, which resulted
in degradation of upstream throughput of the 802.22 network due to a significant loss
of upstream allocation map data. The performance of the proposed channel allocation
algorithm was measured in terms of interference mitigation between IEEE 802.11af APs
and 802.22 BSs, which was evaluated by comparing throughput at the 802.22 CPEs
with and without the proposed 802.19.1 coexistence management service scheme. The
results demonstrated a significant throughput enhancement on the CPE of 802.22 BS

that was subscribed to the proposed 802.19.1 coexistence management service scheme.

4.5.2 WInnForum GAA Spectrum Coordination (GSC)

The WInnForum has published technical specifications for GAA Spectrum Coordina-
tion (GSC) among CBSDs operating in GAA spectrum in order to implement coexis-
tence management between the CBSDs [36-38]. The GSC function can be implemented
by SAS administrators to coordinate use of GAA spectrum. While Approach 1 [36]
considers bandwidth as the only resource to be allocated, Approach 2 [37] considers
lowering of transmit power to reduce the number of CBSDs that would interfere with
each other and then allocate non-overlapping spectrum to them. Approach 3 [38] is

aimed at maximising contiguous GAA spectrum assignment.
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Figure 4.3: Mlustration of specification of coexistence relationships in WInnForum GAA
Spectrum Coordination Function.

The technical specification specifies the following coexistence-related relationships
between CBSDs. A Coexistence Group (CxG) is a group of CBSDs that abide by a
common interference management policy which is used to coordinate their interference
within the group. CBSDs in a CxG could be managed by its own spectrum coordina-
tion entity, such as a CxM. An NEG is a group of CBSDs, belonging to the same CxG,
which can manage their own interference within the group, and therefore do not re-
quire channel orthogonalisation. A Common Node Group (CNG) is a group of CBSDs
that belong to the same NEG and all members of the CNG require the same channel
assignment. These relationships are illustrated in Figure 4.3.

Two types of spectrum coordination are specified: (a) inter-CxG coordination func-
tion, which makes decisions about coordination of spectrum use among CxGs, (b) intra-
CxG coordination function which manages spectrum use within a specific CxG [37].
Inter-CxG coordination function is managed by the SAS. If a CxG does not have its

own CxM for intra-CxG coordination function, it could relegate the function to the
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SAS. The GSC function creates a CBSD interference graph based on registration in-
formation of the CBSDs, service criteria, terrain and clutter data, and measurement
reports. Inter-CxG coordination function is aimed at allocating non-overlapping spec-
trum to CxGs whose CBSDs have potential to interfere. A connected set refers to a
set of CBSDs in which any two vertices are connected to each other through a path
in the interference graph. Vertex colouring algorithm is used to find the number of
colours required for each CxG in a connected set. A vertex colouring of a connected
set comprising 3 CxGs is illustrated in Figure 4.4.

Bandwidth allocation to a CxG is based on the ratio of its chromatic number to
the total chromatic number of the connected set. In the example given in Figure 4.4,
the chromatic numbers of CxG 1, CxG 2 and CxG 3 are 3, 3, and 2, respectively. The

total chromatic number is therefore equal to 8. Assuming a total available bandwidth

Xy

Interfering edge QO CBSDiInCxG1

................. Non-interfering edge ~ Z\ CBSD in CxG 2
[J CBSDinCxG3

Figure 4.4: Ilustration of vertex colouring of a connected set.
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of 160 MHz, CxG 1 and CxG 2 would be allocated 60 Megahertz (MHz) each, whereas
CxG 3 would be allocated 40 MHz.

4.5.3 CBRSA-TS-2001 CBRS Coexistence Technical Specifications

The CBRSA-TS-2001 CBRS coexistence technical specifications [39] specify implemen-
tation of a CxM to perform intra-CxG coordination function between and among CBRS
Alliance LTE-TDD and NR networks operating on GAA basis. The standard relegates
inter-CxG coexistence to the WInnForum GSC, which allocates bandwidth to the CxM.

This CxM is responsible for allocating the spectrum to all CBSD that have indicated
membership in the CxG. The CxM obtains coexistence-related information about the
CBSDs from the SAS to create a coverage overlap graph which represents interference
relationships between the CBSDs. The CxM then determines the chromatic number
of each connected set. The chromatic number is used to divide the spectrum that
is available to the connected set into orthogonal and equal primary channels. Each
vertex is assigned one of these channels corresponding to the colour of the vertex in the
graph. The CxM may increase the bandwidth allocation to a CBSD by assigning it any
spectrum or part thereof that does not overlap with the primary channel assignment

of any of its neighbour CBSDs.

4.6 State-of-the-Art Coexistence Management Solutions

The survey of state-of-the-art coexistence management solutions is classified according
to the problem solving approaches. Mapping of the surveyed papers to the classification
is presented in Table 4.1.

4.6.1 Graph Theory-based Models (DM-1)

4.6.1.1 Max-Min Optimization Problem (DM-1:RRA-1)

A coexistence management solution for heterogeneous networks operating in white
space spectrum is presented in [50]. An interference graph is used to model spec-

trum re-use. The bandwidth allocation problem is formulated as a max-min problem
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that seeks to maximise the minimum bandwidth allocated to all networks in order to
achieve fairness while maximising spectrum re-use as much as possible. The available
bandwidth is then divided into equal channels and each network is assigned a number

of channels according to the amount of bandwidth allocated to it.

4.6.1.2 Stochastic Recurrent Neural Network (DM-1:RRA-2)

In [160], an algorithm called Fair Algorithm for Coexistence decision making in TV
white space (FACT) is proposed. The inputs for coexistence decision making are: (1)
each network’s spectrum demand and (2) the weighted interference graph generated
from the output of an IEEE 802.29.1 CDIS, whereby nodes represent the TV Band
Device (TVBD) networks and edges connect networks that interfere with one another
and the weight of an edge shows the minimum frequency separation required to achieve
a threshold SINR at either of the networks connected by the edge. The following con-
straints are considered: (1) contiguity of channels, (2) interference, (3) fairness, (4)
channel allocation invariability and (5) transmission scheduling constraints. This set
of constraints is used to formulate the coexistence decision making problem as a multi-
objective combinatorial optimization problem. The optimization problem is modelled
as an energy minimization problem in a modified Boltzmann machine, which is a type
of stochastic recurrent neural network [161]. An algorithm to find a Pareto optimal
feasible solution is proposed [161]. A simulation scenario included 20 networks of 3
different types that are competing for different number of available channels. The
number of available channels varies between 1 and 20. The results showed that per-
formance of FACT is superior to the existing coexistence decision making algorithms
which have been proposed for IEEE 802.19.1, in terms of fairness, and percentage of
demand serviced [162,163].

4.6.1.3 Maximum Weighted Independent Set (DM-1:RRA-3) and Reward
and Utility Optimisation (DM-1:RRA-4)

In [157], a SAS-assisted, coexistence-aware, dynamic channel assignment for CBRS

GAA radios is presented. A radio-channel-pair conflict graph is used to model spa-
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tial channel availability, co-channel interference, adjacent channel interference, and
one-channel-assignment-per-radio constraint. A radio-channl-pair conflict graph is il-
lustrated in Figure 4.5a. A radio-channel-pair is represented as a tuple (i, C;) where
1 is the radio identity and C; is a set of channels that are available at the location of
radio 3.

A pair of radios that are connected by an edge, which means that they are within
each other carrier-sensing range, could be assigned the same channel when the channel

is available at the location of both radios. In order to include coexistence awareness in

Co-channel interference

Adjacent-channel interference
One-channel-assignment-per-radio constraint

¢ > Super node

.......... Co-channel interference inherited by super node

---------- One-channel-assignment-per-radio constraint
inherited by super-node

(b)

Figure 4.5: (a) radio-channel pair conflict graph, (b) coexistence-aware radio-channel
pair conflict graph.
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the graph, a super radio-channel pair is introduced to represent a pair of nodes that
can coexist on the same channel(s) using CSMA-CA mechanism and is modelled using
a super-node. In graph modelling, a super-node is a vertex with a large number of
edges that are incident on it. A coexistence-aware conflict is illustrated in Figure 4.5b.
The channel assignment problem is modelled as a conflict-free, max-demand channel
assignment with a min-demand constraint and is solved using an algorithm based on
maximum independent weighted set.

Further work from the authors of [157] using the same modelling technique of a
coexistence-aware radio-channel pair conflict graph is presented in [159]. This work
focused on optimisation of spectrum utilisation in a SAS-assisted, coexistence-aware,
dynamic channel assignment for CBRS PAL and GAA users. Like in [157], the problem
of GAA channel assignment is modelled as a radio-channel-pair conflict graph, but
unlike in [157], only two binary constraints are considered: co-channel interference
and one-channel-assignment-per-node constraint. Nodes that can coexist in the same
channel using CSMA-CA are represented by a super-radio-channel pair, as illustrated
in Figure 4.5. The channel assignment problem is formulated as maximum reward and

maximum utility problems.

4.6.1.4 Graph Colouring (DM-1:RRA-5)

The problem of coordinated spectrum allocation and coexistence management in CBRS-
SAS wireless networks is studied in [47]. Interference relationships are represented
by a graph and spectrum allocation is modelled using a graph colouring algorithm.
Aggregate interference is calculated for each node and if it violates the interference
constraint, the aggregate interference is eliminated by adding an edge in the interference
graph between the victim node and the most interfering node, or by reducing the
transmit power of the interfering nodes. To decrease spectrum fragmentation, the
paper proposes merging least-interfering colours in the graph to reduce the chromatic
number, however, the scheme does not explicitly consider groups of networks that can
coordinate interference management among themselves using compatible MAC/PHY

designs and therefore do not need non-overlapping spectrum.
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Performance studies of a GAA-GAA coexistence scheme in the CBRS band using
Approach 1 [36] of the WInnForum GAA spectrum coordination technical report are
presented in [155,156]. The purpose of the studies was to define performance metrics to
be used by operators and SAS administrators to evaluate proposed GSC schemes since
the WInnForum technical reports do not define any. The initial study in [155] did not
have any CxGs, and the later study in [156] was done to study the performance of a
GSC without CxGs as well as with different numbers of CxGs, in various configurations.
Interference was modelled using an interference graph and graph colouring was used
to find the chromatic number of each CxG. The chromatic number is used to partition
the available bandwidth between the CxGs according to the ratio of their chromatic
numbers to the total chromatic number.

A joint graph multi-colouring channel assignment for inter-RAT coexistence man-
agement of LTE and Wi-Fi through frequency and spatial diversity is proposed in [27].
Although frequency coordination improved the overall throughput of the networks, the
algorithm fails to exploit Wi-Fi CSMA operation in the joint channel assignment to fur-
ther improve spectrum utilization in the time domain through channel sharing among

Wi-Fi neighbour networks.

4.6.1.5 Recursive Clustering Algorithm (DM-1:RRA-6)

A performance study of a GAA-GAA coexistence scheme in the CBRS band using
Approach 3 [38] of the WInnForum GAA spectrum coordination technical report is
represented in [158]. The purpose of the study was to define performance metrics
to be used by operators and SAS administrators to evaluate proposed GSC schemes
since such metrics are not covered in the WInnForum technical report. The GSC
allocates bandwidth to each CxG. A recursive clustering algorithm is used to allocate
bandwidth to CBSDs in a Connected Set according to their cluster size. A CBSD that
is connected only to CBSDs belonging to the same CxG as itself belongs to cluster
size 1 and is allocated 100% of the allocated bandwidth. A CBSD that has edges to
CBSDs belonging to its own CxG and to one other CxG belongs to cluster size 2 and is

allocated 50% of the allocated bandwidth. This procedure is repeated recursively until
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@ Clustersize1 @ Clustersize2 @  Cluster size 3
Figure 4.6: Illustration of clustering of CBSDs in a connected set.

bandwidth is allocated to all CBSDs.

Consider the illustration in Figure 4.6. Assuming there is 30 MHz of bandwidth
available, all CBSDs of cluster size 1 would be allocated the full bandwidth (0-30 MHz).
The two CBSDs of cluster size 2 would each be allocated half the bandwidth, that is
0-15 MHz and 15-30 MHz. Finally, the three glsplCBSD of cluster size 3 would each
be allocated a third of the bandwidth, 0-10 MHz, 10-20 MHz and 20-30 MHz.

4.6.2 Hypergraph Theory-Based Models (DM-2)
4.6.2.1 Mixed Integer Program (DM-2:RRA1)

A centralised, measurement-based, spectrum management solution of heterogeneous
wireless networks is proposed in [46] to provide a solution to coexistence challenges
among heterogeneous wireless networks that cannot effectively coordinate access to a
shared medium by frequency-isolating incompatible networks. A hypergraph is used
to represent the structure of the RF environment such that the hypergraph can be
searched for specific relationships among the radios and conflict subgraphs can be de-
rived to realise spectrum assignment that ensures coexistence of heterogeneous wireless

networks. As illustrated in Section 2.11, a vertex represents a radio device, a hyper-
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edge represents radios that belong to the same network and require the same channel,
and an edge between a pair of vertices represents either a transmission link if the ver-
tices belong to the same hyperedge, otherwise it represents interference relationship.
A mixed integer program (MIP)-algorithm that uses the relationships from the hyper-
graph model to derive constraints and the conflict subgraphs and measurement metrics

to optimise the channel assignment.

4.6.3 Ecology-Inspired Optimisation Models (DM-3)
4.6.3.1 Optimal Foraging Theory (DM-3:RRA-1)

In [151], an architecture for enabling coexistence of H-CRNs, called SYMbiotic hetero-
geneous Coexistence ARchitecturE (SymCare), is proposed. Indirect communication
between the networks is implemented via an 802.19.1-based mediator system. The
channel selection algorithm is modelled using optimal foraging theory, which models
competition between animals of different species. The animals compete for the same
foraging resource in an ecosystem, without direct interactions between them, and in
such a way as to maximise their net energy intake per unit time, that is the difference
between the energy spent to access forage and the energy gained from the forage [143].
A TVWS channel is represented as a patch of forage resource, a network agent is rep-
resented by an animal and the selectivity of a channel in terms of least interference
is represented by the suitability of a patch. The solution employs ideal free distribu-
tion [164] to model a sequential allocation process whereby more animals are distributed
in patches with higher suitability. An equilibrium is reached when each animal max-
imises its own net energy intake by moving into the most suitable patch, which means,
in terms of channel selection, when each network select the channel in which it will

experience minimum interference.

4.6.3.2 Lotka-Volterra competition model (DM-3:RRA-2)

The Lotka—Volterra model is used to describe the dynamics of ecological systems in

which two species interact as predator and prey [144]. This model can theoretically
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predict the outcome of inter-specific competition between the two species [142]. This
model has been proposed for solving the problem of coexistence among H-CRNs in
TVWS [152-154]. The H-CRNs are represented by a biological ecosystem, while each
H-CRN represents a species. The population dynamics represent the dynamics of spec-
trum sharing. The design of the proposed solutions relies on an IEEE802.19.1 system
for indirect coordination among coexisting H-CRNs. In [154], an ecology-inspired spec-
trum sharing algorithm to achieve a weighted-fair spectrum sharing allocation among
H-CRNs is proposed. The work in [153] builds on the work in [154] by introducing a
QoS parameter and different mutual interference factors in the spectrum competition
model. Finally, the work in [152] introduces a Lotka—Volterra-based model discrete

non-linear control system for state feedback control.

4.7 Discussion of Research Gaps in Centralised Coexis-

tence Management Systems

The DSA ecosystem is characterised by multiple independent operators, multiple in-
dependent RANSs, and heterogeneous RATSs operating in the same spectrum band. To
facilitate management of such a diverse ecosystem, radio devices are required by reg-
ulation to be registered with a spectrum database operator that is approved by the
national regulator. During registration, operators are required to provide their contact
details and parameters of their devices that have a bearing on the RF environment
characteristics. The device parameters include network technology type, coverage area,
and installation parameters such as antenna geo-location, gain and height, radio trans-
mit power. The nodes are expected to operate under different transmission parameters
and policies according to the RAT configuration, regulatory policies, licence conditions
and operator policies.

Modelling of such an RF environment involves multiple relationships. In this thesis,
multiple relationships refers to relationships among multiple radio devices or networks,
as well as two or more connections between nodes. The discussion on research gaps is

therefore focused on RF environment modelling techniques for data representation of
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multiple relationships in the light of coordinated radio resource allocation and spectrum

sharing.

4.7.1 Representing Multiple Relationships in the RF Environment
Model

The focus of the discussion is on four types of relationships. The first relationship
identifies potential interference between nodes and provides constraints to the radio
resource allocation algorithm. While one-way/mutual interference is a relationship be-
tween two nodes, cumulative interference is received from multiple nodes. The second
relationship is network dependency among radios. This group is termed Common Node
Group (CNG) or Common Channel Group (CCG), which represents radio devices that
belong to the same network and provides constraints to the radio resource allocation
algorithm, ensuring that nodes within the same network are allocated uniform channels.
The third relationship is spectral coexistence, which identifies Interference Coordina-
tion Groups (ICGs), which are groups of radio devices/networks that can coordinate
interference within their groups when sharing the same spectral resources by using in-
herent MAC mechanisms. The last relationship identifies radios that are subscribed to
the same coexistence management entity such as radios in the same CxG. These four

types of relationships are illustrated in Figure 4.7.

4.7.1.1 Interference Relationships

Graph theory is conventionally used to represent one-way/mutual interference in RF
environment modelling. A vertex represents a node or a cell, and an edge exists between
vertices if the nodes or cells that are represented by these vertices have potential to
interfere when operating in the same channel. Cumulative interference from multiple
networks can be harmful to a victim node, although some of the networks may not
individually interfere with the victim network.

In [47], aggregate interference was represented by adding an edge between the victim
node and the most distorting node from the list of interferers that are not connected

to the victim node by an edge. Another potential approach to mitigating the impact
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of cumulative interference is to ensure that nodes that have been identified as cumula-
tive interferers to a victim node are not all assigned the same frequency as the victim
node [41,90,91,95,97,98]. As illustrated in Figure 2.10 on page 44 in Chapter 2, this
approach requires that groups of cumulative interferers are represented in the RF en-
vironment model in order to provide cumulative-interference-related constraints to the
radio resource allocation algorithm. As such, the concept of an edge in a traditional
graph, which is a two-element subset, is not sufficient to accurately represent cumula-
tive interference from multiple networks [40]. Hence, hypergraph theory was used to

represent cumulative interference in [41,90,91,95,97,98].

4.7.1.2 Network Dependency

In [46], a hypergraph model is used to represent the structure of the radio ecosystem

as illustrated in Figure 2.11 on page 48. Network dependency is modelled using a

CxG-1
e.g Spectrum

CxG-2

Coexistence
e.g Spectrum

management database-1 dntabase.
[

Spectral ICG-1 ICG-2

coexistence e.g. Operator-1 e.g. Operator-2
I
CCG-1 CCG-2

Network e.g. BS-1and its e.g. BS-2 and its

dependency CPEs. CPEs.
I

Potential

Interference Non-interferers,

one-way/mutual interferers,
and cumulative interferers

Registered
Radio devices

Figure 4.7: Illustration of multiple relationships between networks.
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hyperedge which represents radios that belong to the same network and require the
same channel. In the WInnForum GAA spectrum coordination framework, a group
networks that belong to the same network, that is a CNG, is represented by a single node
if CBSDs in a CNG are in multiple connected sets in order to merge those connected
sets into one. While vertices can easily be merged in a graph, the information about
the set of vertices that belong to the same CNG which need to be merged cannot be
represented by an edge in a graph data structure when the CNG comprises more than
two nodes because an edge is strictly a two-element subset. However, the CNG can be
modelled by a hyperedge in a hypergraph model, and can be represented by one node

through hyperedge contraction.

4.7.1.3 Spectral Coexistence

In [157,159], spectral coexistence relationship between a pair of networks is represented
by a super node in a coexistence-aware conflict graph. As illustrated in Figure 4.5 on
page 98, when a super node is added to a conflict graph, it inherits conflict relation-
ships of its children nodes and the edge between its children pairs is removed. Thus,
super nodes have a high number of incident edges, giving the radio resource allocation
algorithm too many paths to consider. Furthermore, representing a relationship by a
node or representing multiple entities by a single node violates consistency in the graph
data structure since, conventionally, a node represent an entity and a relationship be-
tween two entities is represented by an edge. On the other hand, hyper relationships

are consistent with hypergraph data structures.

4.7.1.4 Coexistence Management

In CBRS GAA spectrum coordination, bandwidth is allocated to the coexistence man-
ager, according to its bandwidth requirements and based on spectrum availability.
Non-overlapping bandwidth is allocated to coexistence managers when radio devices or
networks associated with one coexistence manager have potential to interfere with radio
devices or networks that are associated with the other coexistence manager. In a graph

data structure, vertices that represent networks that belong to the same coexistence
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management entity cannot all be connected by a single edge because an edge is strictly
a two-element subset whereas a coexistence group is likely to comprise more than two
radio devices or networks. On the other hand, a hyperedge in a hypergraph model can

sufficiently model the multiple relationships involving any number of vertices.

4.7.2 Multiple Relationships in Machine Learning

Construction of an interference graph can be derived based on modelling of the propa-
gation environment, RF measurements, network performance, etc. A coexistence per-
formance study of CBRS GAA use cases using LTE-TDD technologies that is presented
in [112] concluded that while location-based propagation modelling is sufficient for co-
existence management of outdoor micro networks, it leads to conservative frequency re-
use when many indoor pico networks are deployed nearby. The authors then suggested
that instead, interference prediction based on sophisticated long-term measurements
can improve the performance of low-power private networks (using Category A CBSDs
with maximum EIRP of 30 dBm) at some cost to the high-power micro network (using
Category B CBSDs with maximum EIRP of 47 dBm).

Machine Learning (ML) is a suitable technique to enable coexistence management
systems to learn and extract knowledge by interacting with huge volumes of data,
such as long-term radio measurements [165]. ML-enabled coexistence systems could
automatically extract features from complex measurement data. Furthermore, a neural
network (NN), which is an ML technique, can be used to model the objective functions
of non-linear problems that require optimisation [165]. For instance, in one of the
surveyed papers [160], in which the optimisation problem had seven different types of
constraints, a neural network was used to solve the optimisation problem. In [166],
learning capability of a neural network predictor (NNP) is used to obtain the statistics
of coexisting primary user systems from the RF traces collected by an ML-enabled
secondary user cognitive radio network. Neural networks have also found application
in modelling propagation loss and radio resource allocation [160,165, 167—-169].

Graph databases are gaining popularity over relational databases for representing

relational information, because in graph databases, relationships are first-class con-
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structs [170]. Relationships associate and structure the nodes. Like nodes, relation-
ships can also have meta-data that could provide additional constraints in radio re-
source allocation algorithms. Graph-based neural networks have shown to be superior
on representation learning than traditional neural networks due to use of graph data
structures [171]. However, in coexistence management, data is complex, beyond the
pairwise connections that are represented by a graph. While a simpler approach is
to approximate complex relationships as pairwise relationships, it can lead to loss of
information.

Hypergraphs are a natural way to describe complex relationships, without loss of
information. Vertices represent elementary units of consideration for the problem, and
hyperedges represent relationships among any arbitrary number of vertices. In a hy-
pergraph, the relationships can be multifaceted, which allows modelling of multiple
features at a time [89]. The hypergaph data model has found application in knowl-
edge database platforms. For instance, TypeDB (previously known as Grakn) is a
distributed, hyper-relational database solution which was launched in 2016 for manag-
ing complex data that serves as a knowledge base for cognitive/artificial intelligence
(AI) systems [137].

Hypergraph data models have also recently found application in machine learning.
Hypergraph learning has attracted increasing attention due to its flexibility and capa-
bility in modelling complex data [172]. Learning on a hypergraph structure has found
application in neural networks for various research fields [173]. There is therefore the
need to investigate application of hypergraph data structures for modelling multiple
relationships of an RF environment, in order to facilitate data representation learning
using ML tools and efficient coexistence-aware spectrum sharing. Furthermore, there is
need to investigate ways of reducing processing time of machine learning applications

since machine learning algorithms can be computation intensive.
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4.8 High Level Solution Framework

A proposed high level application framework to guide development of applications for
dynamic radio resource management in DSA networks is presented in Figure 4.8. The
distinctive feature of the framework is that the output of the spectral coexistence analy-
sis function is input to the hypergraph-based RF environment modelling function. The
reason is that this thesis seeks to model spectral coexistence relationships, along with
interference relationships, in the same hypergraph data structure to enable spectrum
sharing among networks that have the capability to coordinate interference manage-
ment among themselves. The functions of interference analysis, spectral coexistence
analysis, and dynamic radio resource allocation could be enhanced by machine learning

and artificial intelligence techniques.

4.8.1 Contextual Information

Input Contextual Information

This refers to raw information obtained from the secondary networks/devices. A
secondary device, especially if it is a high power device or a master device, is typically
required by regulation to have geo-location capability or to have it’s geo-location set
at the time of installation; in other words it must be location-aware. The secondary
device sends a request for a list of channels that are available at its location to an
authorised white space spectrum database. Once it gets the output from the database,
the secondary device can be said to be spectrum-aware. It then chooses one of the
available channels as its operating channel and informs the database about its intended
operating channel and Effective Isotropic Radiated Power (EIRP); and this property
is herein referred to as frequency-aware. Secondary networks are required to specify
the network technology; and this property is herein referred to as technology-aware.
Networks that provide service to QoS-sensitive applications can also provide their QoS
requirements; and this property is herein referred to as QoS-aware. Networks can also

submit their radio measurements reports, which can be used to adjust radio resource
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assignments in the event that radio performance is reported to be below guaranteed

levels.

Derived Contextual Information

This information covers the entire RF environment of subscribed networks and is
obtained from internal functions of the radio resource management system. Using
the input contextual information, the interference and coexistence analysis functions
generate the relevant knowledge for interference-awareness and coexistence-awareness

respectively.

4.8.2 Interference Analysis

A radio resource manager is required to allocate resources intelligently so that networks
generate or receive the least interference. Interference analysis is the process aimed at
discovering which devices or networks can interfere with each other if they were to
operate in the same channel. Networks that have potential to interfere when operating
in a co-channel are called neighbours, hence this process has also been termed “neighbour

discovery” [33].

4.8.3 Spectral Coexistence Analysis

In licence-exempt or GAA spectrum, when the available spectrum is not enough for
each network to operate in its own channel(s), the spectral coexistence analysis function
determines whether the networks that have potential for co-channel interference can
effectively share a set of radio resources by coordinating access to the shared channel.
This function could also be used in a case where several light-licensed users are granted

scheduled access to the same spectrum on a guaranteed contention ratio basis.
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4.8.4 RF Environment Modelling

An RF environment herein refers to all secondary radio devices and networks that
are operating in a given spectrum band in a given location at a given time. The RF
environment model is defined as a representation of how the device-system param-
eters (i.e. transmit frequency, power, desired Signal-to-Interference-plus-Noise-Ratio
(SINR)) and the spectral factors (i.e. signal propagation characteristics and number of
available channels) interact so as to affect each other’s performance [78].

Modelling is the art of formulating an application in terms of precise, well-documented
problems in order to apply well-known algorithmic design techniques [85]. Algorithms
are designed to work on well-defined data structures. Proper modelling can therefore
eliminate the need to design new algorithms by relating an application to what has
been done before. In this framework, RF environment modelling involves representing
the RF environment as a well-known data structure to which conventional algorithms
can be applied to represent coexistence constraints among the networks and to solve

the radio resource allocation problem.

4.8.5 Dynamic Radio Resource Allocation

Dynamic radio resource management refers to frameworks, strategies and algorithms
for system-level dynamic allocation of radio resources, transmission power, transmis-
sion intervals and other radio transmission characteristics within the radio domain in
wireless communication systems, with the objective of maximising spectrum utilisa-
tion and network performance [174]. In this thesis, the concept is different from the
traditional radio resource management in LTE that involves link-based or node-based
transmission scheduling. Here, radio resource management is defined as the process of
intelligently allocating spectrum to coexistence groups, base stations or access points
of subscribed networks in such a manner that the networks will receive and generate
the least interference when operating on the same channels and that overall spectrum

utilisation shall be maximised as far as possible.
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4.9 Chapter Summary

This chapter has presented a comprehensive survey of state-of-the-art solutions for
spectrum coordination and coexistence management of heterogeneous wireless networks
operating in shared spectrum. It has been discussed that traditional graph theory is not
sufficient to model relationships in spectrum coordination and coexistence management
systems of heterogeneous wireless networks because such systems involve complex mul-
tiple relationships which are beyond the pairwise connections of a graph data structure.
Finally, this chapter proposed a high-level framework to guide development of applica-
tions for machine learning-enabled, coexistence-aware RF environment modelling and
radio resource allocation. In the next chapter, this framework is used to develop an
application that investigates the use of hypergraph theory in modelling spectrum allo-

cation among heterogeneous TVWS networks.
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Chapter 5

Efficient Spectrum Sharing Using
a Hypergraph Model

5.1 Introduction

The contribution of this chapter is an investigation into whether the hypergraph-
based spectrum sharing technique is more efficient than traditional-graph-based spec-
trum sharing. This is investigated by comparing spectrum utilisation performance of
hypergraph-based and graph-based radio resource allocation algorithms. In the first
experiment, performance is measured by the number of networks that are assigned an
operating channel, out of the total number of competing networks, when the the num-
ber of available channels is not sufficient for each network to be assigned an exclusive
channel among its neighbour networks. In the second experiment, efficiency of the
model is measured by the number of channels required to reach the point when 100%
of the competing networks are assigned an operating channel. The coexistence decision
algorithm that is used in the scheme is based on a method called “co-sharing based on
network geometry classification” which is specified in the IEEE 802.19.1 standard for

coexistence management mechanisms.
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5.2 Analysis of Previous Work

Graph colouring is conventionally used to model channel assignment in space and fre-
quency domains [27,47,155,156]. Spatial re-usability of the available spectrum could
be improved through transmission power control [47,48]. When the available spectrum
is not enough for each radio or network to be assigned an exclusive channel among
its neighbour networks, spectral efficiency could also be improved through co-sharing
in the time domain between networks that can coexist in the same spectrum using
compatible media access control mechanisms [27,94].

In [159], the spectral coexistence relationship between a pair of networks is repre-
sented by a super node in a coexistence-aware conflict subgraph. When a super node
is added to a conflict graph, it inherits conflict relationships of its children nodes and
the edge between its children pairs is removed. Thus, super nodes have a high number
of incident edges, giving the channel assignment algorithm too many paths to consider.

A coexistence decision algorithm for spectrum sharing is proposed in [94] for use
in IEEE 802.19.1 systems. The algorithm introduces shared spectrum allocation on
top of exclusive channel allocation. The algorithm selects a network at each step and
assigns spectrum to the network. If no unoccupied channel is available, the algorithm
searches for a channel occupied by neighbour networks of the same MAC/PHY design,
subject to channel load constraints. While this approach ensures spectrum allocation
stability in that previous allocations are not rearranged to accommodate new networks,
channel sharing options are dependent on the previous exclusive channel allocations.
Thus, there is a trade off between spectrum utilisation efficiency and channel alloca-
tion invariability. A more efficient channel allocation could be realised if the previous
allocations could be re-arranged. Algorithms that minimise the need and frequency to
change channel assignment can also be applied.

The RF environment could be organised into coexistent groups so that channels are
allocated to groups, instead of individual networks. This requires modelling spectral
coexistence information in the RF environment model that is input to the radio resource

allocation algorithm. But, the concept of an edge in a traditional graph, which is a
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two-element subset, is not sufficient to model subsets of potential co-sharing networks
because such subsets may have cardinality of greater than 2.

A hypergraph is a generalization of an undirected graph in which a hyperedge is a
subset of vertices of arbitrary cardinality rather than two-element subsets [86,88]. This
thesis proposes hypergraph theory as an efficient mathematical tool for representing
groups of networks that can coordinate interference management between them, so
that the channel allocation algorithm is able to assign channels to groups of coexistent
networks instead of only to individual networks.

Hypergraphs have found application in modelling of cumulative interference [40-
45,91,92,97,98] and network dependency [46]. To the best of the author’s knowledge,
hyperedges have not been used before to model spectral coexistence among multiple

independent networks for spectrum sharing.

5.3 System Design

5.3.1 System Model

As illustrated in Figure 5.1, a heterogeneous TV white space environment is consid-
ered. There are N wireless networks operating using the following RATs: IEEE 802.22
Wireless Regional Area Network (WRAN) and 802.11 Television Very High Through-
put (TVHT) wireless local area network (WLAN). Each BS and AP radio is associated
with a set of slave devices in the form of CPEs and UEs. In a cell, the master device
and the slave devices communicate on the same channel and the master device coor-
dinates access to the channel among its slave devices. The independent networks may
not be able to communicate directly with each other by using their MAC/PHY proto-
cols either because they use incompatible network technologies or they are outside each
other’s communication range. The geo-location, service area, receiver sensitivity and
RAT of each master device is known. A service area or coverage area of a network is
specified by its coverage radius, with reference to the geo-location of the master device.
Slave devices are located within the service area of their master devices. Service areas

of different master devices may overlap.
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Geo-location Spectrum Radio Resource
Database (GLSD) Manager (RRM)

Access Poifit

P2 Base Station

802.11 TVHT WLAN Cell -
1 km coverage radius

802.22 WRAN Cell —

5 km coverage radius

802.22 WRAN Cell -
10 km coverage radius

Figure 5.1: System model for heterogeneous networks operating in TVWS under the
control of a GLSD and an RRM.

The scenario is based on the TVWS regulatory framework that has been approved
by UK’s Office of Communication (Ofcom) [15]. The master devices have access to
a Geo-location Spectrum Database (GLSD) via IP backhaul connection. The GLSD
provides the list of TV channels that are available at the location of a master device.
Thus, primary user protection is not considered in this system design because primary
users are protected by the GLSD. The procedure is shown in Fig. 5.2.

When a master device wants to initiate a network, it provides the GLSD with
its parameters (2a). In response, the GLSD provides a list of TV channels that are
available at its location and the permissible transmit power for each available channel
(2b). The master device also has access to the centralised Radio Resource Manager
(RRM), such as an IEEE 802.19.1-based coexistence management system, which is not
part of Ofcom’s TVWS framework, but the service can be provided by a third-party.

If the master device uses its radio interface to access the RRM, then it is required to
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choose an operating channel from the list and to report its channel usage parameters to
the GLSD before it can communicate with the RRM (2¢); but if the master device uses
its IP backhaul connection, this step is not required. The master device then provides
the RRM with its operating channel and the list of available channels. The RRM runs
the radio resource allocation algorithm and requests the master device to reconfigure
its network (4b). The assigned frequency and transmission power must comply with
the output of the GLSD. The master device confirms the reconfiguration parameters if
the assigned frequency and transmission power complies with the output of the GLSD
(4c). The master device reports its channel usage parameters to the GLSD before it

starts operation (4d). From then on, the master device periodically contacts the GLSD

. Geo-location Radio Resource
Master device
spectrum database Manager

2a. Device parameters

\ 4

__ 2b. Available channels

process*

Network configuration

2c. Channel usage parameters*>

4a. Device parameters and available channels

Channel allocation process

4b. Reconfiguration request

-
-«

Network reconfiguration
process

4c. Reconfiguration confirm

A

4d. Channel usage parameters

Figure 5.2: Communication protocol among system components. Note: *Only required
if master device uses its radio interface to contact RRM, otherwise not required if it
uses the IP backhaul connection.
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to check the validity of its operating parameters. The GLSD can also instruct the
master device to immediately stop transmission when its operating channel becomes

unavailable, for example, when a primary user occupies the channel.

5.3.2 Interference Analysis

In this model, only co-channel interference among secondary user networks is consid-
ered. ACLR performance of TVWS radios is regulated in order to prevent interference
to licensed primary users. It is assumed that all networks have overlap in their oper-
ating frequency range capabilities. The wavelength of a signal, which is the distance
over which the shape of a wave repeats itself, is inversely proportional to the frequency
of the wave. Thus, for the same transmit power, the distance covered by a signal that
is operating in a lower frequency is greater than that of a signal that is transmitted
using a higher frequency. Interference levels are calculated for the worst case scenario
when the master device is transmitting at the maximum power permissible by regula-
tion or attainable by the RAT standard, and at the lowest frequency where TVWS is
permitted in the TV band. Ofcom’s channelization for the TV band is used.

A SINR threshold is used to determine if a pair of networks can potentially in-
terfere if operating on overlapping channels. Only interference caused or received by
the BS/AP radio is considered for SINR constraint because it is likely to transmit at
a higher power than the CPE/UE radio, using an omni-directional antenna and it is
therefore more likely to cause or receive interference. Even though CPEs typically use
directional antennas, CPEs that are within the line of sight of more than one BS will
suffer or cause interference. It is assumed that this scenario will be avoided at the time
of CPE installation since the IEEE 802.22.2 Standard for Installation and Deployment
of IEEE 802.22 Systems [108] specifies that the CPE antenna should be oriented to-
ward its serving BS and should be further adjusted to minimise the gain in the direction
of an interfering BS while keeping the gain toward its serving BS within 2 dB of its
maximum.

Consider two cells, ¢ and j, with master devices W; and W;, and with coverage

radii r; and r;. Let d;; be the physical distance between the two master devices that
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is calculated from their geo-locations using the Haversine formula which is based on
spherical trigonometry [175]. A pair of networks are neighbours if their coverage areas
overlap, and this is evaluated by d;; < r; + ;.

If the coverage areas of two networks do not overlap, as illustrated in Fig. 5.3,
these two networks are considered as neighbours if the SINR of cell-edge users, which
experience lowest SINR due to their distant locations, is less than a set threshold, 4.
This condition is satisfied if at least one of the following equations, eq. (5.1) and eq.

(5.2), holds true.

P.
Fl < 6; ; at the edge of network ¢ (5.1)
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Figure 5.3: Interference analysis between a pair of networks with non-overlapping cov-
erage areas.

Interference information is represented by an undirected graph G = (V, E) using

adjacency lists. Construction of the interference graph is described in Algorithm 1.
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Algorithm 1: Interference graph construction.

Data: csv file of device parameters of master devices
Result: Adjacency lists of vertices

1 for each pair (i,j) of master devices do

2 if coverage areas of cells © and j overlap then

3 ‘ cells ¢ and j form an edge;

4 end

5 else

6 if cells i and j satisfy eq. (5.1) AND/OR eq. (5.2) then
7 ‘ cells ¢ and j form an edge;

8 end

9 end

5.3.3 Spectral Coexistence Analysis

Multiple IEEE 802.22 WRAN BSs use on-demand frame contention to share a channel
in the time domain. Time-synchronisation can happen over a wireless connection if
the network controllers are within each other’s communication range. In IEEE 802.11
TVHT WLANS, UEs use CSMA-CA with RTS/CTS to minimise collisions, as specified
in the IEEE 1900.7 standard for white space DSA radio systems. While the IEEE 802.11
TVHT devices can back-off when an IEEE 802.22 radio is transmitting, the IEEE 802.22
would not back off because it is an “impolite” radio. Thus, the two standards cannot
effectively coexist in the same channel.

The spectral coexistence criterion that was used in [94] only considers RAT com-
patibility. It is assumed that master devices of neighbour networks are within commu-
nication range to effectively coordinate access to shared channels, or an IP connection
is used instead. The study in [159] assumes that all the heterogeneous networks use
Listen-before-talk coexistence mechanisms, hence spectral coexistence analysis involves
determining whether the networks are within each other’s carrier sense/energy detection
range. This was solved by using the Bron-Kerbosch algorithm to find a clique, which
is a subgraph in which every two distinct nodes are connected to each other [176].

This thesis considers a heterogeneous environment in which networks share spec-

trum in the time domain using either frame scheduling or Listen-before-talk mecha-
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nisms. Co-channel operation among networks that use TDMA-based MAC mecha-
nisms requires time-synchronised operation among the networks. Synchronisation can
happen over the wireless connection if the network controllers are within each other’s
communication range and if they use compatible RATs. Similarly, networks that use
contention-based MAC mechanisms, such as CSMA-CA | need to be within each other’s
wireless range to be able to detect each other’s transmissions. Thus, these conditions
can be evaluated to derive groups of networks that can manage interference among
themselves using compatible RATs when they share a channel. In this thesis, the
method for evaluation of spectral coexistence is based on the IEEE 802.19.1 mecha-
nisms for “co-sharing via network geometry classification”, and two classes in which

synchronisation happens over the wireless connection are considered [35].

5.3.3.1 Network Geometry Class 4

In network geometry class 4, the coverage area of a smaller network is completely
overlaid by that of a wider network, as illustrated in Figure 5.4. In such cases, the two
networks can share a channel if they communicate using compatible RATs and if the
interference power from the wider network to the smaller network is not harmful. BS
interference into neighbouring BSs can be prevented by avoiding line of sight and/or
maximising the separation distances between BSs. It is assumed that line of sight would
be avoided at the time of installation.

The absolute minimum separation between the antennae must be a horizontal dis-
tance of greater than 1/4 of its RF carrier’s wavelength, but they should not be located
at the exact multiples of the wavelength. The longest wavelength in the TV band is
0.63247m for the centre frequency of the lowest channel, 474 MHz. In [79], a controlled
study was conducted to analyse performance and coexistence among IEEE 802.15.4,
802.11 and 802.22 radio systems. The study concluded that generally, all of the systems
would significantly deteriorate if the interferer is located within 12m. Hence, a separa-
tion distance of 15m is used in this model. Thus, networks i and j are considered as
coexisting networks of network geometry class 4 if the coverage of one the two networks

is completely overlaid by the other network, that is when d;; < r; or d;; < r;, and if the
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physical distance between the base stations of the two networks is greater than 15m,

that is when d;; > 15m.

Master
device W;

(@
B

7/
Slave ,
device o r;

Figure 5.4: Illustration of network geometry class 4.

5.3.3.2 Network Geometry Class 1

In network geometry class 1, the coverage areas of master devices W; and W; overlap
and the two master devices are within each other’s communication range, as illustrated
in Figure 5.5. Let P; and P; represent the transmit powers of the master devices W; and
W, respectively. The Signal-to-Noise-Ratio (SNR) is used to determine if the master
devices are within each other’s communication range it is calculated at the geo-location
of the other master device. The noise floor, N, is based on the receiver sensitivity. The
SNR must be greater than a set threshold, §, for the master devices to be able to
communicate. Thus, evaluation of whether networks ¢ and j are coexistent networks of
network geometry class 1 is done in two stages: 1) if their coverage areas overlap, that
is when d;; < r; or d;; < rj, and 2) if the SNR for the signal from master device W; at
the geo-location of master device W; is greater than a set threshold, and vice versa, that
is if % > 0; at the geo-location of master device W; and % > 9; at the geo-location of

master device W;. The method for coexistence analysis is summarised in Algorithm 2.
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Spectral coexistence information is stored in an N x N matrix C, where an entry of 1

for C;; signifies that networks 7 and j can coexist.

Master

. 7/
device // ri

Figure 5.5: Illustration of network geometry class 1.

5.3.4 Problem Formulation and Performance Metric

Given a set of N networks that are competing for the same channels in a set of K
available channels, assuming that all channels are available at the geo-locations of all
the networks, channel allocation is represented by a matrix Ryxx with each entry in

the matrix called 3, for all 1 <n < N and 1 < k < K, as expressed in Equation 5.3.

Rnxrk = [Bnk] (5.3)

B,k takes the value of either 1 or 0, as defined in Equation 5.4.

1  when channel & is allocated to network n;
Bk = (5.4)
0 otherwise.

A network is considered as an operational network if it has been assigned an oper-
ating channel from a set of K available channels. The number of operational networks,

«, is expressed in Equation 5.5.
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Algorithm 2: Coexistence Analysis Algorithm.

Data: csv file of device parameters of master devices
Result: Coexistence matrix; Cyxn

1 Apply Algorithm 1 to get adjacency lists ;

2 Initialise the coexistence matrix Cyxy to zeroes;

3 for ¢ from 1 to N do

4 for j in adjacency list of node i do
5 if nodes i and j use the same RAT then
6 Calculate distance d;; ;
7 if condition for network geometry class 4 is satisfied then
8 ‘ Cij =1 )
9 end
10 else
11 Calculate SNR in both directions ;
12 if condition for network geometry class 1 is satisfied then
13 Cz'j =1;
14 end
15 end
16 end
17 end
18 end

K N
a=>"> Bk (5.5)

k=1n=1
The performance metric, g is the average number of operational networks from
S different simulations, as given in Equation 5.6.

S
Qavg = Zsslas (5.6)

5.4 Graph-Based Spectrum Sharing

In the graph-based model considered in this thesis, the spectrum sharing technique that
was proposed in [94] is reproduced, with a minor modification that, whereas the design
in [94] assumes that either master devices of neighbour networks are within communi-
cation range to effectively coordinate access to shared channels or an IP connection is

used instead, this design considers both RAT compatibility and communication range
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constraints in spectral coexistence analysis, as described in Section 5.3.3.

Exclusive radio resource allocation is solved using a vertex colouring algorithm
whereby a vertex represents a cell and a colour assignment represents a channel alloca-
tion. The vertex colouring problem seeks to colour the vertices of the interference graph
G = (V, E) using the minimum number of colours such that all neighbour vertices are
coloured using different colours, that is: v; and v; are assigned different colours for all
(vi,v;) € E. Thus, a cell is assigned an exclusive channel among its neighbour cells,
that means a cell is assigned an operating that is unique from the operating channels
of its neighbour cells, but the operating channel can be re-assigned to cells that are not
its neighbours to achieve frequency re-use across space.

Nodes are coloured in descending order of vertex degree since high degree vertices
represent the networks that interfere with more networks and therefore have more colour
constraints. Where there is a tie, the vertices are coloured in ascending order of network
identity number. Unlike colouring in descending order of vertex degree which is meant
to prioritise high-degree vertices because they have more colour constraints, colouring
in ascending order of network id is arbitrary, just to impose uniqueness. However, in
real world deployments, other factors can be used to determine order of priority such as
first-come-first-served basis. An example of a coloured interference graph is illustrated
in Figure 5.6. Four out of seven radios are each assigned an operating channel that
is exclusive from the operating channels of its neighbour radios. Thereafter, channel
sharing is applied so that if a network could not be allocated an exclusive channel, it can
share the same channel with networks of the same RAT that have already been allocated
the channel, on the conditions that it can coexist with all other neighbour networks
that have already been assigned that channel and that the total Channel Occupancy
Rate (COR) would not exceed unity when the new network joins the channel. The
entire procedure is summarised in Algorithm 3.

When this spectrum sharing technique is applied to the example network that is
given in Figure 5.6, the result is illustrated in Figure 5.7. BJS] is allocated channel 1
to share with BSy. AP, cannot share channel 1 with AP; because it would interfere

with B.Ss which uses a different RAT. Similarly, AP, cannot share channel 2 with AP,
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802.22 WRAN BS
— 10 km radius

V 802.22 WRAN

BS;
BS — 5 km radius
802.11 TVHT
€12 O WLAN AP — 1 km
radius
Il Channel 1

T\7 BS, = Channel 2

Figure 5.6: An example of exclusive channel allocation.

because it would interfere with B.Ss which uses a different RAT. Thus, channel sharing
options for AP, are limited by previous allocations. Finally, BS, can share channel 2
with B.Ss. In the end, six out of the seven networks are assigned an operating channel.
This thesis therefore seeks to investigate a modelling technique for channel allocation

that is more efficient than this traditional graph-based modelling technique.

5.5 Hypergraph-Based Spectrum Sharing

In hypergraphs, hyperedges represent subsets of any cardinality, not just 2 as in graphs,
such that hyperedges can be used to represent “arbitrary general statements about
arbitrary subsets” [86,88]. The basics of hypergraph theory are presented in Section
2.6.2.

5.5.1 Hypergraph Construction

In a hypergraph, the relationships can be multifaceted, which allows modelling of mul-
tiple features at a time [89]. In this thesis, the hypergraph model is used to represent

pairwise interference and spectral coexistence. An example of hypergraph modelling is
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given in Fig. 5.8. Edges e; to e12 represent pairwise interference and hyperedges e13 and
e14 represent spectral coexistence capability. Notice that BS; cannot join hyperedge

e14 because it is outside the communication range of B.S; and B.Ss.

Algorithm 3: Graph-based Spectrum Sharing.
Data: csv file of device parameters of master devices
Result: Coloured graph, number of coloured vertices ()
1 Apply Algorithm 1 to construct interference graph;
// exclusive channel allocation
2 Sort vertices v1, vo,..., U, in decreasing order of vertex degree;
3 Assign the first colour to the vertex of maximum degree vy;
4 for ¢ from vy to v, do

5 Get neighbour colour list;
6 for colour k from 1 to K do
7 for each element in neighbour colour list do
8 ‘ Check if colour k is in neighbour list;
9 end
10 if colour k not in neighbour colour list then
11 Assign colour to vertex v;;
12 Break;
13 end
14 end
15 end

// spectrum sharing allocation
16 Generate the coexistence matrix;
17 for each node v; not coloured do

18 for each colour k in list of colours assigned to adjacent nodes do

19 for for each adjacent node v; already assigned colour k do

20 ‘ Check if node v; can coexist with node v;;

21 end

22 if node v; can coexist with all adjacent nodes already assigned colour k
then

23 Calculate the expected total COR;

24 if CORyo1q1 < 1 then

25 assign colour k to vertex v;;

26 break;

27 end

28 end

29 end

30 end

31 Calculate « using eq.(5.5)
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BS, 802.22 WRAN BS
— 10 km radius

€1 e
BS, €2/ €\ 802.22 WRAN BS

BS; —5 km radius

802.11 TVHT
O WLAN AP — 1 km
radius

[l channel 1
BS, E  Channel 2

Figure 5.7: An example of graph-based spectrum sharing.

802.22 WRAN
BS — 10 km radius

802.22 WRAN
BS —5 km radius

A : 802.11 TVHT
NUL SRSUR W - () wLaNAP-1
’ km radius

T\7 BS,

Figure 5.8: An example of hypergraph modelling.
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spectral coexistence analysis is performed and the information from the coexistence
matrix is then processed to generate “interference coordination subsets”, such that each
node in the subset can coexist with every other node in the subset, and the total COR
of the elements of the subset is less than or equal to unity. Interference coordination
subsets form the hyperedges. To reduce complexity, a node can only be assigned to one

interference coordination subset. The corresponding hyperedge construction is given in

The first step is to construct the edges that represent pair-wise interference. Next,

Algorithm 4.

Algorithm 4: Hypergraph Construction Algorithm.

1

Data: v, vo, vs,..., vy; list of vertices

Data: csv file of device parameters of master devices
Data: Spectral coexistence matrix, Cyxn

Result: Hyperedge incidence lists, E

Initialise dictionary of hyperedge incidence lists E;

2 for each node v; in list of vertices do
3 Initialise CORyy1q; to 0;
4 if node v; not already added to any hyperedge then
5 Initialise hyperedge incidence list e;
6 Append node v; to e;
7 Increment CORyy1q; by the COR of node 7;
8 for each node vj adjacent to v; and not yet added to E do
9 if node v; can coexist with all nodes in e then
10 Increment CORyy1q1 by COR;;
11 if CORtotal < 1 then
12 Append node v; to e;
13 end
14 end
15 end
16 end
17 if e has more than one vertex then
18 Append hyperedge incidence list e to E;
19 end
20 end
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5.5.2 Hyperedge Contraction

Hyperedge contraction theory is then applied to decompose the hypergraph H into the
form of a traditional graph and make it amenable to the vertex colouring algorithm,
without losing coexistence information. As illustrated in Figure 2.7, contraction of
a hyperedge involves sequentially contracting the vertices of the hyperedge into one
new vertex and then weakly deleting the hyperedge. The new vertex is adjacent to
the union of the vertices that were originally adjacent to the individual vertices before
contraction. The output is a minor graph H; in which each hyperedge is contracted to
a single vertex, such that colouring of that single vertex implies assigning a channel to
a group of coexistent networks. This is illustrated in Figure 5.9. Pseudocode for the

procedure is given in Algorithm 5.

BS;
AP,
Contract hyperedges
ez and ey
- BS,
N/ BS:
D Minor graph (H,)
Hypergraph (H)
802.22 WRAN BS — 802.22 WRAN BS 802.11 TVHT WLAN
10 km radius —5 km radius AP — 1 km radius

Figure 5.9: An example of hypergraph contraction.
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5.5.3 Channel Allocation Algorithm

Channel allocation involves applying the vertex colouring algorithm to the minor graph
and then applying the resultant colour map to the hypergraph, while ensuring that the
vertices of a hyperedge get the colour that is assigned to the vertex of the minor graph
that replaced all the vertices of that hyperedge. This procedure is illustrated in Fig.
5.10. However, during algorithm testing, it was found that applying the vertex colouring
algorithm to the minor graph may in some cases not exhaust all possible channel
allocations. In hyperedge contraction, all vertices in a hyperedge are replaced by a
single vertex such that all edges that were incident on the individual vertices are now
incident on the new vertex, hence information about some possible channel allocations
could be masked. For instance, in Fig. 5.10, when hyperedge e14 is contracted, there
will be an edge between the new vertex BS; and BS, in H'. However, it can be noted
in H that BS, can share the same channel with BSj if they are able to coexist and
calculation of total COR will only involve BS3 and BS4 because BS, is not visible
to BS1 and BS>. To deal with this issue, the algorithm was augmented to check for
additional possible allocations that do not violate interference, coexistence and COR
constraints if there are still some uncoloured nodes after vertex colouring of the minor
graph.

The entire procedure is summarised in Algorithm 6. Sample output of a preliminary
test that was done on a heterogeneous radio environment comprising 12 networks to

demonstrate the concept of this hypergraph-based model is given in Appendix B.

Algorithm 5: Hyperedge Contraction Algorithm.
Data: Hypergraph, H
Result: Minor graph, H;

1 for each hyperedge e in H do

2 Identify the first vertex v; in e ;

3 for every other vertex v; incident on e do

4 Contract v1 and v; to one vertex vy;

5

6

end
end
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.......e14

BS;

Apply colour map .".|.351 BS,
—_— . Y ‘..
AP, : )

Minor graph ( Hy)

. e B
Il channel 1 AP;. & : ‘{I‘IV S
E= Channel 2 Hypergraph (H)
802.22 WRAN BS — 802.22 WRAN BS 802.11 TVHT WLAN
10 km radius — 5 km radius AP — 1 km radius

Figure 5.10: An example of hypergraph colouring.

5.5.3.1 Limitation of the Channel Allocation Algorithm

According to the specification of the vertex colouring algorithm, the vertices of the
minor graph are coloured in descending order of vertex degree, and if there is a tie,
the vertices are coloured in order of network ID. However, during algorithm testing
it was found that prioritising nodes according to the cardinality of the contracted
hyperedges that are represented by these nodes could in some cases result in a higher
number of coloured vertices. Whereas modifying the vertex colouring algorithm to
selectively colour nodes according to the cardinality of the contracted hyperedge would
in some rare cases result in a slightly higher number of operational networks, it would
introduce unnecessary complexity to the algorithm. Therefore, this was not pursued

further because the cost of computational complexity would outweigh the benefits.
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Algorithm 6: Hypergraph-based channel sharing algorithm.

Data: vy, v, vs,..., Uy; list of vertices

Data: 1, 2, 3,..., K; list of available colours

Result: Coloured hypergraph, number of coloured vertices («)
// Hypergraph construction

1 Apply Algorithm 1 to form edges between between independent interferers;
2 Generate the Cyx y coexistence matrix;

Apply Algorithm 4 to form hyperedges from interference coordination subsets;

// Hyperedge contraction

Apply Algorithm 5 to form a minor graph Hy;

// Colour assignment

Apply vertex colouring algorithm to colour the minor graph H; to get the
colour map;

6 for each node v in hypergraph H do

‘ Apply the colour map;

8 end

©

10
11
12
13
14
15
16
17
18
19
20

// Check for possible additional channel allocations

for every uncoloured node v; do

for every colour k do

for every adjacent node vj that is assigned colour k do

‘ Check if v; can coexist with v;;

end

if node v; can coexist with all adjacent nodes then
Assign colour k to node v;;
break;

end

end

end
Calculate a using eq.(5.5);

5.6 Simulation Parameters and Results

The Python programming language was used to simulate the channel allocation algo-
rithms in order to ascertain that the proposed hypergraph model enables more efficient
spectrum usage than the traditional graph model.

a personal computer with the following specifications: 64-bit system, Processor:Intel

Core 15-1035G1 CPU at 1.00GHz, 1190 Mhz, 4 Cores, 8 Logical Processors.

given in Table 5.1, and is centred around Lilongwe city in Malawi. A physical map

A 50 km by 50 km test area is considered, which is bounded by the geo-coordinates
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of the area is given in Figure 5.11. It covers the Lilongwe Plain as well as some hilly
areas, and includes both urban and rural areas. A path loss component of 4 is chosen
since most of the area would be relatively lossy environments. The geo-locations of the

test networks are randomly and independently generated within the test area.

Table 5.1: Geo-location coordinates of the 50 km by 50 km area.

Northern-most | -13.736010°
Southern-most | -14.193300°
Eastern-most | 34.031800°
Western-most | 33.567194°

Nambuma

lsumadzi
M30

Likuni

Malingunde

Figure 5.11: A physical map of the simulation area.

The propagation loss model given in Equation 5.6, which is suggested in the IEEE
802.19.1 standard [35,177], is used to predict the path loss of the transmissions. The
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rest of the test parameters are given in Table 5.2.

L(d) = 10log <47T)\d> a — 20log(hy * hy)

Table 5.2: Parameters for Simulation.

(5.7)

Radio Access Technology (RAT) 802.11 TVHT || 802.22 802.22
WLAN WRAN WRAN
Cell coverage (m) 1,000 5,000 10,000
BS / AP conducted power (dBm) | 15 20 31
BS/AP antenna gain (dB) 5 5 5
CPE/UE antenna gain (dB) 0 11 11
BS/AP antenna height (m) 10 12 15
CPE/UE antenna height (m) 1.5 6 10
Receiver sensitivity (dBm) -88 -88 -88
Attenuation factor, o 4 4 4
Channel Occupancy Rate (COR) | 0.3 0.25 0.25
SINR/SNR threshold (dB) 10 10 10
Centre frequency (MHz) 474 474 474

Three channel allocation schemes are simulated: (a) exclusive channel allocation,
(b) graph-based channel sharing, and (c) hypergraph-based channel sharing. Exclusive
channel allocation is included in order to appreciate the improvement in spectrum util-
isation that is achieved through channel sharing when the number of available channels
is insufficient. The results of performance comparison between hypergraph-based chan-
nel sharing and exclusive channel allocation were published in [51]. In this chapter,
discussion of performance comparison is focused on graph-based and hypergraph-based
channel sharing techniques. The performance metric used is spectrum utilisation which
is herein measured either by the percentage of the available networks that are opera-
tional, having been assigned an operating channel, on a non-interfering basis or on a
coordinated co-sharing basis, from a fixed set of available channels, or by the number
of channels required to achieve a given percentage of operational networks.

The simulation involves varying two factors that have an impact on the output of the

channel allocation algorithm: (a) level of interference, which is varied by increasing the
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density of competing networks (N) in a fixed test area, and is measured by the average
number of neighbours per network, and (b) the given number of available channels (K).
There are three test scenarios, with different numbers and ratios of the three types of
networks. The test scenarios characterise three levels of interference, scenario 1 being
the lowest, scenario 2 the middle and scenario 3 the highest.

The dataset is presented in the form of a box and whisker plot to show the spread
and centres of the results from simulations. The spread is measured in terms of the
interquartile range and the mean of the data set, whereas the measures of centre are the
mean and median of a data set. Figure 5.12 shows how this information is represented

in the box and whisker plot.

O—— Outlier

—<—— Maximum

Third Quartile Q3

Median

%— Mean

First Quartile Q1

—<— Minimum

O«—— outlier

Figure 5.12: Description of box and whisker representation.

5.6.1 Number of Operational Networks as a Function of Number of
Competing Networks

The objective of this test is to study the improvement in spectrum utilisation that is
realised through channel sharing using the proposed hypergraph-based algorithm when
the number of available channels (K') is not sufficient for exclusive channel allocation.

The interference level in the RF environment is varied by increasing the number of
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competing networks () in the test area, while the number of available channels (K) is
held constant at 2 and at 3 in the first and second experiments, respectively. First, the
interference level is characterised by plotting the distribution of the average number of
neighbours per network in the sets of networks used in the 100 simulations. Then the
spectrum utilisation performance results are plotted showing the number of operational

networks () as a function of the number of competing networks (V).

5.6.1.1 Test Scenario 1

The first test scenario consists of a set of 50 networks, in the ratio of 25:15:10 for 1
km-, 5 km- and 10 km-coverage radius networks, respectively, which are randomly and
independently distributed in the 50 km by 50 km area. It is assumed that there are
initially 25 networks of 1 km-radius in the test area. Then the 15 networks of 5 km
radius are added, five at a time, followed by the 10 networks of 10 km-radius, also five
at a time.

The distribution of interference level from the 100 simulations, in terms of the
average number of neighbours per network, is presented in Figure 5.13. When there are
25 networks of 1 km-radius, the average number of neighbours per network is negligible
at 0.2. When the 5 km-radius network start to join, interference level increases up to a
mean number of neighbours per network of 2 at NV = 40. Finally, the mean interference
level increases to 5.7 average neighbours per network at N = 50 when all the 10 km-
radius networks radius join the ecosystem. The simulation results for the number of
operational networks when there are 2 and 3 available channels are given in Figures

5.14 and 5.15, respectively.

When K=2

When N = 25, 100% of the competing networks are operational because the interference
is almost zero, such that the same channel can be shared by almost all networks in the
spatial domain. When 30 < N < 40, average performance of both channel sharing
models drops from 100% operational networks due to the rising interference levels as

the 5 km-radius networks start to join. Some networks cannot be allocated an operating
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O Average number of neighbours per network

Average number of
neighbours per network
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Figure 5.13: Interference characterisation of test scenario 1.

channel on either a non-interfering or a co-sharing basis. On average, when N = 40,
the graph-based method assigns channels to 35.7 networks (about 89%) whereas the
hypergraph-based method achieves 36.6 operational networks (about (92%). When the
10 km-radius start to join at N = 45, performance drops further as interference levels
increase. However, the hypergraph-based method performs better, on average, than
the graph-based method. At N = 50, the hypergraph-based model achieves an average
number of operational networks of 34.96 (about 70%), whereas the graph-based method
achieves 33.37 (about 67%).

When K=3

When the number of available channels is increased to 3, performance of both mod-
els improves compared to when K = 2. When all the 5 km-radius have joined the
ecosystem (at N = 40), the number of available channels is nearly sufficient such that
hypergraph-based and graph-based methods achieve average performance of 99.4% and
98% operational networks, respectively. At N = 50, the number of available chan-
nels is however insufficient. Nonetheless, the mean number of operational networks for
the hypergraph-based model is 44.48, representing about 89% operational networks,
whereas the graph-based method achieves an average of 42 operational networks, rep-

resenting 84% operational networks.
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Figure 5.14: Number of operational networks for test scenario 1 when K = 2.
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Figure 5.15: Number of operational networks for test scenario 1 when K = 3.
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5.6.1.2 Test Scenario 2

The second test scenario comprises a set of 100 networks, in the ratio of 40:35:25 for
1 km-, 5 km- and 10 km-coverage radius networks, respectively. The distribution of
interference level from the 100 simulations is given in Figure 5.16. It is assumed that
there are initially 40 networks of 1 km-radius in the test area. At this level of network
density, interference level is very low at a mean of 0.25 average neighbours per network
from 100 simulations. Then the 35 networks of 5 km radius are added, five at a time,
raising the interference level to a mean of 4.84 average neighbours per network at
N = 75. This is followed by the addition of 25 networks of 10 km-radius, also five at a
time, thus increasing the interference level to a mean of 14.22 average neighbours per
network. The simulation results for the number of operational networks when there

are 2 and 3 available channels are given in Figures 5.17 and 5.18, respectively.

O Average number of neighbours per network

18

16

: L 7
l: %%o
) L

£ T
o"'-f--t-E;EI+

N=40 N=45 N=50 N=55 N=60 N=65 N=70 N=T75 N=80 N=85 N=00 N=95 N=100

Average number of neighbours per
network

[ &)

Number of networks

Figure 5.16: Interference characterisation of test scenario 2.
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When K=2

At N =40, 2 channels are sufficient to have all the 1 km-radius networks operational.
However, when the 5 km-radius networks start to join, this number of available channels
is no longer sufficient and average performance starts to drop from 100%. However,
the rate of performance decline is slower for the hypergraph-based method than for
the graph-based method, such that at NV = 75, the hypergraph-based method achieves,
on average, 56.31 operational networks, representing 75%, whereas the graph-based
method achieves 52.65 operational networks, representing 70% of the total competing
networks. When the 10 km-radius networks start to join, the interference level increases
and the number of available channels becomes even inadequate than before. Nonethe-
less, the hypergraph-based method maintains better performance than the graph-based
method. At the end of the simulation, the hypergraph-based method achieves perfor-
mance that is 4% higher than that of the graph-based method.

K=2

O Exclusive channel allocation [ Graph-based channel sharing [ Hypergraph-based channel sharing
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N=40 N=45 N=50 N=55 N=60 N=65 N=70 N=75 N=80 N=85 N=00 N=95 N=100
Number of networks, N
Figure 5.17: Number of operational networks for test scenario 2 when K = 2.
When K=3

When the number of available channels is increased to 3, it is nearly sufficient up to
N = 50. Thereafter, performance of both methods starts to drop from 100%. Nonethe-

less, the hypergaph-based method out-performs the graph-based method. At N = 75,
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on average, the hypergraph-based method achieves 69.89 operational networks, rep-
resenting about 93%, while the graph-based method achieves 65.09 operational net-
works, representing about 87% of the total competing networks. When N = 100,
the hypergraph-based method maintains 5% better performance than the graph-based
method.

K=3

[ Exclusive channel allocation [1 Graph-based channel sharing [ Hypergraph-based channel sharing

w
=

=1
th

(=43 -1
L =
[-]
L]
L& T

=]
=

th

th
=&

L]
e oo
L] L]
L]

Number of operational networks, a

F N
N =
ooi
L]
o0

L]

40 e e

N=40 N=45 N=50 N=55 N=60 N=65 N=70 N=75 N=80 N=85 N=00 N=05 N=100

Number of competing networks, N

Figure 5.18: Number of operational networks for test scenario 2 when K = 3.

5.6.1.3 Test Scenario 3

The third test scenario consists of 100 networks in the ratio 50:50 for 1 km-radius and 10
km-radius networks, respectively. It is assumed that there are initially 50 networks of 1
km-radius in the test area. It can be seen from Figure 5.19 that at this network density,
the average number of neighbours per network is 0.3. Then 50 networks of 10 km-radius
are added, five at a time. The average number of neighbours per network rises to 18.5
at N = 100. The simulation results for the number of operational networks when there

are 2 and 3 available channels are given in Figures 5.20 and 5.21, respectively.
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Figure 5.19: Interference characterisation of test scenario 3.

When K=2

At N = 50, the number of networks is nearly sufficient for the 50 networks of 1 km-
radius since the interference level is very low. As the 10 km-radius networks start to
join the ecosystem, the performance of both models starts to drop because the number
of channels is insufficient. Nonetheless, the hyergraph-based model maintains better
performance than the graph-based model. At N = 100, the hypergraph-based model

achieves 50% operational networks whereas the graph-based model achieves 45%.
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Figure 5.20: Number of operational networks for test scenario 3 when K = 2.
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At K = 3, this number of channels is nearly sufficient up to NV = 55, after which

performance of both models start to drop from 100%. Nevertheless, the hypergraph-

based model performs better than the graph-based method, and at N = 100, it achieves
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Figure 5.21: Number of operational networks for test scenario 3 when K = 3.
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66% operational networks, which is 8% higher than the performance achieved by the

graph-based method.

5.6.1.4 Interpretation of Results

Table 5.3 presents a summary of the results for the 3 test scenarios when N = 100. The
results show that the hypergraph-based method performs better than the graph-based
method, on average, by up to 8% more operational networks in scenario 3 when K = 3.
It can be seen that, as the interference level is increased from test scenario 1 to test
scenario 2 and then to test scenario 3, the difference in performance between the two
models becomes greater. Similarly, as the number of available channels is increased

from K =2 to K = 3, the gap in performance of the two models also becomes wider.

Table 5.3: Summary of results for average percentage of operational networks.

Number of operational networks, a (%)
No. of channels K=2 K=3
Test scenarios 1 ‘ 2 ‘ 3 1 ‘ 2 ‘ 3

Graph-based channel sharing || 67% | 47% | 45% 84% | 62% | 58%
Hypergraph-based  channel | 70% | 51% | 50% 89% | 67% | 66%
sharing

In the graph-based channel sharing method, some 1 km-radius networks begin to
lose their operating channels to the long range networks when they start to join the
ecosystem. This is because the graph-based method assigns channels in the order of
decreasing vertex degree. The vertices that represent the 5 km-radius and 10 km-radius
networks in the interference graph are likely to have a higher vertex degree than the 1
km-radius networks since these are likely to have a higher average number of neighbours
per network than the 1 km-radius networks. Thus, opportunities for spatial re-use of
the channels are reduced. Although graph-based channel sharing enables networks
that use the same type of RAT to share the same channel, channel sharing options are
dependent on the previous allocations. On the other hand, in the hypergraph-based
model, as more long range networks join, they are more likely to be assigned the same

channel to share than in the graph-based method, because the competing networks
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are first organised into interference coordination groups before channel assignment.
Thus, the hypergraph model performs better than the graph method, owing to efficient
modelling of both spatial and spectral coexistence information into the RF environment

model that is input for the channel assignment algorithm.

5.6.2 Number of Operational Networks as a Function of Number of
Available Channels

This test compares the efficiency of the two models in terms of number of channels
required to achieve, on average, 100% operational networks, from 20 simulations. The
number of available channels is increased, starting at K = 4, while the interference level

is held constant by maintaining the same radio ecosystem throughout the experiment.

5.6.2.1 Test Scenario 1

In the first test scenario, there are 50 networks in the ratio 25:15:10 for 1 km-, 5 km-,
and 10 km- radius networks, respectively. The number of competing networks is held
constant at N = 50, while the number of available channels is increased steadily from
K = 4. The results in Figure 5.22 show that, whereas the graph-based model requires
8 channels to achieve, on average, 100% operational networks, the hypergraph-based

model requires only 6 channels.

5.6.2.2 Test Scenario 2

Figure 5.23 shows the results for the second test scenario, where there are 100 networks
in the ratio 40:35:25 for 1 km-, 5 km-, and 10 km- radius networks, respectively. The
interference level is constant as the number of competing networks is held constant
at NV = 100, but the number of available channels is increased steadily from 4. The
results show that while graph-based channel sharing requires 12 channels to achieve,
on average, 100% operational networks in all the 20 simulations, the hypergraph-based

channel sharing requires only 9 channels.
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5.6.2.3 Test Scenario 3

In the third test scenario, there are also 100 networks, but in the ratio 50:50 for 1

km-, and 10 km- radius networks, respectively. The number of competing networks
N=50
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Figure 5.22: Number of operational networks for test scenario 1 when N = 50 and
4 < K <10.
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Figure 5.23: Number of operational networks for scenario 2 when N = 100 and 4 <
K < 16.
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is held constant at N = 100 to keep the interference level constant while the number
of available channels is increased steadily from 4. The results are given in Figure
5.24. It can be seen that, whereas the graph-based channel requires 14 channels, the

hypergraph-based model still requires only 9 channels.
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Figure 5.24: Number of operational networks for test scenario 3 when N = 100 and
4 < K <19.

5.6.2.4 Interpretation of Results

The results show that to achieve, on average, 100% operational networks, the hypergraph-
based channel sharing technique requires up to 5 fewer channels than the graph-based
channel sharing technique, representing 36% less spectrum requirement. The results
also show that as the interference level increases, the gap between the two models
increases. This is because, although both models use the same vertex colouring algo-
rithm, the hypergraph-based modelling enables reduction of the size of the hypergraph
to a minor graph which is colourable by fewer colours than the original interference

graph that is used in the graph model.
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Table 5.4: Summary of results for percentage of operational networks as a function of
number of channels.

Number of channels required for 100% operational networks
Test scenarios H 1 ‘ 2 ‘ 3
Graph-based channel sharing || 8 12 14
Hypergraph-based  channel || 6 9 9

sharing

5.7 Application in Dynamic Spectrum Sharing

Traditional graph modelling is sufficient for exclusive channel allocation, whereas the
hypergraph-based model is suitable for channel sharing allocation. Graph chromatic
properties can be used for decision making on which model to employ. The chromatic
number of a graph G(V, E), denoted by x(G), is the least number of distinct colours
with which G(V, E) can be properly coloured. For a complete graph, x(G) = A + 1,
where A is the maximum vertex degree of graph G(V, E)) [85]. This property can be used
in determining which algorithm to use for radio resource allocation. The decision tree
is illustrated in Figure 5.25. When the interference graph is colourable by the number
of available channels, that is when K > x(G), then exclusive channel allocation will
result in 100% operational networks, otherwise hypergraph-based channel sharing is

required.

5.8 Chapter Summary

In this chapter, simulation of channel sharing algorithms was performed in order to
compare performance of the hypergraph-based and graph-based models. The results
show that for the same RF environment, spectral coexistence criteria and number of
available channels, the hypergraph-based model achieves, on average, up to 8% more
operational networks than the graph-based model. The results also show that, for the
same RF environment, the hypergraph model requires up to 36% fewer channels to
achieve, on average, 100% operational networks, than the graph model. Thus, the re-

sults have demonstrated that the hypergraph-based model is more efficient at modelling
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the channel sharing problem in terms of spectrum utilisation. This better performance
is attributed to the design of the hypergraph-based model which enables more efficient
spectrum utilisation than the graph-based model because information about spectral
coexistence is represented in the hypergraph before any channel allocation algorithm is
applied, unlike in the graph model where spectrum sharing is limited by the outcome
of the initial exclusive channel allocation. The next chapter will analyse performance

of the hypergraph-based channel sharing algorithm in terms of computational cost.

152



Chapter 6

Computational Cost Analysis of

the Hypergraph Model

6.1 Introduction

The contribution of this chapter is an asymptotic analysis of the computational cost
of the algorithm of the hypergraph model that has been developed in this thesis. This
is done through estimation of the performance of the algorithm for a given input size,
which in the number of networks. Time complexity analysis is used to approximate the
rate of growth of the running time of the two algorithms, with respect to the size of
the input. The analysis includes a comparison of the computational complexity of the
hypergraph-based and graph-based channel sharing algorithms that were simulated in
Chapter 5 are compared. The chapter goes further to propose application of hypergraph
modelling to realise an efficient bandwidth allocation scheme for spectrum coordination
applications. Computational complexity of the proposed hypergraph-based bandwidth

allocation scheme is also compared with that of a graph-based method.

6.2 Overview of Time Complexity Analysis

Computational cost of an algorithm refers to the amount of resources required to run it,

in terms of time and memory requirements. This chapter analyses the computational
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cost in terms of running time only. Time complexity is an abstract way to represent
the amount of time taken by an algorithm to run, in terms of rate of growth only, as
a function of the input size [85]. Time complexity analysis of algorithms is generally

carried out for three purposes, and in this thesis it is being done for the first purpose.

1. Deciding which is the most efficient algorithm among two or more algorithms.

2. Estimating algorithm performance for different sizes of inputs especially large
values of input size, to determine how far, in terms of input size, the algorithm

would remain usable.

3. Understanding the nature of the code with the purpose of examining room for

further optimisation.

Input size is defined as the number of items present in the input. Each line of code
in an algorithm is referred to as an operation. Basic operations include arithmetic,
relational, logical, assignment, and increment/decrement. The running time of the
algorithm is estimated in terms of the number of operations executed in the algorithm
because the running time of an algorithm for a given size depends on the number of
operations executed. To achieve this, time complexity analysis is based on the following

critical assumptions for analysing algorithms.

1. Each line of code in an algorithm will take constant time to execute.

2. Algorithm analysis is studied independent of system-related parameters, that
is, programming language used to implement the algorithm, compiler, hardware
specifications because for the given specification of a system, these parameters as

constant.

3. The variable parameter is the input size according to the problem specification,

that is, the running time is estimated as a function of the input size.

4. The input size is analysed for a large value of input size because, in real-life

applications, the input data size is mostly huge.
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Thus, time complexity represents the rate of growth of the algorithm’s running time
with respect to the inputs taken during the program execution, irrespective of the kind
of computer that it runs on, because the number of operations that an algorithm will
run is in proportion to the size of its input only.

Time complexity is estimated by counting the number of operations in the best,
worst and average-case scenarios. Only the worst-case scenario, which represents the
upper bound, will be used in this thesis. The Big O notation is an asymptotic notation
which is used to define the time complexity of the worst-case scenario and is expressed
as O(n), where O is the growth rate function in the worst-case scenario and n indicates

the input size [85]. Examples of common time complexities in algorithms are as follows.

1. Constant time complexity O(1) represents an algorithm which performs a

constant number of operations regardless of the input size.

2. Linear time complexity O(n) represents an algorithm which processes each

input in O(1) time.

3. Quadratic time complexity O(n?) represents an algorithm has a rate of growth
of running time which is directly proportional to the square of the input size, often

as a result of a nested loop.

4. Cubic time complexity O(n?) represents an algorithm which has a rate of
growth of running time which is directly proportional to the cube of the input

size, often as a result of three loops.

The Big O notation simplifies time complexity analysis by ignoring the operations
that do not have much impact on the rate of growth of the algorithm with respect to
input size, e.g. instructions that are executed only once are ignored. The difference
between multiplicative constants is also ignored, that is, f(n) = 2n and f(n) = n are
identical in the Big O analysis. The number of operations inside a loop is an example
of a multiplicative constant since, to find the total number of operations in the loop, it
is multiplied by the number of times the loop is executed. However, a nested loop can

result in a higher-order number of operations which cannot be ignored. For example,
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when a loop that iterates n times is nested in another loop that iterates n times, the
resulting number of operations is n?, which cannot be ignored. Thus, the steps to
perform analysis and comparison of time complexity of algorithms can be summarised

as follows.

1. First count the number of critical operation performed by all the algorithms with

respect to the input size, n, e.g. an® + bn + c.

2. Then, ignore the lower-order terms and coefficients and represent the remaining

terms in the form of the Big O notation, e.g. O(n?).

3. Finally, compare the higher-order terms present in the Big O notations of the

respective algorithms and decide which algorithm is more efficient than the others.

6.3 Time Complexity Analysis of Coexistence

Management

This section analyses the time complexity of the spectrum sharing algorithms that
were presented in Chapter 5 in order to compare the computational complexity of the
graph-based and hypergraph-based spectrum sharing techniques. The coexistence man-
agement function consists of four procedures: interference analysis, spectral coexistence
analysis, RF environment modelling and channel allocation. Interference analysis and
spectral coexistence analysis procedures will not be considered since they are common
to both graph-based and hypergraph-based models. RF environment modelling in-
volves construction of the hypergraph, which makes use of the output from interference
and spectral coexistence analysis functions, involves relational, logical, assignment and
increment /decrement operations only since all the arithmetic calculations are done in

the interference and spectral coexistence analysis functions.

6.3.1 Inputs and Assumptions

The main input that has an impact on the number of operations for both the graph-

based and hypergraph-based spectrum sharing algorithms is the number of networks
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(N). This is represented by the number of vertices in the interference graph. There are
two other parameters that affect the number of operations. In the graph-based model,
the number of available channels (K) affects the number of networks that cannot be
assigned an exclusive channel by the graph colouring algorithm and need to be consid-
ered for spectrum sharing. In the hypergraph-based model, the maximum number of
channels that can be allowed to share the same channel, that is the maximum cardi-
nality of the interference coordination subsets (herein denoted by M), has an impact
on the number of vertices that can be represented by a single vertex, and hence affects
the size of the minor graph that can be realised and the number of vertices that can be
coloured by the number of available colours (K'). Therefore, in this analysis, the value
of K will be varied while the value of M is held constant, and vice versa. To this end,

the following assumptions are made about the networks in this analysis:

1. The RF environment is highly congested, such that every network is adjacent to

every other network. Thus, each network has N — 1 neighbours.

2. The distribution of the heterogeneous radio networks in the RF environment
is such that it is possible to form interference coordination subsets of the set

maximum cardinality (M).

3. A network can be assigned to only one interference coordination subset at a time.

6.3.2 Time Complexity of Graph-Based Spectrum Sharing Algorithm

Let time complexity for the graph-based spectrum sharing algorithm be denoted by
Cg. The pseudocode for graph-based spectrum sharing is presented in Algorithm 3
on page 128. It has two subprograms: exclusive channel allocation using the vertex
colouring algorithm and spectrum sharing allocation.

The subprogram for exclusive channel allocation has three loops. The outer loop
(line 4) is of size N —1. In the worst case, the inner loop (line 6) would execute for all K
colours, and at each iteration every element in the neighbour list, that is NV —1 elements,

would be visited to check its colour assignment (line 7). Therefore, the time complexity
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of this subprogram is: O(K (N — 1)?). Ignoring constants, the time complexity of this
subprogram can be approximated to ~ O(N?).

The spectrum sharing allocation has three loops. The number of operations for the
outer loop (line 17) is equal to the number of networks that could not be assigned an
operating channel from the list of available channels by the initial exclusive channel
allocation. Let Nyc_g denote the number of vertices that could not be assigned
a colour by the exclusive channel allocation in the graph-based model. Since it is
assumed that every network is adjacent to every other network, it means that every
vertex has an edge with every other vertex. As such, the number of vertices that can be
coloured by the vertex colouring algorithm is equal to the number of available channels,
K. Therefore, the number of uncoloured vertices in the graph-based model is given by

Equation 6.1.

Nye—¢=N-K (6.1)

In the worst case scenario, the inner loop (line 18) would execute for all K colours
and on each iteration, it would visit every element in the neighbour list, that is NV — 1
elements (line 19). The time complexity of the spectrum sharing allocation is therefore
approximately O(K (N —1)(Nyc—q)), which can be simplified to ~ O(N(Nnc—¢a)) by
ignoring constants.

The total time complexity for the graph-based channel sharing algorithm is given

in Equation 6.2.

Cc ~ O(N® + N(Nnc-g)) (6.2)
6.3.3 Time Complexity of Hypergraph-Based Spectrum Sharing
Algorithm

Let time complexity for the hypergraph-based spectrum sharing algorithm be denoted
by Crg. According to the hypergraph-based channel sharing pseudocode in Algorithm

6 on page 134, four subprograms are considered: hypergraph construction, hyperedge
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contraction, colour assignment and checking for possible additional colour assignments.

The hypergraph construction procedure, which is given in Algorithm 4 on page 130,
has a nested loop (lines 2 and 8). In the worst case scenario, the outer loop would
be of size N because every vertex would be visited and the inner loop would visit
N — 1 adjacent vertices at every iteration. Thus the time complexity of hypergraph
construction is O(N (N — 1)), which can be simplified to ~ O(N?).

The hyperedge contraction procedure is given in Algorithm 5 on page 132. The
number of operations of the outer loop in line 1 is equal to the number of hyperedges.
Since, it is assumed that a network can only belong to one interference coordination
set at a time, no hyperedge is adjacent to another hyperedge, that is, the intersection
of the hyperedges is an empty set. Since it is also assumed that the distribution of
the heterogeneous networks is such that it is possible to form interference coordination
subsets of maximum cardinality M, the number of hyperedges is given by N/M. In the
inner loop in line 3, M —1 vertices of the hyperedge are visited for hyperedge contraction.
Thus, the time complexity of hyperedge contraction is O((N/M) % (M — 1)), which is
approximately O((N/M) x M) and can be simplified to O(V).

Since every hyperedge is contracted to a single vertex, the minor graph would
have N/M vertices. As such, time complexity of vertex colouring of the minor graph
(line 5 of Algorithm 6 on page 134) is O((N/M) — 1)?), which can be simplified to
~ O((N/M)?). The time complexity of the loop in line 6 of Algorithm 6 on page 134 is
O(N) since in the worst case scenario, every vertex would be visited when applying the
colour map. Thus the total time complexity of the channel assignment subprogram is
~ O((N/M)?+ N). Ignoring lower order terms, the time complexity of this subprogram
can be approximated to O((N/M)?).

To check for possible additional channel assignments that were masked by hyperedge
contraction, the loop in line 9 of Algorithm 6 on page 134 iterates over every node that
remains uncoloured. Since it is assumed that every network is adjacent to every other
network, it means that every vertex in the minor graph has an edge with every other
vertex. As such, the number of vertices that can be coloured by the vertex colouring

algorithm is equal to the number of available channels, K. When the colour map is
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applied to the original hypergraph, the number of coloured nodes is equal to K M.
Therefore, the number of uncoloured vertices in the hypergraph-based model is given

by Equation 6.3.

Nyo-ne =N — KM (6.3)

Thus, in the worst case scenario, the loop in line 9 would iterate over Nyco_ g nodes,
whereas the loop in line 10 would iterate over all K colours and on each iteration, it
would visit every element in the neighbour list, that is NV — 1 elements, to check for
any possible colour assignments that do not violate coexistence constraints. Since K is
constant, the time complexity of the spectrum sharing allocation is O(K (Nyc—ga)(N—
1)). Ignoring constants, the total time complexity of the additional colour assignment
subprogram is therefore O(N(Nyc—na))-

The total time complexity for the hypergraph-based channel sharing algorithm is
given in Equation 6.4. The Equation is simplified further in Equation 6.5 by ignoring

lower order terms.

Crua ~O(N?+ N + (N/M)?> + N(Nnc—ng)) (6.4)

Cra ~ O(N? + (N/M)* + N(Nnc-na)) (6.5)

6.3.4 Comparison of Time Complexity

Equations 6.2 and 6.5 show that the time complexity of both the graph-based and
the hypergraph-based spectrum sharing algorithms is quadratic. The time complexity
of the two algorithms is therefore generally comparable. The difference in number of
operations is dependent on the values of K and M, which have an impact on the number
of uncoloured vertices according to Equations 6.1 and 6.3. Therefore, the comparative
study investigates how the time complexity of the two algorithm is affected by the
values of K and M, as the input size (N), that is the number of networks, is increased.

Time complexity data is plotted in the form of a line graph of the number of operations
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as a function of the number of networks.

6.3.4.1 When K =10

Figure 6.1 shows a plot of the number of operations when K = 10, M = 2. It can be
seen that as the number of networks increases, the time complexity of the two methods
is nearly the same up to about N = 40. Figure 6.2 is a subplot which zooms into the plot
of the number of operations when N = {10, 20, 30,40,50}. When N = 10, the number
of channels is sufficient for each network to be assigned an exclusive channel. As such,
the graph-based method is slightly more efficient than the hypergraph-based model
since it’s not necessary to group the networks into interference coordination groups
for spectrum sharing. When N = 20, K is no longer sufficient, and the hypergraph-
based method exhibits slightly better computation efficiency up to N = 30. The time

complexity of the two methods becomes the same at N = 40.

Comparison of computational complexity K=10, M=2

—O— graph-based channel sharing, K=10, M=2
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Figure 6.1: Time complexity when K = 10 and M = 2.

For N > 40, the time complexity of the hypergraph-based method becomes greater
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Comparison of computational complexity K=10, M=2
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Figure 6.2: Time complexity when 0 < N <50, K =10 and M = 2.

than that of the graph-based method, up to 1,500 more operations at N = 100. This is
because the size of the interference coordination sets (M = 2) is not big enough to result
in improved computational complexity. Figure 6.3 shows the plot of the time complexity
when M is increased to 4, which results in hypergraph-based method exhibiting lower
time complexity than the graph-based method for 0 < N < 100. At N = 100, the

hypergraph method requires 2,375 fewer operations than the graph method.

6.3.4.2 When K =20

Figure 6.4 shows a plot of the number of operations when K = 20, M = 2. It can be
seen that as the number of networks increases, the time complexity of the two methods
is nearly the same. Figure 6.5 is a subplot which zooms into the plot of the number
of operations when N = {10, 20,30,40,50}. When 10 < N < 20, the graph-based
method is more efficient since the number of available channels is sufficient for exclusive
channel allocation. When N = 30, K is no longer sufficient, and the hypergraph-based
method exhibits slightly better computation efficiency, up to 400 less operations at
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Comparison of computational complexity K=10, M=4
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Figure 6.3: Time complexity when K = 10 and M = 4.

N = 40. The difference in time complexity between the two methods narrows down
and their number of operations becomes the same at N = 80. For N > 80, the time
complexity of the hypergraph-based method becomes greater than that of the graph-
based method by up to 500 more operations at N = 100. This is because the size
of the interference coordination sets (M = 2) is not sufficient to result in improved
computational complexity.

In Figure 6.6, M is increased to 4, which results in hypergraph-based method ex-
hibiting lower time complexity than the graph-based method for 0 < N < 100. Thus,
at N = 100, the hypergraph-based method requires 5,375 fewer operations than the
graph-based model.

6.3.4.3 When N > 100

The growth rate of quadratic-time algorithms in response to increasing number of inputs
allows the algorithms to remain usable up to about n = 10,000 [85]. Table 6.1 presents a

comparison of the number of operations between the graph-based and hypergraph-based
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Comparison of computational complexity K=20, M=2
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Figure 6.4: Time complexity when K = 20 and M = 2.

Comparison of computational complexity K=20, M=2

4000 A

3500 A

3000 -

Number of operations
[ N N
wv o w
o o o
o o o
! ! !

1000 A

500 A

—O— graph-based channel sharing, K=20, M=2
—{— hypergraph-based channel sharing, K=20, M=2

10 15 20 25 30 35 40 45 50
Number of networks
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Comparison of computational complexity K=20, M=4
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Figure 6.6: Time complexity when K = 20 and M = 4.

spectrum sharing algorithms when K = 20, M = 8 and N = {10,100, 1000, 10000}.
As expected, the results show that the performance of the hypergraph-based method
is better than that of the graph-based method when the number of available channels
(K) is less than the number of competing networks (V). At N = 100, the number of
operations of the hypergraph-based method is about 56% of the number of operations
of the graph-based method. At N = 1,000 the hypergraph-based method requires
up to 94% of the number of operations required by the graph-based method. The
performance of the two models equalises at N = 10, 000; this is because, the number of
networks N is too great and the number of networks that can share the same channel

(M = 8) is too small to make a difference for the hypergraph model.
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Table 6.1: Time complexity of graph-based and hypergraph-based spectrum sharing
algorithms.

Input size Number of operations when K = 20 and M =8

N Graph-based spectrum shar- | Hypergraph-based spectrum
ing algorithm sharing algorithm

10 100 101.56

100 18,000 10,156.25

1,000 1,980,000 1,855,625.00

10,000 199,800,000 199,962,500.00

6.3.4.4 Verification of Time Complexity Using Actual Run Time of Algo-

rithms

The actual run time of the algorithms that were implemented in Chapter 5 was analysed
to verify the results of the time complexity analysis. The simulation used the test
scenario which consists of 100 networks in the ratio 50:50 for 1 km-radius and 10
km-radius networks, respectively, as described in Section 5.6.2.2. Execution time of
the algorithms was recorded for an input size of {10, 20, 30, 40, 50, 60, 70, 80, 90,
100} networks (N). A total of 20 simulations were carried out for each of these input
sizes. The simulations were conducted for three different values of the number of
available channels (K). K = 3 represents a scenario when the number of available
channels is insufficient for the number of networks that are competing for these channels.
The values of K = 9 and K = 14 were chosen for the simulation because, according
to the simulation results in Section 5.6.2.2, the hypergraph-based and graph-based
models require 9 and 14 channels, respectively, to accommodate 100% of the competing
networks.

The results are presented in Figures 6.7, 6.8, and 6.9. The results show that the
rate of growth of the run time of both algorithms is quadratic in nature as per the time
complexity analysis. The results also show that the hypergraph-based model exhibited
a slightly higher execution time than the graph-based model.
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6.3.4.5 Interpretation of Results

As expected, the results show that the time complexity of the hypergraph model is
comparable to that of the graph model since the rate of growth of the run time of both
algorithms is quadratic. The results of the actual execution time of the algorithms
confirm that that the rate of growth of the execution time of the algorithms follows the
same shape of curve as the input size is increased. The results of the asymptotic analysis
further show that the hypergraph model could enable reduced number of operations.
The extent to which the number of operations is reduced increases as the number of
coexisting networks that share the same channel is increased and as the number of
available channels is increased. When the number of coexisting networks that can be
allocated the same channel is increased, it means that an increased number of networks
are represented by a single vertex in the minor graph, thus reducing the size of the
input that the graph colouring algorithm has to handle. When the number of available
channels is increased, an increased number of networks are assigned a channel through
colouring of the minor graph, such that the algorithm has to visit a reduced number of
uncoloured vertices when checking for additional colour assignments that were masked
by hyperedge contraction. However, in the results of the actual execution time, the
hypergraph-based model had a higher run time than the graph-based model for all
values of the input size. This could be so because the number of coexisting networks

was not enough to result in a significant reduction of the number of operations.

6.4 Application of Hypergraph Model to Spectrum Coor-

dination

The WInnForum has published three approaches to GAA spectrum coordination. This
chapter is focused on Approach 1 [36]. Two types of spectrum coordination are spec-
ified in [37]: (a) inter-CxG coordination, which makes decisions about coordination of
spectrum use among CxGs, (b) intra-CxG coordination which manages spectrum use
within a specific CxG. This chapter is focused on inter-CxG coordination. The SAS

implements inter-CxG spectrum coordination. A CBSD network operator can establish
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its own CxG and implement a coexistence manager according to its own interference
management policy.

The technical specifications specify the use of graph colouring to model bandwidth
allocation to CxGs following the creation of an interference graph and identification of
connected components in the interference graph which represent networks that require
frequency coordination. Allocation of bandwidth to a CxG involves computing its
chromatic number (). Let BW denote the total bandwidth available for the GAA
users. Let y; be the chromatic number of CxG;. If there are P number of CxGs in
the connected set, then the total chromatic number of the connected set is given by

Equation 6.6.

P
X=> xi (6.6)
=1

Bandwidth allocated to CzG; is calculated by Equation 6.7.

BW; = %BW (6.7)

First, the graph-based model that is specified in the WInnForum scheme is pre-
sented. Then, a modified scheme that is based on a hypergraph-based model is pro-

posed. Finally, computational complexity of the two models is analysed.

6.4.1 Graph-Based Spectrum Coordination Process

Consider a CBRS GAA ecosystem consisting of CBSDs that are registered with the
SAS. It is envisioned that operators would create CxGs to facilitate coexistence within
the groups. The procedure for inter-CxG coordination is summarised and illustrated

as follows:

1. A CBSD interference graph is created for all registered CBSDs. An edge between
a pair of CBSDs represents one-way or mutual interference between the CBSDs
and their end user devices. Edges are assigned weights that represent the level of

interference and an edge weight threshold is set such that an edge is established
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between a pair of CBSDs only when the edge weight is greater than the threshold.
An example CBSD interference graph is illustrated in Figure 6.10.

Interfering edge (edge weight
above threshold)

_____ Non-interfering edge (edge
weight above threshold)

Figure 6.10: An example of a CBSD interference graph.

2. Connected set(s) are then generated from the CBSD interference graph. Any pair
of CBSDs in a connected set are connected directly through an edge or indirectly
through other CBSDs in the interference graph. An example of an interference

graph consisting of two connected sets is illustrated in Figure 6.11.

3. Based on CBSD grouping information, the interference graph for each connected
set is modified as follows: (i) no edge is created among any pairs of CBSDs that
belong to the same No Edge Group (NEG) since these can share the same channel,
(i) if CBSDs in a Common Node Group (CNG) are in multiple connected sets, all
vertices in the CNG are contracted to one vertex, since CBSDs in a CNG require
to be assigned at least one common channel. Figure 6.12 shows 4 CBSDs that

belong to the same NEG, and therefore no edge is created between the CBSDs.

4. Graph colouring is applied to each connected set in order to determine the chro-

matic number (x) of each CxG in the connected set. In Figure 6.13, there are
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Connected set 1

Figure 6.11: An example of connected sets.

Connected set 1

Figure 6.12: An example of a NEG in a connected set.
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3 CxGs, and vertices that belong to the same CxG are represented by the same
symbol: square, or triangle, or circle. In connected set 1, all three CxGs have
a chromatic number of 2. In connected set 2, the CxG that is represented by
square vertices has a chromatic number of 1 and the the CxG that is represented
by circular vertices has a chromatic number of 2. Bandwidth is then allocated to
each CxG in each connected set using Equation 6.7. For instance, assuming 60
MHz of available spectrum, for the CxG that is represented by circular vertices,
its CBSDs that are in connected set 1 will be allocated 20 MHz, whereas the
CBSDs that are in connected set 2 will be allocated 40 MHz.

Connected set 1

Figure 6.13: An example of graph colouring for bandwidth allocation.

6.4.2 Proposed Hypergraph-Based Spectrum Coordination

A hypergraph could be employed to model interference relationships and spectral co-
existence relationships in the same model using edges and hyperedges, respectively.
CBSD groups, that is NEGs and CNGs, can best be represented by hyperedges since
these groups can comprise more than two CBSDs. Figure 6.14 is an illustration of a

hypergraph model in which a NEG is represented by a hyperedge.
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Connected set 1

Figure 6.14: An example of a hypergraph model in which a NEG is represented by a
hyperedge.

Hypergraph size reduction is a common approach for reducing computational com-
plexity of algorithms [89]. Figure 6.15 illustrates how hyperedge contraction could be
used to collapse all CBSDs within an NEG into one vertex, without affecting the in-
terference constraints for computing the chromatic number of the connected set in the
interference graph. Representing an NEG by a single vertex has no implication on the
outcome of the graph colouring algorithm in inter-CxG spectrum coordination since,
unlike in intra-CxG spectrum coordination, interference relationships among networks
in the same NEG are not considered. Thus, hypergraph-based modelling has the poten-
tial to reduce the time complexity of the process of bandwidth allocation by reducing

the size of the input graph.

6.4.3 Time Complexity Analysis

In both the graph-based and the proposed hypergraph-based bandwidth allocation
schemes, there are three common procedures: creation of interference graph, finding

connected sets in the interference graph and graph colouring of the connected sets.
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e Connected set 2

Connected set 1

Figure 6.15: An example of vertex colouring of a minor graph after hyperegde contrac-
tion.

Construction of interference graph will not be considered in the time-complexity analy-
sis since the algorithm and input size are the same for both models. The key algorithms
for bandwidth allocation are: (i) graph traversal algorithm for finding the connected
sets within an interference graph, (ii) graph colouring algorithm to find the chromatic
numbers of the CxGs in the connected sets.

Graph traversal algorithms, such as depth-first search (DFS) or breadth-first search
(BFS) can be used. Both methods start by initializing the connected-component-
number field for each vertex to 0, and start the search for connected component number
1 from vertex v1. As each vertex is visited, this field is set to the count of the current
connected component number. When the initial search ends, the connected compo-
nent number count is incremented and the traversal starts again from the first vertex
whose connected-component-number-field is still 0. The BFS graph traversal algo-
rithm visits all the vertices once and each edge twice in the case of an undirected graph
G(V, E) that is represented by adjacency lists. Thus, the algorithm runs in O(V + E)
time [85]. Time-complexity of a greedy graph colouring algorithm is O(V? + E) in the

worst case. Thus the total time complexity of graph traversal and graph colouring is
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O(V? +V 4 2E). Ignoring the lower order terms, and since the number of vertices V is
equal to the number of input networks NV, the time complexity of graph traversal and

colouring, denoted by Care, is given in Equation 6.8.

Carc =~ O(N?) (6.8)

As described in Section 6.4, the hypergaph-based and graph-based models vary in
this way. The hypergraph-based model includes additional procedures for construction
of the hyperedges, representing NEGs and contraction of the hyperedges, which results
in a minor graph with fewer vertices than the original interference graph. Thus, the
input size for the graph traversal and graph colouring algorithms is different for the

two models.

6.4.3.1 Graph-Based Bandwidth Allocation

Let Capw denote the time complexity of the graph-based bandwidth allocation. Capw
is equal to the time complexity of the graph traversal and colouring which is given in

Equation 6.8.

Capw ~ O(N?) (6.9)

6.4.3.2 Hypergraph-Based Bandwidth Allocation

In the WInnForum specification, a network provides the SAS with information about
the NEG that it belongs to, if any. Thus, construction of the hyperedges would involve
visiting every vertex, checking if it belongs to any NEG and adding the vertex to the
hyperedge that represents its NEG. Thus, every vertex would be visited once and the
time complexity is therefore O(N).

Similarly, in the hyperedge contraction procedure that is presented in Algorithm 5
in Chapter 5, every hyperedge is visited once when the loop in line 1 executes and all
vertices, except one, that are incident on the hyperedge are visited once when the loop

in line 3 executes. In the worst case scenario, every vertex would belong to a NEG.
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Assuming that the number of networks in a NEG is uniform, let M denote the number
of nodes in a NEG. Thus, the number of hyperedges would be N/M. Hence, the loop
in line 1 will execute N/M times and the inner loop in line 3 would execute M — 1
times. The time complexity of hyperedge contraction reduces to approximately O(V).

Hyperedge contraction reduces the number of nodes in the interference graph from
N to N/M, thus reducing the size of the input of the graph traversal and colouring
algorithms. Thus the time complexity of graph traversal and colouring, which is given
in Equation 6.8, can be modified to ~ O((N/M)?). Let Cygpw denote the time
complexity of the hypergraph-based bandwidth allocation. The total time complexity
for hypergraph construction, hyperedge contraction, graph traversal and colouring is
O(N + N + (N/M)?). Ignoring the lower order terms, the expression for Cygpw is

given in Equation 6.10.

Crapw ~ (N/M)? (6.10)

6.4.4 Comparison of Time Complexity

The time complexity of the hypergraph-based bandwidth allocation model is compara-
ble to that of the graph-based model because both models have quadratic time com-
plexity. However, it can be seen from Equations 6.9 and 6.10 that the hypergraph-based
model has the potential to significantly reduce the number of operations depending on
the number of NEGs and the number of networks in each NEG. Table 6.2 illustrates
the extent to which hypergraph-based modelling could reduce the number of opera-
tions required. Assuming that the number of networks in a NEG (M) is 2, the number
of operations is reduced by a factor of 4. When M is doubled to 4, the number of

operations is reduced by a factor of 16.

6.5 Chapter Summary

In this chapter, the computational cost of the hypergraph based spectrum sharing

model that was developed in Chapter 5 has been analysed using the Big O notation for

176



Chapter 6. Computational Cost Analysis of the Hypergraph Model

Table 6.2: Time complexity of graph-based and hypergraph-based bandwidth alloca-

tion.
Input Number of operations
size
Graph-based Hypergraph-based bandwidth allocation
N bandwidth allocation M=2 M =4
10 100 25 6.25
100 10,000 2,500 625
1,000 1,000,000 250,000 65,500
10,000 100,000,000 25,000,000.00 6,250,000

the worst-case scenario. Results show that, despite the additional procedures for hyper-
graph construction and hyperedge contraction, the time complexity of the hypergraph-
based method is generally comparable to that of the graph-based method because the
rate of growth of the running time of both algorithms is quadratic. The results show
that the hypergraph-based spectrum sharing algorithm could be more efficient than
the graph-based algorithm when the number of available channels is not sufficient for
each network to be assigned an exclusive channel using the vertex colouring algorithm.
Analytical results show that, for the same input size, the hypergraph-based algorithm
requires fewer operations than the graph-based algorithm as the maximum number of
networks that can share the same channel is increased and as the number of available
channels is increased because this results in reduced size of the input to the algorithm.

Furthermore, a hypergraph-based model for bandwidth allocation in a CBRS GAA
spectrum coordinator has been proposed. Time complexity of the hypergraph-based
bandwidth allocation scheme is also quadratic, as is the the graph-based method that
is proposed in the WInnForum technical specification for GAA spectrum coordination.
Analytical results show that the hypergraph-based method has the potential to result
in reduced time-complexity through hyperedge contraction that reduces the size of the
input graph for the graph colouring algorithm, depending on the number of groups
of networks that can coordinate interference among themselves and the number of

networks in each of these groups.
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Conclusion

7.1 Summary

This thesis has presented the work that was carried out to investigate the suitability of
hypergraph theory in modelling of the RF environment for coexistence management and
spectrum allocation. Hypergraph theory was chosen because it allows representation
of relationships that involve any number of elements, rather just two elements as is
the case with traditional graphs. A hypergraph-based model for co-channel sharing
that ensures coexistence of heterogeneous wireless networks in licence-exempt TVWS
spectrum has been designed, implemented and simulated. The results show that the
hypergraph-based method outperforms the graph-based method in terms of spectrum
utilisation and computational complexity. A hypergraph-based model for bandwidth
allocation in spectrum coordination schemes has also been proposed. Time complexity
analysis results show that the hypergraph-based method has the potential to result in
lower time complexity than the graph-based method.

Chapter 2 provided background to the research problem and to the hypergraph
modelling technique being investigated as a mathematical tool for solving the research
problem. DSA is regarded as a solution for maximising spectrum utilisation by allowing
secondary users’ networks to access vacant licensed spectrum, called white space, on
a non-interference basis. DSA was first approved in the vacant spectrum of the TV

band, which is called TVWS, around 2008. US and UK regulators have approved
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licence-exempt access to TVWS to stimulate growth of broadband services, and access
is managed by a Geo-location Spectrum Database (GLSD). However, the GLSD does
not coordinate allocation of TVWS spectrum to secondary user networks. In 2017, the
FCC also approved DSA in the 3.5 GHz band, which is called CBRS. GAA has been
designated for the lowest-tier access to CBRS spectrum. GAA users are required to
coordinate interference management among themselves.

Heterogeneous RAT standards are targeted for TVWS and CBRS. While cognitive
radios are capable of spectrum mobility and transmission power control to mitigate
the impact of interference, there is a challenge regarding switching from one channel
to another without disruption of services when the available TVWS is not sufficient
for each network to operate exclusively in its own channel, and in the absence of a
spectrum coordination entity. Thus, the research problem for the thesis was established
as coexistence among heterogeneous wireless networks operating in licence-exempt DSA
Systems.

A literature review of the use of hypergraph theory in modelling coexistence man-
agement was presented to compare the work in this thesis with related works. Hyper-
graph theory has found application in modelling of cumulative interference and network
dependency. The novelty in this thesis is that hyergraph theory is used to model spec-
tral coexistence. To reduce computational complexity, a hypergraph procedure called
hyperedge contraction is used to decompose the hypergraph to make it amenable for
graph colouring, which is less complex computationally than hypergraph colouring.

A survey of state-of-the-art heterogeneous coexistence mechanisms for TVWS and
CBRS radio systems was presented in Chapter 3. The survey included a taxonomy of
the mechanisms and an analysis of the capabilities and limitations of the mechanisms.
The main purpose of the survey was to establish how hypergraph modelling could be
applied in PHY /MAC-based coexistence mechanisms. It is envisioned that coexistence
information could involve complex data and multiple relationships that could be repre-
sented sufficiently by a hypergraph data model. It was concluded that the hypergraph
data model could be used in modelling coexistence information databases that are used

for information exchange between radio systems that cannot communicate directly due
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to incompatible wireless protocols. Hypergraph data models could also be used in mod-
elling learning databases that are used in machine learning applications for dynamic
adjustment of parameters of coexistence mechanisms.

Chapter 4 was a survey of state-of-the-art models for coexistence management and
spectrum coordination of heterogeneous wireless networks operating in DSA systems
under licence-exemption or GAA policy. The main drawback of this approach is the
need for a centralised database architecture for coexistence data storage and decision
making. However, both TVWS and CBRS frameworks are based on database architec-
tures such that spectrum coordination and coexistence management could be offered
as a value-added service by spectrum database operators. The IEEE 802.19.1 standard
for wireless network coexistence methods and the Wireless Innovation Forum (WInnFo-
rum) GAA Spectrum Coordination specification are based on this database approach.
Algorithmic implementation of the standardised mechanisms is left to the industry.

The survey therefore focused on analysis of techniques for modelling the RF envi-
ronment and spectrum assignment. The solutions in the literature were classified into
three: graph-based, hypergraph-based and ecology-based models. It was argued that
the concept of an edge in a graph, which is a two-element subset, is not sufficient to
model multiple relationships. On the other hand, hypergraph theory is suitable for
modelling multiple relationships. In the surveyed papers, hypergraph theory is used
to model network dependency and cumulative interference. Alternatively, this thesis
investigates use of hypergraph theory to model spectral coexistence in order to solve
the problem of spectrum allocation on a co-sharing basis in the time domain. At this
point, the first specific objective of the thesis, as described in Section 1.2 of Chapter 1,
was met.

In Chapter 5, an application for coexistence management was implemented using
the Python programming language. The coexistence decision method that was imple-
mented in the application is based on the method called “co-sharing based on network
geometry classification”, which is specified in the IEEE 802.19.1 standard. Channels
were allocated either on a non-interfering basis or on a coordinated sharing basis.

The application was implemented using a graph-based model and a hypergraph-based
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model, in order to compare the performance of the two models in terms of efficiency of
spectrum utilisation.

In Chapter 6, the time complexity of the hypergraph-based model that was devel-
oped in Chapter 5 was analysed and compared with that of the graph-based model.
Furthermore, a hypergraph-based model for bandwidth allocation in spectrum coor-
dination applications was proposed. The model is based on the WInnForum GAA
Spectrum Coordination specification. The time complexity of the proposed hypergraph-

based bandwidth allocation scheme was compared with that of a graph-based method.

7.2 Key Results

In Chapter 4 a high-level framework for radio resource management was proposed.
The distinctive feature of the framework is that, apart from interference relationships,
spectral coexistence relationships are also included in the RF environment model, and
hence in the data structure that is input to the radio resource allocation algorithm.
This representation is only possible with the hypergraph data model which allows
modelling of relationships involving any number of elements and the relationships can
be multifaceted, which allows modelling of various features at the same time. This
output meets the second specific objective of the thesis, as described in Section 1.2 of
Chapter 1.

In Chapter 5 it was demonstrated that hypergraph-based modelling enables more
efficient spectrum sharing than graph-based modelling. The chapter exhaustively meets
specific objectives 3-5, as described in Section 1.2 of Chapter 1. The performance metric
that was used to compare performance of hypergraph-based and graph-based spectrum
sharing is spectrum utilisation which is measured by the percentage of the competing
networks that are operational, having been assigned an operating channel from the
available channels or by the number of channels required to achieve a given percentage
of operational networks. The simulation involved varying two factors that have an
impact on the output of the channel allocation algorithm: interference level, and the

number of available channels. The results showed that the hypergraph-based model
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achieves, on average, up to 8% more operational networks than the graph-based model.
This is because, unlike in the graph model where current spectrum sharing options are
limited by the outcome of the previous channel allocations, in the hypergraph-based
model, spectral analysis is done when there are changes in the radio ecosystem, and
information about spectral coexistence is represented in the hypergraph model before
any channel allocation algorithm is applied, in order to accommodate more networks.

The results also show that the hypergraph model requires fewer channels, up to
36% fewer channels, to achieve, on average, 100% operational networks for the same
RF environment. These results are attributed to the fact that, although both models
use the same vertex colouring algorithm, the hypergraph model involves reduction of
the hypergraph into a minor graph by representing groups of coexistent networks by
a single vertex. The minor graph is colourable by fewer colours than the original
interference graph that is used in the graph model.

In Chapter 6, computational complexity of the hypergraph-based spectrum sharing
model, which was developed in Chapter 5, was analysed and compared with that of the
graph-based model. This analysis exhaustively meets specific objective numbers 3 to
5, as described in Section 1.2 of Chapter 1. Big O notation was used to compute the
number of operations for a given input size, in the worst case scenario. The analytical
results show that the time complexity of the hypergraph-based model is comparable
to that of the graph-based model since both models have quadratic run time. This is
because, the algorithm employs the hypergraph procedure called hyperedge contrac-
tion, which is used to decompose the hypergraph into the form of a normal graph
for graph colouring, which is less complex computationally than hypergraph colouring.
The results further show that the hypergraph-based model has potential to result in
lower time complexity than the graph-based method as the number of networks that
can share the same channels is increased and as the number of available channels is
increased, because this results in a reduced input size in the hypergraph-based model.

Furthermore, a hypergraph-based model for bandwidth allocation in spectrum co-
ordination applications was proposed. The time complexity of the hypergraph-based

model was analysed and compared with that of the graph-based model. The model
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is designed for inter-coexistence group bandwidth allocation. Hyperedge contraction
is used to collapse vertices that represent a group of networks that can coordinate
interference among themselves into a single vertex, without affecting interference con-
straints for computation of bandwidth allocation. The analytical results show that the
time complexity of the hypergraph-based model is comparable to that of the graph-
based model since both models have quadratic run time. The results further show that
the hypergraph-based model has potential to result in lower time complexity than the
graph-based method as the number of interference coordination groups increases and

as the number of networks within an interference coordination group increases.

7.3 Further Work
For future work, there are several points for further investigation.

1. In the simulations that were conducted in this thesis, device parameters of net-
works were stored in Excel comma separated values (csv) files. It would be
interesting to explore storage of device parameters, and interference and spectral
coexistence relationships between the devices in the form of a hypergraph data
model in a database. Hypergraph database solutions, such as Vaticle’s TypeDB

database [137], are suitable for storage of complex data with n-ary relationships.

2. In this thesis, the effect of terrain and clutter on signal propagation was estimated
using an attenuation factor. The next step would be to integrate a terrain-based
propagation model in the interference analysis and spectral coexistence functions.
Furthermore, measurement reports could be included in the analysis. Finally, it

would be interesting to include machine learning techniques in these functions.

3. In Chapter 5, objectives of the channel allocation algorithm were to maximise
spectrum utilisation and minimise interference, while meeting channel load con-
straints. However, the approach that was taken, whereby the algorithm could re-
arrange spectrum assignment in order to accommodate new assignments, presents

a trade-off between spectrum utilisation and spectrum assignment stability. It
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would be interesting to add channel invariability to the objectives, not only be-
cause of the trade-off in this particular algorithm design, but also because this
is an important issue in dynamic spectrum access systems because channel avail-

ability and spectrum usage is dynamic.

4. Testing of dynamic radio resource management prototypes through large-scale
test-beds is essential to inspire stakeholders’ trust that DSA networks can be
managed seamlessly despite the highly dynamic nature of spectrum availabil-
ity. A real-time secondary spectrum trading platform that was developed by
the EU project called COGnitive radio systems for efficient sharing of TV white
space in EUropean context (COGEU) was demonstrated in Munich, Germany,
and outdoor trials were done in Bratislava, Slovakia [178,179]. Large scale test-
beds for TVWS networks operating under licence-exempt policy have been imple-
mented [60,61,180-185]. However, there is scarcity of literature on large-scale out-
door demonstration of autonomous, real-time, dynamic radio resource manage-
ment for heterogeneous networks operating under licence-exempt policy. Proof-of-
concept demonstrations of a dynamic spectrum manager in licence-exempt policy

covering a heterogeneous radio environment remains a potential research area.

7.4 Final Remarks

This thesis has analysed application of hypergraph modelling for coexistence manage-
ment systems and spectrum coordination schemes. However, the model can find wider

application in a number of aspects of future networks.

7.4.1 RF Environment Knowledge Database

Use of databases has been proposed as a means for indirect exchange of coexistence-
related information between radios/networks that cannot communicate directly due to
the use of incompatible wireless protocols, and for machine learning applications. This
information is used by networks to select optimal operating parameters or to adjust

parameters of the Media Access Control (MAC) mechanism and/or the physical (PHY)
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layer and to perform spectrum allocations. Efficient representation of coexistence infor-
mation will enable sufficiently fast and accurate coexistence decisions in collaborative
MAC/PHY layer-based coexistence mechanisms and in coexistence management sys-
tems. It is envisioned that such data could involve multiple relationships that can be

be represented with sufficient accuracy using a hypergraph data model.

7.4.2 Automated Network Management

In DSA systems, the RF environment is dynamic. Furthermore, in licence-exempt
DSA systems, secondary user network operators would not have knowledge of other
secondary user networks operating in the locality. Manual network management would
therefore be nearly impossible when network operators begin to roll out large scale
secondary user networks, hence the need for automated dynamic radio resource man-
agement. Furthermore, less complex algorithms would ensure timely decisions in the
network management application. Coexistence management and spectrum allocation
are key aspects of network management. The hypergraph-based model that has been
developed in this thesis is not computationally complex. As such, it can be applied in

automated dynamic network management systems.

7.4.3 Dynamic Spectrum Management

The geo-location spectrum database approach has successfully been applied for radio
spectrum management in hierarchical DSA frameworks of TVWS and CBRS spectrum
bands, and is also earmarked for LSA by Ofcom [24,186]. In addition to these stan-
dard systems, customised geo-location spectrum databases for coexistence management
among users with an equal priority leve,l such as licence-exempt GAA users, were fore-
cast to be in operation by early 2021 [186,187]. In licensed shared access and in priority
access, users are guaranteed exclusive access to shared spectrum. In the CBRS frame-
work, in the spirit of “use it or share it”, priority access users are allowed to auction
their spectrum on a secondary market when they are not ready to roll out. However,
it is envisioned that light users should be able to share their spectrum with other users

at a guaranteed contention ratio in the spirit of “use it most of the time, or time-share
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it”. Alternatively, in highly congested RF environments, such as dense urban areas,
more networks can be accommodated by offering priority access licences with a certain
guaranteed contention ratio. Modelling of such a spectrum sharing framework would
involve multiple relationships for spectral coexistence that can be modelled sufficiently

using hypergraph data models.

7.4.4 Frequency Planning Tool

Frequency planning is an important function that is carried out by network operators
during capacity planning of their radio networks. The main objective of frequency
planning, together with capacity planning, is to maximise radio traffic flow over the
wireless medium without reducing transmission quality. Frequency planning starts with
specification of either the number of channels that are required to maintain a target
level of network capacity or the number of networks that can be supported by the
number of available channels.

In licence-exempt white space spectrum, frequency planning would be difficult be-
cause, although the GLSD provides a list of channels that are not being used by the
primary users, operators of secondary user networks would not have knowledge of other
secondary user networks that are also using the available channels. However, GLSD
operators would have knowledge of secondary user networks since secondary users are
required by regulation to register their networks and to provide their channel usage
parameters to the GLSD operator. The channel allocation algorithm developed in
this thesis could be adapted in simulating channel sharing to determine if a prospec-
tive user’s target capacity could be supported by the presently available white space

spectrum.
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Appendix A

Overview of TVWS Regulatory

Frameworks

A.1 FCC Approach

In 2004, the FCC became the first regulator to propose licence-exempt use of TVWS
spectrum by secondary users for other services such as wireless internet service [10].
The objective was to enable efficient and effective use of the TV band, to stimulate
development of new services or to increase the coverage range of existing services.
Secondary users are required to register their devices with a database and each device is
issued an FCC identifier. The FCC recognises the geo-location capability and database
access method as the main mechanism to ensure that the license-exempt secondary
devices do not cause harmful interference to licensed users.

WSDs are referred to as TVBDs in the regulations. All TVBDs are required to
have capability for transmission power control. TVBDs are classified into two main
categories: fized and personal/portable devices. Personal/portable devices are further
classified into Mode I and Mode II. A summary of the characteristics of these classes
of TVBDs is given in Table A.1.

A fixed device is a transceiver that operates from a fixed location. It has capability

to determine its own geo-location or its geo-location coordinates may be entered in the
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Table A.1: Classification of TV Band Devices (TVBDs).

) Personal /Portable
Property Fixed Mode T | Mode TI
. Fixed Y
Position NMobile e v
Geo- Inbuilt GPS Y Y
location Manual input Y
Access to Dir?ct IP connection Y Y
GLSD Indirect through a fixed TVBD Y Y
Indirect through a Mode II TVBD Y
Operation | Can form a network Y Y
mode Managed by a fixed/Mode 11 TVBD Y

radio system by a professional installer at the time of installation or relocation of the
fixed device. It has capability to access a database to obtain a list of frequencies that
are available at its location and the corresponding maximum permitted power for each
available channel, to select an operating channel from this list, and to initiate a network
of one or more fixed devices and/or personal/portable devices.

A personal/portable device transmits/receives radio signals at unspecified locations
that may change. A Mode I device does not have internal capability to determine its
geo-location and does not have access to a database. It can only operate under the
management of a Fixed device or a Mode II personal/portable device. A Mode II device
uses internal geo-location capability and is able to access a white space database either
directly through an IP connection or indirectly through a fixed device or another Mode
II device. A Mode II device must provide a Mode I device with the same list of channels
that are available to it. A fixed device must provide a list of available channels to the
Mode I device that is the same as the list of channels available to the fixed device;
however, a Mode I device may only operate on those channels that are permissible
for Mode I devices. A sensing only personal/portable TVBD uses spectrum sensing
to determine which channels are vacant. Sensing only devices need to be approved
by the FCC before being used and are restricted to a maximum transmit power of 50
mW only. The sensing requirements are as follows; Digital TV: -114 dBm over 6 MHz;
Analogue TV: -114 dBm over 100 kHz, wireless microphones: -107 dBm over 200 kHz.
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A summary of the requirements of these four device types is given in Table A.2.

Channel availability is determined using the data about protected primary users
stored in the database, the specific interference protection criteria for each of the ser-
vices, and the geo-location information of the requesting TVBD. The primary services
include: digital television transmitter stations, digital and analogue Class A TV, low
power TV, TV translator and TV booster emitter stations, Private Land Mobile Ra-
dio Service (PLMRS)/Commercial Mobile Radio Service (CMRS) operations, offshore
radio-telephone service, Wireless Medical Telemetry Service (WMTS), Radio Astron-
omy Service (RAS), 600MHz service band licensees where they have commenced opera-
tions, Multi Video Programming Distributor (MVPD) receive sites and licensed wireless
microphones. In addition, primary users in border areas near Canada and Mexico shall
also be protected. The regulations specify interference protection requirements for all
these protected services.

The database determines protected contours around protected digital TV stations
using F(50,90) propagation curve model whereas analogue Class A TV, low power
TV, TV translator and TV booster stations are protected using F(50,50) propagation
curve models. While the propagation curve models are based on Longley-Rice terrain
modelling, the models take into account the average height of terrain, without taking
into account terrain features like hills, buildings, vegetation which have a significant
impact on signal propagation. This results in either over-protection of primary users
where undulating terrain blocks signals or under-protection in flat terrain where signals
travel further than what the model predicts.

TVBDs that are using the same channel or channels adjacent to the channel being
used by the protected TV station must be located outside the protected contours at a
distance higher than the required co-channel and adjacent-channel separation distance
from the protected contour. This is illustrated in Figure A.1. In the regulations,
separation distances are specified for each device type, and for various antenna height
levels and transmission power levels of fixed devices. The specified separation distances
apply to a TVBD with a location accuracy of 4/-50 metres. The separation distance is

increased when the location uncertainty of a TVBD exceeds +/-50 metres. In border
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Table A.2: FCC Rules: Requirements of TV Band Devices (TVBDs).
Devices Fixed Mode II Mode 1 Sensing-
only

Geo-location || geo-location geo-location optional optional
capability coordinates coordinates

and geo- | and geo-

location location

uncertainty (in | uncertainty (in

metres), with | metres), with

confidence confidence

level 95% level 95%
Transmit up to 4 W; | up to 100 mW | up to 100 mW | 50 mW
power limit || above 4 W
(EIRP) (6 || only in less
MHz) congested  ar-

eas
In-band PSD || up to 12.6 | up to 2.6 dBm | up to 2.6 dBm | -0.4 dBm
limit (100 || dBm (con- | (EIRP) (EIRP) (EIRP)
kHz) ducted power)
Adjacent up to -428 |up to -52.8 |up to -52.8 | -55.8 dBm
Channel dBm (con- | dBm (EIRP) dBm (EIRP) (EIRP)
emission ducted power)
limit (100
kHz)
Permissible VHF band | UHF Band | UHF Band | UHF Band
TV Frequen- || (54-72 MHz, | (490-698 MHz) | (490-698 MHz) | (490-698 MHz
cies 76-78 MHz,

174-216 MHz),

UHF Band

(490-698 MHz)
Source of || geo-location geo-location received form a | channel sensing
operating spectrum spectrum fixed or Mode | technology
parameters database database II device
Maximum once a day once a day or | once every 60 | once every 60
Update Time when location | sec sec
/ Distance changes by

more than
100m
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areas, the required separation distances from protected contours of TV stations in
Canada and Mexico apply if the portions of the protected contours of Canadian and

Mexican TV station fall within the US.

TV Transmitter
N
_ |

2

=

TV Recelver

Protected Contour . : .
eparation distance

Figure A.1: FCC Rules: Interference Protection of TV Stations.

To protect the PLMRS/ CMRS services in these areas, TVBDs are not allowed to
operate on channels 14 - 20 in 11 metropolitan areas at distances less than 134 km
and less than 131 km for co-channel and adjacent channel operation, respectively. In
regions other than these 11 metropolitan areas, TVBDs are not allowed at distances
less than 54 km (for co-channel operation) or less than 51 Km (for adjacent channel
operation).

A protected area of a 600 MHz service band licensee shall be defined by polygo-
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nal area encompassing base stations or other radio facilities that have been deployed.
TVBDs must comply with the co-channel and adjacent channel minimum separation
distances between the TVBD and any point along the edge of the polygon area that
have been specified in the regulation. The regulations also specify co-channel and ad-
jacent channel separation distances from WMTS sites that operate in the the 608-614
MHz band (channel 37).

The rest of the primary services are protected as follows. TVBDs are not allowed
to operate on TV channels (15-18) that assigned to offshore radio service within the
specified geographical area. Low power auxiliary services such as licensed or unlicensed
wireless microphones must register with database and must define the time interval and
area where they want to be protected from other TVBDs. Fixed and personal/portable
TVBDs are not permitted to operate on the same channel as low power auxiliary sites
within 1 km and 400 metres of the coordinates of registered sites, respectively. To
protect RAS services, operation of all types of TVBDs is not allowed on all channels
within 2.4 km of the locations of 15 identified sites. Finally, TVBDs are not permitted
to operate in the 488-494 MHz band in Hawaii.

A.2 ETSI/Ofcom Regulatory Approach

The Electronic Communications Committee (ECC) of the European Conference of
Postal and Telecommunications Administrations (CEPT) and Ofcom have had TV
white space operation under consideration since 2005. In 2009, the ECC formed a
project team to define technical and operational requirements for the possible operation
of cognitive radio systems in the white spaces of the UHF TV Band (470 - 790 MHz,
DTT channels 21 - 60). The preliminary results were published in the ECC Report
159 at the beginning of 2011 [188]. The report made the following recommendations

on protection of primary services:

e Geo-location combined with database method is the most appropriate method
to protect TV broadcasting services, because current sensing technology cannot

adequately meet the demanding requirements for autonomous sensing and radio
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beacon service does not attract interested investors.

e The metric used to protect TV broadcasting should be DTT location probability,
which is defined as the probability with which a DTT receiver would operate cor-
rectly at a specific location where the median wanted signal level is appropriately

greater than a minimum threshold value.

e The maximum permissible transmit power should be location specific and shall
take into account the ACLR characteristics of the WSD, which renders additional
complexity to the computations but it is expected to improve the white space

spectrum availability.

e Programme Making and Special Events (PMSE) primary services should be pro-

tected by defining safe harbour channels for the service.

e Protection of RAS services in the 608-614 MHz should be implemented by the

database in the form of exclusion zones around the facilities.

¢ Additional studies were required to determine protection methodology for Aero-
nautical Radio-Navigation Services (ARNS), mobile/fixed service in the band
790-862 MHz, and Private Mobile Radio Service (PMRS) below 470 MHz.

In 2014, the ETSI published the ETSI EN 301 598 Harmonised European Standard
for WSDs [189], based on the regulatory principles that were published in the 2013
ECC Report 186 [190]. Two equipment types have been defined in this standard. Type
A refers to fixed radio equipment that may have integral, dedicated or external antenna
whereas Type B refers to equipment that is not intended for fixed use and can only have
integral or dedicated antenna. WSDs may transmit in a single 8 MHz DTT channel or
they may operate concurrently in multiple contiguous or non-contiguous DTT channels.

The standard requires WSDs to have control and monitoring function to prevent a
master device from operating without communicating with an approved database and a
slave device from transmitting without communications with a master device. At start-
up, a master device shall consult a web-listing of databases that have been approved

by the national regulatory authority. A master device shall contact the database at
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regular update intervals to check if its device parameters and those of its slave devices
are still valid. If the operational parameters are no longer valid, the WSD shall stop
transmission and shall instruct its slave device to cease transmission.

WSDs may operate as master or slave devices in a network. The standard specifies
device parameters of master and slave devices that must be submitted to the database,
which are used to determine permissible operating parameters. Device parameters of a
slave device are submitted via the master device. The database shall provide Specific
Operating Parameters (SOPs) if it has received specific device parameters of the slave
devices, else, the database shall provide more stringent General Operating Parameters
(GOPs) to a master device that may be used by its slave devices in the coverage area
of the serving master device. The master device is also required to communicate to the
database information about the radio frequencies and powers that it intends to use prior
to transmission. This set of parameters is referred to as channel usage parameters. This
feedback is in line with the regulatory framework requirement for database operators
to provide an information system of WSDs that provides spectrum occupancy data for
investigating interference cases [15].

The RF power spectral density per 100 kHz or 8 MHz radiated from a WSD shall
not exceed the maximum levels specified in the operating parameters received from
the database. In the case of simultaneous operation on multiple DTT channels, the
database may direct a WSD not to exceed the minimum of the RF power spectral
densities of the concerned DTT channels. The standard also specifies the maximum
unwanted emissions outside the 470 - 790 MHz band. For instance, the out-of-band
unwanted emissions in the PMRS band (230-470 MHz) and in the mobile/fixed service
band (790-862 MHz) shall not exceed -36 dBm and -54 dBm, respectively. The standard
also specifies ACLR for five standard device emission classes. Manufacturers of WSDs
are obliged to declare the device emission class of their product. Within the 470-790
MHz band, the out-of-block unwanted emission limit shall be the maximum of either
the difference between in-block EIRP spectral density per 8 MHz and the ACLR for
the device’s emission class or -84 dBm / 100 kHz.

Ofcom was the first national regulatory authority in Europe to publish its TVWS
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regulations. On 12th February 2015, Ofcom released a statement on how dynamic
spectrum sharing of the TV band between primary users (DTT and PMSE) and WSDs
would be implemented [15]. Regulations for WSDs operating in the TV band were
published on 31st December 2015 [12].

WSDs are permitted in the entire TV band except for channel 38 (606 MHz to
614 MHz) which is reserved for PMSE, and channel 60 (782MHz to 790MHz) in order
to ensure coexistence with LTE mobile services that are allocated the 800MHz band
(791MHz to 862MHz). The rest of the operating rules of master and slave WSDs under

Ofcom legislation are summarised in Table A.3

Table A.3: Ofcom Regulations - Requirements of White Space Devices (WSDs).

Devices Master Slave

Geo-location capability geo-location  coordinates | optional
and geo-location uncer-
tainty (in metres), with
confidence level 95%

Transmit power limit || upto4d W up to 4 W
(EIRP) (8 MHz)

Permissible TV Fre- || 470-606 and 614-782 MHz 470-606 and 614-782 MHz
quencies

Source of operating pa- || TVWS spectrum database | TVWS spectrum database

rameters via master device
Maximum update || 15 minutes or 50 m 15 minutes or 50 m
time/distance

A proprietary statistical model called the United Kingdom Planning Model (UKPM)
is used to estimate the statistical probability that each 100m by 100m locality (known
as a pixel) has got DTT coverage, i.e. the received DTT signal strength is greater than
the minimum required signal level specified for a particular receiver (in the UK, the law
requires every TV user to obtain a licence). The impact of terrain is taken into account
in the propagation model. WSDs are treated as additional sources of interference that
can further reduce the estimated location probability. To protect TV users from WSDs,
the UKPM is modified to include WSD interference in the protection ratio and mutual
coupling between the DTT antenna and the WSD antenna. A threshold for permitted
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reduction in location DTT coverage probability is set which is used to determine which
channels are available and the permitted maximum transmit powers for each available
channel. The algorithm applies a transmit power cap of 36 dBm in order to reduce the

aggregate probability of WSD interference resulting in TV picture breakup [15].
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Preliminary Testing of

Hypergraph-based Modelling

This section presents results of preliminary testing of the channel sharing algorithm
to demonstrate that the algorithms have been implemented according to specification.
A network environment with high interference constraints is used as a test scenario
because it is in such a constrained environment that channel allocation becomes a
challenge. The test environment consists of 12 networks that are geo-located in the
same locality. It is assumed that the set of available channels is available at all network
locations. The propagation loss model that was used is given in Chapter 5, Equation
5.6. The rest of the simulation parameters are given in Table B.1.

The hypergraph-based spectrum sharing algorithm (Algorithm 6) that is presented
in Chapter 5 was used. The subsections below provide the output of the Python code

for hypergraph construction, hyperedge contraction and channel allocation results.

B.1 Hypergraph Construction

The constructed hypergraph is illustrated in Fig. B.1. Five hyperedges were gener-
ated to represent groups of networks that can coexist in the same channel based on
technology compatibility, channel load and communication range constraints:

1: [0,1],2: [2, 8, 9], 3: [4, 7, 8], 4: [5, 6], 5: [10, 11]
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Table B.1: Parameters for Simulation.

| RAT | 802.22 WRAN | Outdoor 802.11 TVHT |

Number of networks 3 (ids 4,7, and 8) 9

Cell coverage (m) 10,000%; 1,500 300

BS / AP conducted power (dBm) 31¢; 204 15
BS/AP antenna gain (dB) 5 5
CPE/UE antenna gain (dB) 11 0
BS/AP antenna height (m) 154; 12¢ 10
CPE/UE antenna height (m) 10%; 68 1.5
Receiver Sensitivity (dBm) -88 -88
Attenuation factor, o 4 4
Channel Occupancy Rate (COR) 0.25 0.3
SINR/SNR threshold, 6 (dB) 10 10

Centre frequency (MHz) 474 474

a ¢ d INetwork ids 4,8. P 9 ¢ & Network id 7.

- —
—

Figure B.1: Illustration of hypergraph model representing pair-wise interferers as edges
between pairs of vertices and coexistence information as hyperedges comprising multiple
vertices representing networks that can coexist in the same channel.
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B.2 Hyperedge Contraction

The hyperedges are contracted sequentially until all hyperedges are processed. Fig.
B.2 (a) to (e) shows the output of the algorithm at each stage of contraction of the 5

hyperedges.

Contraction of hyperedge 4: [5, 6] to vertex 5

(d)

Contraction of hyperedge 5: [10, 11] to vertex 10

()

Figure B.2: Results of the stages of decomposition of the hypergraph through sequential
contraction of five hyperedges.
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Contraction of hyperedge 1: [2, 3, 9] to vertex 2

(a)

Contraction of hyperedge 2: [4, 7, 8] to vertex 4

(b)

Contraction of hyperedge 3: [0, 1] to vertex 0O
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B.3 Channel Allocation Results for Hypergraph-based Chan-
nel Sharing Algorithm
When a vertex colouring algorithm was applied to the minor graph of Fig. B.2e. When

there are 3 available channels, only contracted vertices 0, 2 and 4 are coloured, which

results in hyperedges {0,1}, {2,3,9} and 4,7,8} being assigned channels 1, 2 and 3

respectively. The channel allocation result is given in Figure B.3.

Hypergraph-based channel sharing, based on technology, channsl load and SHR constraints, M =12, M= 3

H Mo channel assigned
B Channel 1
I Channel 2
B Channel 3

Figure B.3: Channel allocation for the hypergraph-based channel sharing algorithm
when there are three available channels - 8 out of the 12 networks are assigned an
operating channel from the 3 available channels.
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