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Abstract

This thesis explores the coverage, capacity and coexistence of High Altitude Platform (HAP)
and terrestrial segments in the same service d@dgen the limited spetrum available,
mechanisms tonanage the cohannel interference tenable effective coexistence between the
two infrastructures arexaminedinterference arising from the HAPaused byherelatively high
transmit power antheantenna beam profilbas the potential to significantly affect the existing
terrestrial system on the ground if the HAP beams are deployed without a proper strategy. Beam
pointing strategies exploiting phased array antennas on the HAPs are shown to be an effective
way to placehe beams, with each of them forming service cells onto the ground in the service
area, especially dense user areas. Using a newly developed RF clustering technique to better point
the cells over an area of a dense group of users, it is shown that meaumaoverage of 96%
of the population over the service area can be provided while maintaining the coexistence with
the existing terrestrial system.

To improvetheuser experience at the cell edgéile at the same time improving the overall
capacity ofthe system, Joint Transmissibi€oordinated Multipoint (JICoMP) is adapted for a
HAP architecture. It is shown how the HAP can potentially enable the tight scheduling needed to
perform JFCoMP due to the centralisation of all virtuallH RAN Node Bs (eNdeBs) on the
HAP. A tradeoff between CINR gain and loss of capacity when adaptirQaVIP into the HAP
system is identified, and strategies to minimise the todidare considered. It is shown that 57%
of the users benefit from the OoMP.

In order to @able coordination between the HAP and terrestrial segments, a joint architecture
based on &€loudi Radio AccesdNetwork (CRAN) system is introduced. Apart from adapting
a C-RAN based system to centrally connect the two segments together, the netvetidnfin
split which varies the degree of the centralised processing is also considered to deal with the
limitations of HAP fronthaul link requirements. Based on the fronthaul link requirements acquired
from the different splitting options, the ground rektation diversity to connect the HAP to

centralised and distributed units (CUs and DUSs) is also considered.
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CHAPTER 1

1. Introduction

Contents
1.1 Qverview 15

1.2 The Coexistence of High Altitude Platform (HAP) and Terrestrial Network

Challenges. 17
1.3  Hypothesis and Objectives 20
1.4  Thesis Outline 21

1.1 Overview

The evolution of wireless communication networks from the 1st generation (1G) until the
5th generation (5G) imrgelydriven by the demands of coverage and capacity. There are many
reasongor the observedise in network trafficjncludingthe significart increasdn the number
of connected devices such as smartphones and tablets with the addition of heavy data usage
applications like vido streaming and video cal§. All these convenient services have changed
user behaviouandinternet usage. Prigusly, internet activity was limited to within the home or
office, but now people can stay connected even when they are oiitsgdamount of Internet
Protocol (IP) data handled by wireless netwohas increasedby over 100 fold; with
approximately 3 exbytes in 2010, rising to a predictealuegreater tha®00 exabytes by 2020
andpotentially5 zettabytes in 203®, 7]. The challeng for researchers and engineers is kegp
pace with the enormous data traffic increase in the delivery of reliable and sustainable wireless

networks.

Several solutions regarding the improvement of network capacity have been shudied,

more coseffective solutions are to be considered because massive networks are needed to

15



accommodate the data growftherefore, the idea of deploying cditem the above ground has
surfacedHigh Altitude Platforms (HAPSs) are widely regarded as a flexible, mobile gffestive

and alternative way tprovide wirelesscommunication services (e.g. broadband and cellular
services)8, 9]. HAPs are airships or aircraft, operating in the stratosphere approximatady 17

km above grounfilO, 11} This heightangeis well above commercial airplanes and suffers from
less atmospheric turbulence than lower altitudes. HABRsarenot currently in service can be
repositioned to replace failed communication infrastructure and provide extra coverage and
capacity when needee.g.for a temporary large crowd everfil2]. In termsof permanent
service, HAPs are suited to filg coverageholesin areas lacking in terrestrial infrastructure.
HAPs have the potential to pro a useful alternative to the traditional terrestrial provision
because their higher altitude operation provides a better chance of achieving Line df&ht (
connectivitywhich means there is a lower chance of shadowing compared to terrestrial systems
HAPs are capable fodeploying manytransmission/receptiobeams which can be directed
anywhere inside a service area for the purpose of forming cells to provide wireless communication
servicesWith a multitbeam deployment capability, a HAP will needsl@sfrastructure to serve

more users over a larger service area compared to a corresponding terrestrial system.

The International Telecommunications UnibrRadiocommunication Sector (IFR) has
issued recommendations for HAR®Sd allocated spectrum at/48 GHz for worldwide use and
a 28/31 GHz band for Asian countries with an available bandwidth of 300fbfHioth uplink
and downlink[13]. HAPs have alsbeen authorised to provide IMT2000 (3G band) service
worldwide [14] and potentially the televisiofTV) white space band which the ultra high
frequency(UHF) bandcould be explo#d due to the gap left in TV networks for bufieg
purposes [15] andas a result of switchover to digital TV, more gap in spectrum is left unused
However, given the prominence of terrestrial infrastructure, there will be many situations where
HAPs are deployed in the same service area as existing terrestmaitkse(e.g. where additional
capacity density is required). Given the limited spectrum available, mechanisms to enable

effective coexistence between the two infrastructures are needed. Use of the same bands will

16



generate interference from a HAP to an txgsterrestrial system, and the amount of interference
the systems can tolerate will depend on the application(s). In the case of the TV white space bands,
coexistence is very strict, but in the case of cellular systems, more interference can be,tolerated

especially if a sharing agreement is in place between the two systems.

1.2 The Coexistence of High Altitude Platform HAP) and Terrestrial

Network Challenges.

HAPs are suitablefor providing coveragein rural areas where thdocations are
geographicallyhardto reach or considered not casftective to build terrestrial infrastructurgo
provide total coverag®eneway is by deploying the bearhased on a regular hexagonal grid, but
it is only applicable when no other netwookerates in the arezoncernedusing the same
spectrumThere will be a situation where the service area already has terrestrial pranidiba
deployment of highly concentrataitjnal powemon a specific area without proper management
over the interference will cause the degradaiioperformance of the existing terrestrial system
that rares the common frequency bahaturally,an appropriate strategy is needed to deploy
the HAP beamgo provide total coveragwithout causing high interference to the existing

terrestrial network.

Coexistence between HAP and terrestrial networks can be achieved by keeping a certain
separation distance between active cells (HAP and terrestrial cell). Howeweder toensure
theinterferencaemains below ainimum level, a gap between the cellay be needeahich
could meanthatthe users in theegion will be unserved, so to enable contiguous covethge
separation distance should be shortewbith will result in an increasm interference leval
especiallyfor uses at the edge of cell. To counter this problem, interference mitigation
techniques such as inteell interference coordination (ICI@gan be adaptedhich exchange
informationbetween base stations or cells abregburceeservatiosthroughanX2 interfaceso
that the user in one cell can use the resergsdurce blockwithout interference from the other

cellthat was informed to reserve the resource blfitik Alternatively, using a similar approach,

17



coordinated multipoint (CoMP) resesspecificresourcesor users that are profoundly affected
by interferencérom two or mae cells and tursithe strongest interferg transmissiomto useful
signal byrequiringthe formerly interfering celio send the same packet simultaneously on the
sameresourceg17]. Both techniquesvill benefit the users at the edge atell andbr even

improve the overall system capacity.

However, the interference mitigation techniques will not be availalileeee HAP and
terrestrial cells with no centralisation and coordination between the si@nsyA conventional
HAP systenis assumed to have one or mbesse statiosion the platform, so it is safe to assume
there will bean insufficient degree of inteslegmentontrol to enable ICIC and CoMP between
the terrestrial and HAP systemBhus, techiques like ICIC and CoMFhight only be feasible
between the HAP cell§Vith this systemmaintaining aseparation distance witininterference
to noise ratio INR) threshold ofwdB at key siteswill be the bestoption to enablesffective
coexistencavhich is a common spectrum management metAternatively, a more centralised
approacltould be introduced ceaHAP such asnaking it part of &loudi Radio Accessletwork
(C-RAN) so that techniques like CoMP and ICIC can be implemented across theahthAP
terrestrial system. Introducing a new approfactHAP system deploymeis required to support
coordinationof thetwo differentsystems aneénableHAP technologiedill a gap in delivery of

5G services

The system layout to evaluate the performarideasschemes, architectures, and systems in
this work as well as the coexistence environment with the terrestrial system, is sheigari
1-1. It consists of a HAP and a macro base statioB$). HAP users (HUE) and Terrestria
users (FTUE) arerandomly distributed across the 30 km radius service area and two additional
groups of users are generated randomly in smaller areas as hotspot coverage areas. The HAP is
located at an altitude of 20 km above ground, while the macrodbaisen is deployed at the
centre of the service area which is at thegialtform point of the HAPWe consider the HAP to
be equipped with 85 x 25element phased array antenna to perform beamforming and deploying

HAP beams where in previous wdid example the CAPANINA projec{18], considered a 121

18



beam structure ovax 30 km radius service area and a three sector antenna for the macro base
station celldeploymentDetails about the phased array antenna profile will be briefly discussed

in Chapter 3.

Desired Downlink Signal

Interfered Downlink Signal

20 km

30 km

Figure 1-1 The coexistence scenario of HAP and terrestrial networkwith downlink
transmission
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1.3 Hypothesis and Objectives

The hypothesisn which this research is bassd
AA HAP can coexist with terrestrial network sharing a common frequency band while
restricting degradation in terrestrial network performanse, asto maintaina minimum

quality ofservice (QoSd.
In order to realise the hypothedise following objectives were defined

I.  To developa suitablestrategy fora HAP beampointing technigque so that total
coverage and coexistence can be achievedatéirestrial network.
II. To mitigate theinterference between cellsspecially at thecell edges, while
improving overall system performance.
M. To enable coordination between HAP and terrestrial netwaiks thereforeto

achieve a new degree of coexistenapabilitybetween the two systems.
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1.4 Thesis Outline

The rest of the thesis is organised as follows:

1 Chapter 2 provides background information of essential elements related to the author's
research workncludinga brief description of related proje@sdother researchn the field
It is divided into an overview of High Altitude Platform (HAR the coexistence of HAP
and terrestrial networks, a summary of ClouRadio Access Network (€RAN), andan
overview of interference management techniques.

1 Chapter 3 explains themethodologyfor experimental evaluatiomsed in this thesis. It
describs the phased array antenna profile, proposed HAP architecture, performance metrics
(e.g. CINR), propagation model for both HAP and terrestrial macro base station, phased array
antenna profile for HAP hreesector antenna profile for a macro base statitomchannel
capacity model, and lastthetraffic model.

1 Chapter 4 proposes novel beapointing techniqueto control the coverage and capacity of
a HAP system while providing adequate protectiontéorestrial users coexisting in the
cellular spectrumAn intelligent beamforming strategy based on ¢Rkstering is usedo
assist the HAP in determining the locations to avoid the terrestrial systela providing
coverage for user groups that are dediag service from the HAP.

1 Chapter 5 investigates how joint transmission coordinated multipointG@MP) can be
extended to a new High Altitude Platform (HAP) system architecture by exploiting a phased
array antenna, which generates multiple beamdahat cells, each of which can map on to
pooled virtual base station equipment, thereby replacing various terrestrial cellkiges.
chapter focuses on enhancement of userds e
the terrestrial macro base sbatis still present.

1 Chapter 6 presents jointly controlled HAP and terrestrial segments by introducing a new
joint HAP and terrestrial architecture, via a new 5&A&N based system variam.network

functional split for a €RAN based system is shown te@ mportant to provide tight
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coordination between High Altitude Platform (HAP) and terrestrial segments that form joint
networks.

Chapter 7 concludes all the work done in this thesis, resigie objectivesand show$ow

the work donéhas complimenedthe objectiveandcontributes to novel findings of each of
the works Later, some suggestions are made regarding the future work, and howttwetake

researchorward beyond what was covered in this thesis.
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2.1 Introduction

This chapter presents background information about important elements related to the
author's research workcludinga brief description of related proje@sdother research work.
It is divided into an overview of High Altitude Platfosr(HAPS), the coexistence of HAFand
terrestrial networksanoverview ofCloudi Radio Acces®etwork (GRAN), anda summary of

interference management techniques.
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2.2 High Altit ude Platforms

The development of HAPs started as early as H¥bsince thena lot ofresearch and
developmenthas been undertakeby both industry and academia. Howevepmmercial
exploitation of HAPshas been limitedo date because of aeronauticslmological challenges
mainly related to the need fdightweight structures (material), energy harvesting and storage
[19], but HAPs are now starting tobecone available We are starting toeg the first long
endurance HAPs produced for commercial date.airships and balloons, the envedopaterial
needs to be able to withstand damage, low tempesature havdow permeability to the lifting
gas[20]. As for aircraft, reducing weight is the critical factochese of the limitatiaonpayload
weight, volumeand power. Typically, the wing structure consistatfbularsparand ribs made
of carbon fibrg21]. The weight of various components (e.g. batteridh@fiephyr) isdistributed

along the wingspan tminimisethe structural stress on the wif2].

The potential cost to build, operate, and maintain a H¥dtiesdepending on the HAP
category, whether it is an airship or aircraft. Accordind23], an airship can cost up t@B6
million, and an aircraft approximageli5 million for both capital andl expenditure (CAPEX and
OPEX)per annunj24]. It is only natural that operators want to select the most economical option,
but they have to deal with the trad& of more limited payload weightolumeand available

powercompared withairships Thiscallsfor innovative way$o provide communicabn services.

Unmanned airships or aircraft means that the vehicle is fully automatednby flight
control or everartificial intelligence (Al). When the technology is ready, there willnieny
HAPsin the sky which openuppossibilities of collisios between HAPs. It ithereforeessential
that there will be someffective communication between HAPs to avoid collisowith the

control systeradesignedo befailsafe[23].

To be able to maintain a long duration flight (e.g. three moptgzosedfor Facebook's

Aquila), theplane for project Aquilaeeds to be able to regenerate and store energy so that it can
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enable adonger duation flight in the stratospheréokW of poweris required to supply their
propellers[23], payloads (e.g. telecommunication, Earth monitoring) and avionics. At2I/8

km, the dominant engy sourceis solar,andsolar power cabe efficiently harvested usiraplar

panes andstoredin batteriesor fuel cells To make ugor the northarvesting time (during the
night), the solar panels need to harvest at least 10kkivig the day23]. There are ways to
maximise the energy accumulated from solar powerfaxteris to optimize the area of the solar
panel array. Thirgertheusablesurface area of the HAFhegreater the size @blar panel array

can be installed; hence more energy can be harvested. Seeavdiyced technology such as the
triple-junction solar ells by SolAero Technologies Corp can be used to make the photons absorb
3 times more than the average solar cdils torelatively highefficiency levels approximately
around 32%23]. Unfortunately fothe upper latitudeis thenorthern hemisphere, thawill have

a problem to rely solely on solar powdue to shorter dayand theenergy harvested from solar
power is unlikely to be sufficient. To counter this problem, an alternative source can be used
which is the regenerative fuel cdli.works byfusing hydrogen gas (which will come in a tank

on a HAP) and oxygeresulting in electricity and water ¢B).

2.2.1 Wireless Communication Services via HAPs

HAPs are seen as an essential way to deliver wireless communication services such as
cellular and broadbandvhichis often referred tas "connectivity from the sky25]. HAPsare
referred to ashe "middle ground" in between terrestrial and satellite provision. For instance,
HAPs are capable of serving a larger area than terresthid at the same time having a better
link budget than satellites duettmeir shorter distance to the ground. More comparisons between

terrestrial, HAP (airships and aircraft), and satellite are presenifeabla2-1.

A considerable amount of reseatws been carried otggarding wireless communication
service provision fronHAPs for both broadband and cellular communicatiéngypical HAP
communication architecture ceists of the access network (user's link), backhaul/fronthaul

(depending on the type of the platform), iapdatform link, and alternative backhaul through
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satellite[9]. The aithors in[11] discussed the potential role of HAP lieyond 3G networks,
where a HAP is part of a hybrid terrestiéf\P-satellite system. The servi¢ehich in this case

isa4G servicgcan benapped to either to terrestrial or HAP aadelliteto provide an alternative
backhaul linkdepending on the bit rates. High bit rate classes are mapped onto the terrestrial
component, while medium aridateclassesre mapped onto the HAP component of the system.
For a broadband servic§Z6] evaluates the performance of worldwide interoperability for
microwave access (WiMAX) from HAPs with multiple antenna payloads, at the same time
examiningthe coexistence behiaur with several terrestrial WiMAXbase stationgor both
downlink and uplink performance sharing the same 30 km radius coverage area. With better Line
of Sight (LoS) connectivity from HAP, millimetrave (mmwave) technology is seen as a
promising medim to deliver broadband service from a HfE®]. In [27], four transmissions
options from four different modulation schenvwesre proposed;orresponihg to thequality of

the mm-wavelink. Thebetter the linkbudget the higher modulation scheme is available which

can enable maximum bit rate per cell up to 120 Mbps hence more application like internet access,

video-on-demand video conference, and telephony will be available with slata rates

According to[28], even with sufficient link budgets, coverage by +wave will still be
limited due to physical random access channel (PRACH). To overcome this, they propose a re
transmission mechanism for PRACH sequences. The proposed algorithm can|{yotientide
the coverage arda8]. Authors in[29] were looking at the deployment of HAP on frequency
above 10 GHz in desert and semeisert area. In these type of area, the sand storichwh
contribute to the attenuation by the dust in the air. They proposed some modification to an existing
dust attenuation model to comply with real dust scenario. It was shown that the dust attenuation

degraled the CINR by around 20 dB9].

Apart from being used as infrastructure on a permanent basis in a specific serviddBsea
can also be a used for temporary events where sudden large crowds form such as at a football
match or concert in a stadiymnd more importantly for emerggnase following a disaster.

According to the Freepress rep§80], when Hurricane Sandy hit New York back in 2012,
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thousands of people were left without access msonication networks when they neelddhem

most. Later in 2014, there was a severe flood that occurred in the Kelantan State of Malaysia, and
the report saythat one of the reasons that complicated the rescue mission was communication
infrastructure failee [31]. A case in 2015 was the flooding in York, where all the cellular
communication and even fibre connections were not available for a whole day. Aerial platforms
in disaster relief situations have been studied thoroughly2i34]. In [32] the aerial platform

and a hybrid satellitaeriatterrestrial (HSAT) networks was studied for emergency situgtion
They found that th HSAT networks can compensate for the failure of terrestrial networks due to
emergency occurrences with the high availability and easy set up characteristics of aerial
platforms. Authors i§33] show that a dmaged network can be compendated recovered up

to 70% compare to prdisaster by using HAP to form cells and provide coverage temporarily.
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Table 2-1 Wireless Communication Provision Comparison[23]

Terrestrial Airship Aircraft Satellite
Height 51250 m 31 22 km 167 19km 50071 30000 km
Life time up to 15 years up to 5 years - up to 15 years
Capacity high medium medium low
Cell coverage only land everywhere everywhere everywhere
0.17 1 km 17 10 km 17 10 km 507 400 km
Maintenance easy to schedule more more too expensive to
difficult to difficult to relaunch
schedule schedule
Remarks proven and well  power more power proven and well
known constraint contain than known technologies
technologies airship
too costly
many
infrastructures
required

IoT hasbecome a hot topic in recent years in term of technical, social and economic
significanceg35]. When hundreds of thousands loT devices are expected to demand connection,
there are concern of whether supportingéhdT devices would significantly burden the current
network infrastructures. Thauthors in[35] have proposed a reliableT network based on
HAPas an alternative standalone network that is well positioned to provide a seamless
connectivity. However, HAPs are susceptible to various factors in the sky that mhingesu
degradation of servicgd6]. To ensure GoS, auth@roposed a DOA method based on the lates
long shoriterm memory (LSTM) through multiple beamforming 8G HAPS loT networks
[36]. In [37], the author also suggest that HAPs unstable movement may effect on the handover
performanceThey discussed vertical and swing movement which are affecting the path loss.
They found that swing movement has greater influence on the handover probability than the
vertical movemeni37].
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2.2.2 HAPs Related Projects byboth Industry and Academia

The potential advantages of HAPs have encouragadiineslopment over the last 40 years.
Many organisations, companies and even countries have fundedsvanopectso develop HAR

for many applications; such as broadband communication.

Eventhoughairshipbased HAP<gostsignificantly more than aircraft, many projects have
beenundertakento developthem, due to thie potentialto have significantly highepayload
capabilities The Airship High Platform Il built by the Raven Company with the support from the
US Navy was one of the earliest experiments carried out in HAP research. This project started in
1969 in order to analyse the feasibilitysafchplatforms. The platform was solar powera@s

25 min length,weighed62 kg, anchadelectric propulsion witlthe propeler asshownin Figure

2-1. The flight succeedefdr more than an hour, reachiagaltitude of21km in 1970[3§].

Figure 2-1 High Platform Il Airship, Raven [3§].

The HiSentinel project aimed for a lesest unmanned airship system wihpayload
capability of 9i 90 kg at stratosphere leye@lith an epected flight duration ot least 30 days.
It was developed byhe Southwest Research Institute (SwRI) and wascsuttracted to the
American company Aerostar International of the Raven Group for erevelapufacturing and

flight test purposes. The HiSentinel family consists of three different vehicles: HiSentinel20,
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HiSentinel50, and HiSentinel80 with 9, 23, and 3@aygload capabilitiesespectively39]. Only
one flight test was conducted which B8 hours atnaltitude of 20 km It failed to meet the
early expectation of 24 hour flight due to propulsion system failure and the projectflash

20077 2012[40].

In the Far East, Japan also started their HAP program called the Japanese Stratospheric
Platform (SPF) in 1998 with the objective to develop a system based on a large unmanned airship
that can maintain positiat 20 km altitude above ground with future telecommunication and
earth observation as the applications veitt8 year development pldAl]. Thefull-scaleSPF
airship would havdeen245 m in lengthwith a1 ton payload. The airshipas intended tde
solar powered during the dayith regenerative fuel cells (RFC) used at night. The SPF project
was funded by the Millennium®rj ect, promoted by theg4lJTavpanbs
prototypes SPR and SPR2 weredeveloped for demonstration aftight test. SPFL successfully
reached 16 km altitude in August 20RR], while SPF2 was demonstrated at lower altitude
focusing on some of SPF key technologies like flight contearth observation, and
telecommunications. In 2008PF2 wastested for flighteighttimes at lower altitde[43]. The
SPFprogrammenas terminatedni 2005 after spending approximately $200 million and was not
further supported for full scale developmenbowever the research for key technologies such as
RFC and lightweight materislwas continuedby the Japan Aerospace Exploration Agency

(JAXA) [44].

The Korean Stratospheric Airship Program started in 2000afb® year developrm
program, and was aiming to deve®p00 m long airship (VIA 200), capabdé carrying around
1000 kgof payload[45-47]. The project was supported by the Karddinistry of Commerce,
Industry and Energy (MOCIE). The first phase of the project wagpteted in 2004 with a 50 m
long airship (VIA 50). The airship successfully achike® km altitude carrying 100 kg payload
with anew hangar built in southern region of Korea. Phase two which was airdedelopng

VIA 200 was halted in 2005 artdere isnofurtherinformation about the current development of
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the projec{45]. However, there is an active aircraft project (EBN where a flight test at 14 km

altitude was conducted in August 2048].

Figure 2-2 EAV -3 takes off with assisted from its trailer at Korean Airport (Directly

reproduced from [45]).

In 2010, Thales Alenia Space started the Stratobus project. The Stratobus is an unmanned
airship 100 m long, 33 m diametendacan carry a 250 kg paylof4B]. The Stratobus features
some innovative designs which include the use of transparent upper body to allow the reflected
sunlight to be directetb solar panels inside the Stratolpp@], and during the night, energy
provided by the RLCThis platform will have 5 years lifetimeubwill have to land one week
every year for maintenance purposes. It was reported that the proalydie commercialised

after 2023

CAPANINA was a project funded by EU Framework 6 from November 2003 to January
2007. It involved 14 global partners, incing the University of York with coordinated the
project[51]. Their aim was to delivexlow cost broadband service with data rate up to 120 Mbps
which is about 200 times faster thidue fixed line broadband at thahte. The use of millimetre

wave (mmwave) as the medium to deliver broadband service was the highlight of the
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CAPANINA project. The platformvas assumed &erve at least60 km diametecoverage area

With the HAPO6s uni que weradeeapaailitydhe aim was forhtitg h c ap
beneficial forrurh  and A har d[8t The mostdutulte drierded past 5f CAPANINA

work was the delivery of high speed broadband (backhaul) to-bged trains travelling up to

300 km/h viaa steerable antera on the roof. The backhaul link enabled integration with@ard

WLAN access poirg It was found out at thatt thetime, none of current broadband standards

were universally suitable for this kind of service, however IEEE 802.16SC (single cartiie€) is

closest match, sowasselected fordrther study and adaptati¢iB].

As for aircraft, several projectseve been undertakesonsidering the lower cosbmpared
to airshipsKnown as the first European Union (EU) HAP project, the HeliNet project started on
January 2000 to May 2003 and was funded by the EU Framework 5 Prograhahmiversity
of York was one bthe ten European partnd&/]. A study was carried out in order to develop a
parts of a scaled size prototyd&P namedhe HeliPlat, from which broadband eomunication
and other servicesould be delivered10]. In [10], it is concluded that the main constraints are
the limited payload and power. However, the methods and techniques may be applied in the future

when the aeronautical technology is ready.

The Environment Research Aircraft and Sensor Technology (ERAST) Rrogeas
conducted by National Aeronautics and Space Administration (NASA) which was started in 1994.
In conjunction with industrythe ERAST pr@ r a gid was to develop and demonstrate aircraft
for the stratosphere for londuration missions for environmemtonitoring[52]. The unmanned
solar energy aircraft developed by AeroVironment for the program edactaltitude of 21.48
km with the Pathfinder, and 29.52 km for Helios. Helios had a wingspan of 75 m and weighed up
to 1052 kg, and was tested with two different configurations (10 and 14 electric njafgrs)
AeroVironment stated that for Helios to be commercialised, $300 million of invesim@nt
needed plus $50 million fahe prototype. The ERAST program wésally closed in P14 and
one of the reasons tke Helios prototype crashed aftegingcaught up in turbulence near the

island of Kauai, Hawaii in June 2001, 53]
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The development series of drone projectsechihe Zephyr began in 20(#2]. The Zephyr
7, developed by the British company QinetiQ, managed to estdbksturrent flight record of
approximately 14 days at 18 km altitude in July 2010. In 2013, Airbus Defence and Space
purchased the Zephyr project from Qinetiigveloping the latest version of Zephyr, the twin tail
Zephyr Twill have a payloadarrying capabilityof 20 kg which is an upgrade from the previous
versiondue toan increase in the wingspfsv]. In February 2016, the UK Ministry of Defence
requested two units tfie Zephyr S worth £13 millioirbus continuously flew its Zephyr S for

over 23 daygecently, significantly exceeding previous flight endurance records for ai&shft

Facebook is also participating developing HAPs and their motivation is to connect more
people across the globe. In March 2014, Facebook purchased the British drone making company,
Ascenta along with its staff who were involved in the development of the Zephyr. The project
named Aquilawvas a flying wing with a 42 m wingspan and about 400 kg weight. Equipped with
four propellers, itvas driven by electric motors and solar powerEde aim was that ivill fly at
altitude 18i 27 km fora 3 month flight duration. tvas expected to uselaser connection for a
high speed communication network and switch to a lower frequency when therelisenoh
sight (nLoS) conditions. In February 20B8.attempt to deploy Aquila was denied by Indian
authorities. According to Facebook, the service would have connected millions of Indian citizens
who currently hag no access to the Interrig®]. Facebook hasinceformed a partnership vtit
Airbus to perform wireless communication service tests tovwtaeknd of 2018, using its Zephyr

S aircraft[56].

Also, with the motivation to connect more people to the internet, Google bought the
American company Titan Aerospace. The project called Solara 50 was announced back in 2013
[57]. The aircraft has a wingspan of 50 m &chpable of carrying 32 kg payload. Solaran&®
expected to fly at 20 km altitude, maintaining the flight up to 5 yi&&s In May 2015, Solara
50 failed its first flight test aftat crashed immediately after takéf in a test area in New Mexico.

It was due to a wing structural failudeie toair currents at low altituddespiteof high risk of

failure like Titan and Helios, AeroVironment Inc., a global leader in unmanned aircraft systems
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(UAS) recently announced a joint ventuvih the Japanese SoftBatikfund development and
production of solapowered higkeltitude unmanned aircraft systems wattontract value of $65

million[59]. Their 5G vision is to have B0.6Super Cel

Softbankand AeroVironment Inc. developed HAWK30, and automated pilot aircraft for
telecommunication platform that aims to be operated at 20 km altitude. Several communication
services are expected to be available with HAWK30 such as dridiaatian, I0T, as welhs 5G
[61]. HAWKS3O0 is approximately 78 meters long, with 10 propellers along its wing and can fly at
approximately 10 km/h in average. HAWKS30 is expected to have mass praduatid service

launch by 202361].

Avealto, a manufacter of HAPs based in the United Kingdom said that HAP service will
be available in Indonesia in the next few yearoatiog to an Indonesia portfg2]. Aveal t 06 ¢
HAP trial is to be held in mid 2020. As soon the trial is completed, and HAP legal issues is solved,
HAPs are certaigl available in Indonesia sodi®2]. Article from [63] discussed on what
regulation is HAPs should fall into, looking specifically on the Thales Alenia, the Stratobus. It

was concluded that HAPs will be considered as aircrafinlhéell under aircraft legal status.

2.2.3 The Coexistence of HAP and Terrestrial Networks

A coexistence scenario is where multiple systems or cells share the same frequency band
in the same service area. ltkisownthat cechannel interference from the HARtanna serving
the cells sharing the same band is the nsairce ofinterference in this coexistence scenario
[64]. To minimize the cachannel interference, there are a few techniques that can lredappl
the system, for example power control, beamforming, and radio resource management. In the

past, significant research has been carried out to counteract this problem.

In [65], the downlink performance of WiIMAX from HAP and terrestrial batgions
sharing the same 3.5 GHz band was tested through simulation. Both the HAP and usgr device

were equipped with directional antennasd the terrestrial base station was assumed to have an
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omnidirectional antenna with different separation distarared an overlggng cell scenario was
investigated. They presented a power control strategy based on the interfereniseratio

(INR) level of users at the edge of both calismprove the coexistence capabilities of terrestrial
and HAP systems. was concluded that such a strategy could be applied for both systems, and
that they coulctoexist with a minimum CINR of 7 dB and 17 dB the HAP and terrestrial
system respectively. Then [i66], the samecenario was used once again to study the downlink
performance by varying the HAP spacing radius; a user was placed at the cell edge as the
performance indicator and a terrestrial WiMAX cell placed adjacent to the HAP aibwted
thatthe HAP antenngaingradually fals when the HAP moweaway from the centre of the cell
towards the opposite direction from the user location, while thefglhmore rapidly when HAP
moves towards the user and terrestrial WiMAX location because of the interference from the
terrestrial network. Varying the HAP spacing radius across thevasjust shoving the effect of

the HAP moving away from its antenna boresight and nearer to theerdgade source. By
varying the beamwidth of the HAP antenna and user antenna as exam[6&{ optimised
coexistence performance could be achieved. HAP antsno& 43-degree and 7degree
beamwidthwere compared and it was shawthat for this scenario, the wider -@2gree
beamwidthgavebetter performance as 50% of area inside the coveeagenreceiveda higher

CINR of 25 dB and a higher CINR at the cell edgg varying the user antenna beamwidth, it
was concluded that a narrower beamwidth will reqgreaterantenna pointing accuracy if

movement othe HAP is considered.

For a HAP to serve several cellsarservice area, multiple beamust be deployed from
the HAP whichwill also cause interference between the ls2assuminghat they share the same
frequency band. A HAP delivering multiple beam coexistence with terrestrial networks sharing
the same fregency band was examined[B¥]. The terrestrial and user set up is the samin as
[65]. They evaluated the downlink performance of this coexistence scenario with a configuration
of differentpossible frequency reuse pattefor the HAP. For the uplink theperformance of the

same scenario as [A4] varying the frequency reuse pattern was evaluated. It was to focus on
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mitigating the cechannel interference from the terrestrial network to the HAP. Thehaanel
interference irthe downlink and uplink were both being reduced subject to the reuse distance;
hencethe HAP system can effectively share the same band as the terrestrial neferk.
coexistence scenario is also feasiblalibw rate modulation scheme such as BPSK modulation

is used. The percentage coverage area served and percentage coverage area not served was define

by set theory63].

The coexistence performance of HAP and terrestrial systems using Gigabit (Gb)
communication links to senapecialist users asstudied in[69]. The users are normally served
by satellite links, but due tthe demanéhg requirement®f delivering HDTV signals, which
requires a data rate up to 3 Gigabit per second (Gbps) for ampressed video stream, HAPs
would be the possible solution to overcooapacity limitationsThe carrier frequency selected
was 28 GHz. Since it will shathe same band as the terrestrial system, the coexistence scenario
betweenthe HAP and terrestrial sfem was examined. The solution to make the coexistence
feasible wago use a highly directive antenna for each HAP antenna, terrestrial base station
antenna, and also the specialist user. The beamwidth of the HAP antenna and terrestrial base
station was &t to 5degrees and for the user antenna wagdrees. The pointing accuraity
deliver theoptimum CINR level at the user positions was the main concern in this paper. For that,
they implemented three schemes to adjust the pointing direction of thegdfAPemm which are
the small step size scheme, half distance scheme, and switched beam scheme. A technique to
enhance the performance by switching off the antenna beams below the CINR threshold value is

also suggested in order to improve the CINR |le¥either specialist users.

Dealing with users equipped with directional antennas will be beneficial to control
interference, as the directional antenna at both ends will provide more gain for a better link budget.
On contrary, considering users with oraliiectional antennas such as mobile phsead tablets
in a coexistence scenario will be more challengagythe link budget for the desired signal is
poorer compared with users with directional antennas, ékperiencinga higher interference

level. However research has been carried out where they considereddmextional user
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antennas such as [@0]. Disader scenarie were considered like earthquakes, fléogl and
tornados where the terrestrial system can be disabled. The performance of 19 HAP cells deployed
overlaying 37 terrestrial cells in suburban macrocell, urban macrocell, and urban microcell
environmens were shownwith theterrestrial base station shut off gradually. It was shown that

3G HAP networks offer a higher capacity than terrestrial networks, especially in suburban
macrocell and urban microcell environments, due to their propagatemadteristics[70]. The
coexistence of HAP and terrestrial systems gave an impact on the terrestrial sgyialrivan

and urban macrocedinvironments buis not so crucial on the urban microcell environment. It

was concluded that in disaster scenarios, the terrestrial systems can be shut off and the overlay
HAP cell can provide more than enough coverage anctitgp@he antenna radiation pattern in

this work is modelled based on ITRIM. 1456. However, the use of elliptical beam derived from
thecosinefunction with variable values of the n ra@ff factor to get the optimum antenna power
roll-off is alsoshownto reduce the cell overlapping hence, reduce the interference to other cells

[71, 72]

While in [73], the scenario of coexistence of HAP and terrestrial for mobile WiMAX
downlink systems was evaluated. Thafprmance of the overall system was evaluated to find
the best frequency reuse pattern for this scenario. A frequency reuse pattern of 1 does not meet
an acceptable GoS as required for mobile WiMAX services, and a reuse pattern of 3 and above
can be usedhut there is always a traddéf between minimising the interference and system
capacity. Recently, a paper has examined the deployment of LTE from a lower altitude platform,
an unmanned aerial vehicle (UAV) coexisting with terrestrial eNodfiéd. The work was
evaluated by both real experiments and simulations with the UAV traimnii©o dBm power
following the LTE standard requirements for small cellse DAV was tested at altitusef 150
m and 300 m to see which altitugavethe optimum performance. It was concluded that even a
low-power UAYV introduced per square kilometre decreasehe overall CINRandtherefore it
was suggested that onlwith better dynamic interference managemaenit] the coexistence

scenaridbefeasible.
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Two spectrum etiquettes were developed to aid the coexistence of HAP and terrestrial
networks on the downlink if75]. The spectrum etiquettes vary the transmit power of a newly
activated system when serving a specific user, ctledNR-based and CINRased schemes.

The INRbased scheme controls the transmit power of the newly activated system based on the
INR level at the receiver of a user as a reference. On the other hand, thd&iéiRscheme
controls the transmit power tife newly activated system based on the CINR level at the receiver

of a user as a reference. Focusing on minimizing the impact to the terrestrial network, these
schemes were impieented o the HAP system with various user anterbeamwidthsand
different types of modulation scheme as performance indicators. At the end of the experiment, it
was shown that the CINBased schemes offer better performance because they use the margin
of CINR levekto setthe modulation scheme thresholds which givere flexibility with respect

to whether to upgrade the performance or to use it for the upcoming new system activation.

Apart from beamforming and power control techniques, channel assignment strategies are
anotherway of dealing with the cohannel interference for éhcoexistence scenario. [[f6], a
fixed channel assignment strategy was applied to the HAP sposbéath appropriatespatial
separationeffective channel reuse can be obtained and the frequency allocatozsniformly
split to provide clustesizesof 3, 4, and 7. At the user terminal, the sliannels were allocated
dynamically based onhe Personal Access CommunicatioisUnlicensed B (PACSJB)
protocol. The effect of overlapping HAP spot beams and hexagonal cells were evaluated based
on the blockng probability forthe PACSUB system with different cluster sizes. It was shown
that the performance with the overlapping cells is better in terms of blocking probability, because
for fixed channel assignment, call blocking occurs duea tack of resouwes rather than
interference. From the results, it was shownttiiabverlapping cei between HAP and terrestrial
network can be exploited to improve system performance with this channel assignment strategy.
While in [77], the author performed an investigation to enhance the capacity from Viarexus
channel assignment techniques amexploit the overlapping cells from HAP. A technique

derived fromthe Erlang B distribution was describéal impose certain restrictions to limit the
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proportion of the channels allocated to the overlap areasetaidsomefor use in noroverlap

areas. This technique consdhe number of channels being allocated without partitioning the
coverage area into smaller regiptiseréby increasingthe capacity. In78], a new channe
assignment strategy which is Uniform Fixed Channel Allocation Il (UFCA II) for a broadband
multi-beam HAP architecture was developed to exploit the cell overlapping scenario. In previous
work [77], the UFCA scheme was used successfullpebieveuniform blocking levels between

the regions, but idifferent regiors, useswill experience a different data ratd o ensure fairness

in terms of uniform data rates and uniform blocking, every user will have tapas$er second

(bps) threshold check for all availaldeannels All the channels wilbe released and the user

will be blocked if the data rate threshold is not met. A new user that will potentially affect the
active user will be dropped. It was shown that the blocking probability was reduced from 4% to
2.6% by exploiting this techniquelthough the technique discussedii, 78]was designed for
anoverlappng HAP cell, it is possible to implement this technique for coexistence of HAP and

terrestrial network

In [79], spectrunsharing for HAP networks with the ground network was examined by
applying stochastic geometry. An optimal altitude for HAP was obtained where thadtAérk
capacity is optimised79]. In [80], the problem of deploying HAP to provide wireless
communication service to the terrestrial users by modelling the problem as a potential game. A
restricted spatial adaptive play (RSAP) learning algorithm was introduced for the game. With the
RSAP algorithm, HAPs network can be deployed to serve the usak-arganised mannend
achieved the required G¢&)]. On the othehand, authors if81] looked at coordinating multiple
HAPs for a service area. They compared the application of reinforcement learning (RL) and

swarm intelligenc€SI) based methods to solve the probtemsoordinate multiple HAP81].

2.2.4 HAP Beam-pointing Techniques

The deploymenbf beams froma HAP onto the grounduch thatach of the beams then

forms a cell in the intended service area which is typically up to 30 km radius will directly
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determine the overall performance of the HAP system. It is because the interference power
between the cells are determined by their geographic logatgsuming that the frequency reuse

of the system is 1. The same concept is applied to the existing infrastructure on the ground, so
whenthe importance of the cell placement is considered, thsignificant research that studied

how the cell placement or begminting should be executed.[B2], cell layous of 121 and 313
cellsfor an elliptic beam lens antenna are compared. Two methods were used to derive the co
channel interference for both cell layoutlen thecluster size was 3, and regular hexagonal grid
layout. While in[83], the analysis on HAP movement models is done to predict the coverage in
the case of shifting and the mechanism of steerable antenvasnent is studied. The 127 cell
layout with cell cluster of 4 scenario is applied. Moving on from a regular cell structure, the
authors in[84] presented a smart cell design technique for irregular shaped cells for the HAP
system. It is said that the smart cell design ceduce the echannel interference because the
irregular shape can reduce the overlapping cell, hence réadeice-channel interference. The
technique works by dividing the coverage area into a grid of small pixel spots and the smart cell

is formed byclustering some pixel spots regardlesthe shape of the smart cell.

One of the critical factar is to localise the userso efficiently deliver wireless
communication services. A challenge was highlighte[B%j that to localise userfrom HAPs
using twedimensional direction of arrival (2DOA) will have high computational complexity
over the larg service area. However, the author proposed an efficient reduced processing time
2D-DOA by using two successive stagstartng with a low resolution 2DDOA estimation
Barlett algorithm and normalised the Barlett-B@A spectrum with suitable threshold a
window for subsequengtage higher resolution 2DOA such as MUSIC algorithm. Ii86], the
authors proposed user clustered opportunistic beamforming schemesiaiffeans clustering
algorithm for stratospheric communication. To avowrwhelminghe capacity gain lmause of
the feedback fronthe large number of users that require Channel State Information (CSI), they
adopted Opportunistic Beamforming (OBF) on HAPs which only requires CINR information for

the purpose of clusterifg7, 88]
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2.3 Cloud 1 Radio AccesdNetwork (C-RAN)

C-RAN is a promising radio access architecture that aims to improve radiarce sharing
and to reduce CAPEX/OPEX. It is also said to be one of the key features for upcoming 5G
networks[89-91].The C-RAN system was first introduced back in 2009 by China Mobhéh
wasintended to help solve the problemfahe 100 foldincrease in dateequirements by 2020
[92]. Toaccommodate the incresis datg operatordaveto upgrade their infrastructure. In 5G,
the number of devices per service subscriber is expected to incespeeially with the
introduction of Internet of Things (IoT$orevenus areexpected to be sriar [92]. A C-RAN
based system will allow more flexibilityy a network deploymente(g. allowing for theéurn on
and off of the RRU) and also more dynamic deploymeatith network virtualization which
allows multiple operators to run their network on virtual machines on single physical resources
(in this case theCcU and DU as graphically illustrated ifrigure 2-3, thus being more cost
efficient. A C-RAN system consists of RRHs which are distributed, connect€tJsoand D\
(in cloud) base@n a common CU and DU pool (centralized) via fronthaul (FHglIIRRU, CU
and DU are the new 5G terminolog[88, 94] Looking back at 4G Long Term Evolution (LTE),
the RRU is equivalent to the remote ratimad (RRH), and CU and DU are equivalent to the

baseband unit (BBU).

Figure 2-3 C-RAN architecture components (lirectly reproduced from [92]).
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There have been a considerable number of research efforts relatedRidNilizsed system
with the aimof adaping to the requirements of 5G networksuchas te work in[95] which
considered a 5G platform basen the CRAN architecture, with a full virtualised RAN and a
wireless or optical fronthaul link connection. The link domain is controlled by the Software
Defined Networking (SDN) controllers. The author proposed to use a modU&REN Node
B (eNodeB) whez the virtualised BBU and RRH are implemented together with Commercial
Off-The-Shelf (COTS) for their testbed. The rational dynamic adjustment to the connection
between RRHs and BBUs is not to be neglected. Accordif@lipif this feature is neglected,
there is gossibilitythat the blocked calls and poor connections will be faced by the users of the
system. Therefore, the authors suggested to use particle swarm optimisation (PSO) to minimise
the blocked calls and balance the processing load betweBBt& Another application that is
possible with a €RAN based system is the network slicing that is considered as a key technology
for the upcoming 5G networK€6]. The authors if96] demo a prototype for managing the
network slices in a (RAN based system. Bad onthe resource requirements each slicethe

prototype will deal with how tefficiently share the bandwidth among the dice

2.3.1 Network Functional Splitin a C-RAN Based System

Recently, more ways have been developed to implemerRANC system thats able to
dynamically balance how many CU and DU functions should be centrdliseeby reducing the
fronthaul load. This can be achieved by adapting tHeABl with a network functional split.
Functionality is divided into several split options of theUWand, CU and DU. There are eight
main split options with option 8 being the conventiongRAN system which has only the RF
function on the RRU and the rest are centrally located in the CU and DU. Other split options
down to option 1 see more functionglibeing added to the RRU side making them less
centralised. Every option has its own requirement and behaviour, with the differing levels of

functional split allowing systems to be tailored according to need.
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Significant network functional split relateggearch has been undertake the past few
years. IN[97, 98] evaluation of mobile fronthaul optical bandwidth and CoMP transmission and
reception performance was carried out experimentally.-Siplisical (PHY) processing (SPP) is
proposed to laate some of the BBU functions at the RF side which can reduce the data to be
transported by over 90% data through the mobile FH link. SPP employs its own CoMP scheme
so that the CoMP performance is comparable to the conventieRAINC The authors if99]
suggested that reducing the fronthaul load by using a split might result in increased delay. They
study the impatoof different levels of splitting and different packetisation methods on the packet
based fronthaul network. Some insights are provided into the number of remote radio heads
(RRHSs) that can be supported over a single Ethdrastd fronthaul link. Also riigating the
fronthaul requirements, the authors [94] consider the challenging task of selecting an
appropriate split. A virtual network embedding (VNE) algorithm is proposed to flexibly select the

most appropriate split for each small celtlie system.
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2.4 Interference Mitigation Techniques

To accommodate the demand for scarce bandwadvletentially efficienthoice is to reuse
the frequency witla frequency reuse of one. This will resitco-channel interferengevhichis
also known as intecell interferenceto be highwhich may reducehe Quality of Service (Qo0S).
Thereforeg atechnique to mitigate the inteell interference is needed in order to improve the user

experienceespecially those who are heavily affectgdliie interference.
2.4.1 Inter-cell Interference Coordination (ICIC)

ICIC is a technology to reduce the int#ll interference and improve the performance of the
users at the celdge by informing the neighbouring eNodeBs to reserve bandwidth that is
currentl in use so that the user that odegphe bandwidth will not receive interference from the
neighbouring eNodeB46, 100] The ICIC consists of cemtiised, distributed, and hybrid ICIC.
Centralised ICIC will have all the information control sent to a central entity which thersmake
decisions like resource allocation. This solution can achieve optimal resource allocation with the
price of high overheasignalling, while the distributed ICIC is the other way arquvtdch means

that each eNodeB will have to make decision regarding resource allocation indepgi@éitly
2.4.2 Coordinated Multipoint (CoMP)

The advantage of CoMP is not only to reduce the number of interfering signals, but also in
some cases to convert them into useful signals. There are three types of CadAinated
Scheduling (CS), Coordinated Beamforming (CBY daint Transmission (JT). CoMP was first
introduced by the third generation partnership project (3GPP) relefsg2],in order to mitigate
inter-cell interference particularlgat the celledge, thereby improving the capacity of the-cell
edge usrs. JFCoMP can enablgvo or more simultaneous data transsioas to an intended user
for bothdownlink and uplinkcase. Tight synchronization between the cooperative cells will be

requred to perform JICoMP. Tight synchronizationcan normallybe achieved with hie
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centralization of aleNodeBs, so JCoMP would bean appropriate choice compared to CS and

CB CoMP.

Significant research has been carried out o®€dMP for terrestrial networks. It has been
shown in[103-105] that JFCoMP can provide significant SINR gain; however-GaMP
consumesdditionalbandwidth as a user that is served byGoMP requires abf its cooperative
BSs to reserve an identical physical resource block (PRB) to transmit the same data. This means
thati f a PRB is reserved by one of agB$sotthis 6 s e
user can reuse it. As a result, resourtiecation should be taken into account when the
performance of FICoMP is investigated. Useentric JFCoMP clustering is considered in this
work as it has proven its sujmity in improving cellcenter and cekdge throughput compared

with static clustring[104, 106]

There have beea considerable number odsearch efforts on JCoMP, with the aim of
finding an optimal usecentric clustersize and allocating radio resousda an efficient way.
Nevertheless, most reseamt JT-CoMP dealswith developing an optimal useentric cluster
size and allocatinthe correspondingesources separayeln [106], optimal and suboptimal user
centric clustering algorithms are proposed to enhance the performance of users located at the
edge. The work if107] has applied userentric JFCoMP clustering to tackle inteell
interference in mulitier networks. In the proposed approach, users can operate under two
different modesa nonCoMP mode ané CoMP mode. A user operatesCoMP mode only if
its second strongest received power is comparable with its strongest received power. The authors
in [108] proposed a usearentric algorithm with the aim of maximising energy efficiency in multi
tier networks. A user in the useentric approach chooses the BSs that provide strong received
signal strength as its coopera&iBSs. Recently, the authors [(t09] applied JFCOMP in a
decoupled control/data architecture with the objective of balancing the load and maximising
spectral efficiency. A user selects thstrongest BSs provided thatloes not exceed a maximum

usercentric clustering size.
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Someresearch hmaddressed useentric JFCoMP clustering and resource allocation
jointly. The authors iM110] propsed a twestep joint usecentric clustering and resource
scheduling in ultradense multtier networks. As a first step, game theory is utilised to design a
load aware clustering algorithfBased on the clustering results obtained in the first step, graph

colouring is employed to allocate resources.

2.5 Summary

This chapter has briefly discussed the background information that is useful for the work in
this thesis.Someimportanthistory of research and development in producing HA&s been
presented to shotow this technology has grown and that there is now a serious interest in seeing
HAPs actually being deployed for many purposes including communication seivirethe
coexistence parthanagement dhterference in order for two system to coekias ckarly been
a main concern, given the breadth and depthark in the literatureintheaut hor 6 s opi n
good and efficient beaiqmointing technige fromHAPSs is needed. It is mentioned in the literature
that HAPs are limited in power, so a pointingheique that requires high processing complexity

and power should be avoided

To provide total coveragéhe separation distance feten the cells should be minimissal
that a contiguous cell layout could be achieved. In order to mitigate the risingcaiiter
interference due tolose proximity or even overlap between the cells, the interference mitigation
techniqus such as CoMRould be consideredBased on the literature, despfeviding an
increasein CINR levels, resoursawill be more limited duao the bandwidth reservation for the
overlapping regions. A proper resource allocation strategy or how to provide balance between

improving CINR and a loss of resources should be studied.

In the background study above, research has beatone thatconsides exploiting the
architecture that is regarded as one of the key features for 5G techmatagly is the GRAN

based system for HAPs. One 6RAN featuresis the dynamic configuration of RRU and CU/DU
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which can potentially solve the lack of engan the aerial platfornAll of these will be covered

in Chapter 6 of this thesis.
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CHAPTER 3

3. System Modelling and Performance Evaluation
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3.1 Introduction

In this chapter, the specifications that were used to model all parts of the system such as the
traffic, antenna, propagation, and channel capacity model are explainedain A#tthe
parameters used to present the results of the simulation are also explained. This is to make sure
that the system is modelled to a standard where the results can be verified and recognized by
fellow researchers and industry. Firstly, the siioh tools used for this work are discussed,
followed by the parameters used, and lastly the methodology for modelling the simulation is

introduced.
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3.2 Simulation Software

As simulation plays a significant role in creating solutions in various disciplmasy
simulation toolssuch as C/C++, OPNET, and MATLAB are capable of modelling wireless
communication. Each of them has their own advantages and disadvantages. The simulation
environment used to build up the network model in this thesis is MATLAB. liiakde for
modelling wireless communication systems because it offers robust numerical computing,
powerful tools for graphics in two and three dimensions, advanced matrix manipulation
capability, and is widely used. There are hundreds of predefined cataraad functions and
can be further enlarged by usiefined functions and also powerful commands for solving linear

systems with one single command, and for performing advanced matrix manipulations [39].

3.3 HAP System Architecture

In this work, we considea planar phased array antenna as part of the remote radio unit
(RRU) on the HAPs, which is capable of deploying multiple beams at a time, while also pointing
and steering beams anywhere in the service area. The approach taken for the antenna array is to
have each beam form a cell to provide a wireless communication service to a group of users.
Overall, from the access protocol perspective, the architecture behaves almost identically to a
traditional terrestrial network. The configuration of this new archite mirrors the traditional
configuration, hence many aspects such as mobility will be handled in the same way as in a
terrestrial system. To realise such an approach, the HAP architecture is proposedlasdl.

The limitation of power on HAPs is one of the reasons why we choose not to put the whole
physical eNodeBs on the platfonwhich will be discussed in more details in Chapter 4 and 5
Later in Chapter 6 the limitation of power on HAP will be dealt differently from Chapter 4 and 5
by adapting the €(RAN based systen®©ne of the key functions in the phased array controller is
the function that maps each of the beams to the virtual eNetBsit each beam can be treated

as a cell.
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Figure 3-1 HAP system architecture with phased array antenna and phased array
controller.

The phased array controller acts as the entity to control and connect the antenna array beams
with the virtual EUTRAN Node Bs (eNodeBs). The controller consists of a signal processing
unit which connects directly to the antenna array. This unit is reigp®ifier setting the weights
of the individual antenna elements in order to perform beamforming. The second unit is the
Beamforming Processor. This processor acts as the central unit where information about the HAP
beams and associated user informatiog. @INR levels) are collected, processed and forwarded
to all connected units. The third unit is the Clustering Unit, which in this work adopts-the K
means clustering algorithm. It clusters the users in order to optimise the beam pointing location.
This information is passed to the Beamforming Processor. The generated beams will be mapped
onto the virtual eNodeBs using the Cell Mapping Controller, which manages the feed from the
beamforming processor. Using virtual eNodeBs to manage the individual beegtis asovides
equivalence to the traditional terrestrial system cell approach, enabling easy integration with
existing (including hybrid) systems. dacation of (virtual) eNodeBs and operation with the
same HAP antenna array provides for tight clock kyowization and phase alignment which
greatly assists with applications like CoMP and also facilitates handover. Alternatively, a HAP
system could have completely centralized processing, where all beams are managed by a single
eNodeB, as seen in massiveNMD applications. However, given number of potential beams

(delivering fully functional cells) that can be provided by a HAP system and the resulting
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capacity, this multiple eNodeB approach with separation of beamforming from higher level

functions is mucimore scalable.

3.4 Performance Metrics

The following sections describe the key parameters used in evaluating the system
performance in this work. Some of the parameters are widely used as irgfimapmrformance

evaluation in this field of research work.

3.4.1 Link Quality Measurement

To identify the link quality, we measure the signal and interference experienced by the users
in the system for downlink transmission by using parara#tat are established and widely used.
Based on the scenario in Figurd In Chapter 1 we use Carrier to Noise Ratio (CNRarrier
to Interference plus Noise Ratio (CIN&)d Interference to Noise Ratio (INRp measure CNR,

CINR and INR we must first measurde received power level of a us@rhe eceived power

level,0 attheuser devicean be measured as follows:

o 28 (3.)
80 — 3.2
6 00 Y— (3.3
00 'Y 2— (3.9

wherel is the transmit power emitted by the transmitter located at the ¥AR, the antenna
of the transmitter antma of the HAP'O is the receiver antenna gain, ahdis the path loss
which will be explained later in (3.9, 3.L&hile 0 is the noise power arBl0 is the summation
of the interference power from the neighbouring c€INR is measured by taig the ratio othe
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signal of the associalecell received by a user, atlde noise powemMost of the time, CNR is

used as a threshold in forming a cell for both HAP and terrestrial system with the value of at least
9 dB according to the requirements loé tGSM standarfil11]. While CINR is measured based

on the ratio of the signal of the associate cell received by a user, and the total interference by the
neighbauring cells plus the noise powesastly, INR is measure of the ratio of the sum of the total
interferenceto the noise power. As for the measurement for uplink transmission, the same
equation 3.2, 3.3, and 3.4 will be used except for it will be measure at the array antenna on HAP

(for scenario as Figure 1.1).

3.4.2 Channel Capacity Measurement

In a wireless communétion network, the channel link quality can be determined by the level
of CNR or CINR. In practice, each link has a maximum CINR or CNR that actually can be used
for a device or user equipment which gives rise to a high rate modulation scheme such ik 64 QA
and 256 QAM. To determine the data rate of the channel, given that CNR/CINR is calculated, a
Truncated Shannon BoufitlL2] is used in this work. The data rate of a link can be compute using

the equation from the modas follows:

mh 600Y 000Y
6 | 6y ¢ '@ 606Ky 60O0Y G60O0Y 6006'Y (3.5
| 6y e @ 600°Y h 6 06'Y 600Y

whereUis the attenuation that was set to 085is the bandwidth per channél. 00 'Y is set
to 1.8 dB which is the minimum CINR threshold for the system,éai@0 'Y is set a2 dB,

which is the maximum CINR set by the Truncated Shannon Bound.
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3.5 System Specification Models

In this section, the main system models used are briefly descwheth meet the

requirements of the system design.

3.5.1 Antenna Models

Two different antenna mets considered, as two types of base station are considered: the
high altitude platform (HAP) and the macro base stations. For a macro base station, the 3GPP has
suggested an antenna profile for each sector of the macro base station, while HAPs require a

phased array antenna to cope with the dynamic configuration of the HAP.beams
A. Phased Array Antenna Model

A phased array antenna is a flexible solution for a beam deployment capluiliting the
HAP to electronically steer its beam anywhere within a sendrea. It consists of multiple

antenna elements forming a composite antenna which can form a very narrow beam.

A phased array antenna (also known as a smart antenna) needs to conéigelement
weights to perform beamforming in a specific direction. It is achieved by emitting a copy of the
same signal from closely spaced antenna elements, but with slightly different delays and phases.
By doing so, such signals from every element are added up in plibsmplified in the desirable
direction, while cancelling each other out in every other direction when combined together. In
this work, a 25« 25 element phased array antenna is used, with elements spaapdrt where

& Iis the wavelrequen¢yh of the carrier f

The array factofO | h for a uniform rectangular phased array vt sgacingcan
be calculated by treating the 2D phased array problem as two separate linear phased arrays along

the X and Y axis and multiply them together tothet’O . The formulation is as follows:
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[4] (3.7)

where:: L aand:: 1 sare the beamforming coefficients for the linear phased arrays derived in XZ

and YZ planes: i Q¢ y s the fixed phase lag increments due to the element spacing

This antenna element spacing is commonly used in phased array antenna desigveéo ac
a smooth antenna pattern without grating lobes. The size of the cell formed by the beam and also
the intercell interference, directly correspond to the width of the main lobe and the attenuation
of the sidelobes respectively. These features canamipaiated by using a windowing function
which in this work is the BlackmaHarris window, which dramatically compresses the sidelobe
levels to approximately90 dB of peak gain but at the same time causes the main lobe to increase

in width. The BlackmasHarris windowing function can be described as follows:

VE TMCMPE+— MODEH— MPpeé+—ht ¢ 0 p[4] (3.9)

whereN are uniformly spaced samples aré@assumedo beevennumbers

A two-dimensional phased array is required in order to create and steer narrow beams in the
usersod directi on kgure32hThe dyetionwhtlle beamformirgecan be n
determined based on the angles in XZ and YZ planes; vertical orthogonal planes aligned with the

length and width of the array antenna mounted on the HAP
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Figure 3-2 Horizontally orientated rectangular phased array antenna mounted on a
HAP forming a beam to a target location4].
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Figure3-3 shows a beamformingxample that was designed to point a bé@athe direction
of the target location at (3, 5) km, aligned with the X and Y axis of the phased array antenna. It is

performed ora 20 km altitude HAP equipped witl2& x 25 element array, using the Blackman

Harris window function.

57



1-20

140

-60

-80

Distance, km

Mormalized antenna gain, dB

-100

-120

-140

-10 -5 0 5 10 15
Distance, km

Figure 3-3 Ground projection of the antenna gain patternat the target location of
(3,5) with a 25 x25 elements antenna array with BlackmasHarris windowing and &/ 2
element spacind4, 113}

B. Three-sector Antenna Model

The macro base station requires a thgeetor antenna profile because of divésion of the
macro cell into three sectors in orderinoreasethe capacity of the cell. Each sector will have
full accesgo the resource block groups which meafrequeny reuse of 1 isvailable, with
resources assignment taking interference from neighbouring cells and sectors into.account
However, a fractional frequency reuse could be an answer to ‘tieaooel interference which
involve in reserving a specific frequen at the celedge. It can be done with inteell
interference coordination (ICIC) or coordinated multipoint (CoMP), and more details will be
discussed in Chapter A.directional antenna is needed to properly divide the sector to minimize
the co-channeinterference Therefore, there is a si@ard from technical repojt14] for athree

sector antenna as seen as follows
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—is the elevation angle between the user position and the macro base-séatisrthe3dB
beamwidth in degrees, add is the maximum attenuation which in this case also described a
the sidelobe floor. For a 3dB beamwidth of 70 degrees, the gain at boresight is 14 dBi. The three

sector antenna is plotted kigure3-4.

3 Sector Antenna Pattern

. 1 TN
ST

|/ \

-25
-120 -100 -80 60 40 -20 0 20 40 &0 80 100 120
Azimuth in Degrees

GainindB
n
\
]

Figure 3-4 Normalised antenna pattern for three sector cell (directly taken from
[114])).

3.5.2 Propagation Models

Signals transmitted over a wireless network link will be attenuated due to a number of factors
such as natural phenomenon and mmede constructions. The factaran be categorized as path
loss which attenuates the signal over the distance, shadowing loss which is due to phenomena like
reflections and diffraction that result mostly from rmaade constructions, and multipath fading.
In this work, only the path lesand shadowing loss are considered, while the multipath fading is
neglected in the propagation model for a long term performance such as clustering and we are not
looking at specifically exploiting multipath fading in optimisation for different multiplgut

multiple output (MIMO) techniques.
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A HAP is considered to have a higher chance in achieving line of sight connectivity due to
its high elevation angle, thus the free space path loss (FSPL) is used to define the signal
attenuation for HAP in thigiork. There are no models tested in a real life HAP scenariasoyet
no propagation models for HAGan be claimed as perfectly accurdike FSPL can be defined

as follows:

OYOD ¢t i CQ ¢l CQ wa@v (3.9)

where carrier frequencyQand the separation distance between transmitter and recQiiger,

measured in GHz and km respectively.

While for the terrestrial part of the system, the propagation model considered has been
selected from the 3GPP standardisTrhodel is exclusively for the macro cell and applicable
for a test scenario in urban and suburban aféaS]. The model can be expressed

mathematically as follows (in dB):

Da Tm T PpMAITCQ pPICQ ¢l CQ YmMd O£ ADI10)
wherehis the height of the base station antenna above the average rooftop level and it is assumed
to be 15 mdis the separation distance betwdeansmitter and receiver in km, afrid the carrier
frequency in GHz. ThéogF is log-normal distributed shadowing loss with standard deviation
(U) added together in the pat h-ideofsightcasebndul a't
describes a worse case propagation model because it quantifies a large signal attdinigtion

path loss model is valid for antenna heidihi) range between 050 m and designed mainly for
separation distance, from few hundred meters to kilometres and not very accurate for short
distances. This model is chosen due to suitability withwork that considers a kilometre unit

scale for the all distances.

In comparing the HAP and terrestrial (macro base station) propagation models, they are expected
to have different ranges of received power. This is a common problem arising in hetersgeneou

networks where it could result in load imbalance between the €alls are referred to the
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network distributed on the ground bounded by either distance or signal strength (e.gTEAR).
noncompatibility of the received power range is partly causethb assumptions made by a
specific propagation model, and a power control scheme is needed to normalise the relative power
difference between the HAP and macro base station. In this work, setting up the cell boundary by
using a CNR threshold of 9 dB helpt least to normalise the received power at the cell edge
because we only consider the adjacent cells situation. In real life sigjdtierrelative power
difference might not exist at all because of the possibility of lack of preciseness on mdtelling

signal attenuation.

3.5.3 Traffic Model

The communication link is usually occupied by a user device when theyaseadce such
as a file transmission or voice call. It could be dynamically shared with another user from another
communication node, and itilwemain idle when user is inactive. There are two $yfdraffic
model that are commonly used. 3GPP File Transfer Traffic Model 1 (FTP 1) considers a user pool
in which the users have their own unique arrival and departure times generated based on the
Poisson distribution. The system will experience different levels of data traffic over time so it is
good to see how the system performance with variation of traffic levels is. Alternatively, to model
only the worst case scenario of spectrum sharingardtdwnlink transmission (high traffic), all
users that share the same spectrum from other nodes or cells are assumed to be active (unlimited
receiving/downloading data) at all times and results are presented as sndpabhiots.all the
users active mearsssubject user will receive interference from all the presence cellacithe
user associated cell. Network is modelled to reach its maximum capacity usage to users to
characterise a scenario during network congessionyith worst case interference saeo it
would be easier to study and solve thiscbannel interference issues. This adopted model is

known as the Full Buffer Traffic Model.
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3.6 Summary

In this chapter, the framework to model the system in this thesis has been described in detail.
The propsed HAP system architecture was introduced. MATLAB was chosen as the platform to
carry out the simulation of this work. The modelling of the system consists of specific models for
each part of the simulation such as the propagation and antenna mobetk fdAP and macro
base stations, the traffic model, and channel capacity model. All the performance parameters used

to present the results of this work are generally well established and widely used.
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CHAPTER 4

4. Antenna Array Beam-pointing Techniques for
High Altitude Platforms
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4.1 Overview

The purpose of this chapter is to show how intelligent beamforming strategies can be used
to control the coverage and capacity of a HAP system, while providing adequate protection for
terrestrial users coexisting in cellular spectrum. HAPs can deploy bwams which can be
directed anywhere inside a service area for the purpose of forming cells to provide wireless
communication services. Unfortunately, HABam deploymentsan do more harm than good
for both HAP users and terrestrial users if the decisfowhere to deploy the beams does not

account for the presence of the terrestrial system. As a solution to this problem, we present an
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intelligent beamforming strategy based on RF clustering, which is used to assist the HAP in
determining the locations tvoid the terrestrial system, while providing coverage for user groups
that are demanding service from the HAtRs considered as intelligent because it has a decision
making, information gathering, and communicating capabiliiég. contributions of tls work

are the development of novel intelligedz@sed beamforming approaches basedawriRF

clustering algorithm to achieve effective and dynamic coexistence with the terrestrial system.

In [116, 117] two clustering schemes were invented for the purpose of selecting the cluster
heads to form losters. One of the schemes selects the cluster heads based on the highest
accumulation of received signal strength indicator (RSSI), received from neighbouring nodes.
The nodes will compete with each other to be the first to achieve a threshold ofuime iated
RSSI value, hence becoming the cluster heads. The RSSI sensing allows the nodes to learn about
its positioning significance. The accumulation of RSSI method is the inspiration of the RF

clustering scheme that is proposed in this chapter.

K-means lustering is an established data mining method to cluster sets of data, based on the
mean value of the data sets that are associated with the formed cluster. In the ABShjedtE
[118], a K-means clustering algorithm was used to detee the information that was exchanged
between eNodeBs and also to discover the grolpserdhat frequently ustheVirtual Resource

Blocks (VRBs) of the system. The system was employed on an aerial eNodeB.
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4.2 Coexistence Controlling Parameter

There ae two types of coexistence to be considered during the-pearting process in this
chapter: the coexistence between HAP cells and the coexistence between a terrestrial macro cell
and HAP cells. CINR and INR levels of the UEs are used as the parameterstrta both
coexistence scenarios respectively. Both INR and CINR thresholds are implemented so that the
two systems (HAP and terrestrial) and intra HAP cells can coexist without heavily degrading the
performance of the users in each of the cells becafusderference. Effective coexistence is
achievable through controlling the separation distance or the level of overlapping between the
cells by measuring the signal quality (INR or CINR) of the affected users of a particular cell. Both
thresholds are ewsidered asTWO constraints in the beapointing techniques which are
essential in this work. Note that all the pointing techniques in this work will need to satisfy these

TWO constraints. The controlling parameters can be illustrated as follows:
4.2.1 CINR Threshold

CINR is used to control the separation distance as well as the level of overlap between HAP
cells. CINR levels are used as the threshold because it is the right medium to make sure the users
in surrounding cells would not be affected by the newhaleq cell. The celedge users who
are most affected by the inteell interference (as they receive the weakest signal from their
associated cell and at the same time receive the strongest interference signal from a neighbouring
cell) can also be guara®d a certain quality link by using CINR as a coexistence threshold. A
cell-edge user who is closest to the newly deployed cell is used as benchmark, where its CINR
level is compared to the CINR threshold as sedfigare4-1. A CINR threshold equal t0 dB
occurs where the cells meet at a tangent point. Further decreasing the threshold will result in

overlap between the cells.
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Figure 4-1 Identifying the closest HAPUE which is on the red line of an established
HAP cell (blue oval) to the newly deployed cell (white oval) for the use of CRithreshold.

4.2.2 INR Threshold

Minimising the impact of interference for the terrestrial users will be the second part of the
coexistewe. Effective coexistence of HAP and terrestrial users can also be achieved by keeping
an appropriate separation distance between the HAP cells and terrestrial macro cell. INR levels
of a terrestrial user will be measured to keep the interference at evpagie level. The INR
level is a good parameter to be considered as in some cases regulations are applied to protect the
primary system, similar to this scenario where the terrestrial system is considered as being the
primary. The regulations normally tsa strict maximum power boundary by the secondary
systems (interference) sharing the same spectrum, so INR levels are the maost appropriate
parameter to monitor and control interference power. For example, #RIRdcommendation
F.7586 [119], thecriteria for sharing betwen fixed wireless systems was issued where it is stated
for a system sharing with more than one primary service with a frequency range between 30 MHz
to 3 GHz the INR threshold should be set@atB. The INR level of a terrestrial user which is

closest tahe newly deployed HAP cell will be selected as the benchmark as it is geographically

most affected by the interference signal as illustratédgare4-2.
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Figure 4-2 How the closest terrestrial UE which is on the red line to the newly
deployed cell (white oval) is identified for the use of INR threshold

4.3 RF Clustering Algorithm

This novel clustering technique adapts the traditional user equipment (UE) and cell
asseiation procedure while at the same tiinexploits this procedure to perform efficient user
clustering to enable more efficient cell formation. The aim of this process is to make more
efficient use of the scarce resources on the HAP system, such aaithlele power angossible
capacity available. This will help high altitude platform (HAP) systems to better provide coverage
and capacity to those areas most densely occupied by UEs, by providing the best coordinates to
point thebeams thatvill form the cells on the groundrigure4-3 shows the flow process of how
the clustering works. When a HAP is activated or reconfigured in a particular service area, it
deploys listening cells (LCs) in a regular hexagonal grid to initiate the clustering process. Each
LC will compute how many UEs @associated with it, e.g. based on (aggregate) received carrier
to noise ratio (CNR) or through use of association control messages described in detail below.
The service cells (red hexagonal cells) are activated if there is a sufficient number ofthiEs in

LC while the others are turned off.

In Figure 4-4, the flow chart of the RF clustering approach is presented. First, the phased
array antenna will deploy the listening cells (LCs) over the service area basedegulaa

hexagonal grid. This is to make sure the LCs will cover the entire service area. Then the UEs will
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associate with the closest/strongest signal LC around them (r&figute4-5 for more details of
this process). Each LC calculates how many UEs are associated with each of them and clusters
the UEs together. The UE association is counted based on a counter function using the CNR of

individual association messagas follows:

ALGORITHM |: UE ASSOCIATION COUNTER

I.  Counter(1:k) =0;

i i=1
Il While (i <k)
v. {
V. Forj=1:1:(no. of UE)
VI {
If (indexofmax CNR(j, :) is
)
Counter (i) ++;
End
VILI. }
VIII. End
IX. i++
X. '}
Xl.  End

where k is the number of LCs, and Counter is a vector of the number of UEs associated

with each LC.

At this stage all the LCs have the information on how many UEs are clustered in their
coverage area. They then check to see if they meet the requireraetivate a service cell (e.qg.
no. of UEs in cell O mi n T thewemtemobthe LO@sftherbEcomer e q u
the new bearpointing coordinates. The requirement to activate service cells can be different
depending on the specific requiramdrom the telecommunication operators. For example, a
minimum user per cell requirement or priority based requirement (cell with highest namber
users will activate first)This process will therefore help maximise the number of users served

within theservice area, when power constrained.
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Figure 4-3 Graphical illustration of the RF clustering flow process
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Figure 4-4 Flow chart of the RF clustering
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Figure 4-5 shows the interaction and control message exchanges between a UE and a LC

during the association process. LCs will broadcast a beacon signal so that the UEs can associate

with a LC. A UE will first identifywhich LC is the closest to it by determining which LC provides

the highest received power level (Pr). Then the UE will send a request for connection to the LC

with the strongest Pr. The LC will check the CNR level of the requesting UE to see if its CNR is

at least 9 dB. This threshold will form the cluster and later help form the cell boundary. If the

CNR is sufficient, then it will accept the request to associate and send a successful

acknowledgement message. The UEs in a LC are then clustered togetioenbygting to the

same LC, with each LC knowing precisely the number of UEs in its cluster.

Request to connect

— __Br_cridcast beacon signa|

Suecessful Ack

UE

Figure 4-5 Process ofUE association to the nearest/strongest signal LC. Note that this
process happens to all LE&with all users in the service area

The Phased Array Controller is part of the remote radio head (RRH) which will handle all

the processing of the data coming in and out from the array antenna. Specifically, the Clustering

Unit consists of two differergubunits which are the RF Clustering Unit anerdéans Algorithm

Unit as illustrated as stdystem block diagram figure4-6. The RF Clustering Unit will receive

i nfor mat.i

on

such

as

t hatso pydeesHcon@ddtion regeiests. The RF a n ¢

Clustering Unit will pass on the information about the LC that are activated as service cells and
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also the UEs that are clustered in the LC. Alternatively, if the successful LC is to have its location
further optimsed, the RF Clustering Unit will pass the coordinates-todans Algorithm Unit.
The K-means Algorithm Unit will optimise the beam pointing coordinates as described in detalil

in the next section.

Beamforming
Processor

- S ; SN '
‘E 1 1
s | ifo ifo :
£\ i
.‘E 1 1
s ! RF i K-means !
= Clustering Algorithm 1
® | Unit Unit !
£ 1

g 1 i
E i
‘-’ 1

Figure 4-6 Apparatus to implement RF and RF+ K-means clustering algorithm

4.4 K-Means Clustering Algorithm

K-means clustering is an optimisation algorithm that is used to move the initial centroid
based on the mean value of the associated user position. Heraresassociated with formed
clusters based on their CNR levels instead of distance. The CNR levels of users based on all the
centroids available will be calculated and the centroid that gives the highest CNR value and a
value higher than the CNR thresholdlwave that user associated with its cluster. If none of the
CNR values pass the CNR threshold, it will not be part of any cluster. The steps for this algorithm

are as follows:
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V1.

ALGORITHM II: K-MEANS CLUSTERING

Decide how many cluster&)(the system wili operate
with, which correspond to the number of HAP beams
Generatek centroids randomly within the X km radit
service area.

Check that the generated centroid points meet the 1
constraints. If not, repeat step ii.

Assign users to the cluster delivay the highest CNF
level passing the CNR threshold requirement.
Recalculate the position of the centroids based on
mean values of the ass:i
known at the HAP following information exchange
shown inFigure4-8.

Repeat steps 4 and 5 until the centroid position is exi
the same as in the previous cycle.
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In Figure 4-7 below, the flowchart of Kmeans clustering is illustrated to help in

understanding the flow of the algorithm.

Random coordinates as initial
centroid

Users’ CNR=
CNR Threshold

Users form cluster

Clustered edge
user CINR =
CINR Threshold

Start with new centroid

Recalculate the centroids
position based on mean values
of the clustered users position

New centroid =
last iteration/
initial centroid

Figure 4-7 Steps of how kmeans algorithm is performed in every iteration until &
obtains the optimised centroid.
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4.4.1 K-Means Algorithm as Further Optimisation for RF Clustering

In this work, two different implementations of a-Means clustering algorithm are
considered. The first implementation uses random points as the initial centroids. Thet secon
implementation uses the LC coordinates as initial centroids and to further optimise the coordinates
obtained by the RF clustering schemAéier a LC passes the requirement to activate as a service
cell, the LC will be activatetb begin wireless commurdtion serviceAlternatively, the location
of the center of the successful LC can be optimised before deploying a servidheelhme
steps are still applicable askigure4-5, apart from the fact that its initial centroids are obtained

from the successful LC coordinates.

To reach the optimum coordinate for the bgawinting location, the centroid will use the
successful LC coordinate and form a temporary celliwvdl go through the same interactions
and signals exchange with UE as shown for RF clustering. For-thedfs algorithm to work,
the specific location is needed at the Clustering Unit, and the exchange process dhigwrein

4-8 below is used to obtain this.

Centroid UE
B

roadcast beacon signal
\ 1. Compute the receiwved power

lewelz (Pr) fromm all Centroids,
2. Identify which Centroid gives

Requestto connect the strongest Fr.
1. Check CHNR lewels of the /3- Request for connection to the

requesting UE. Centroid with the highest Pr.
2, IfCHNRE=09dB,

3. Then Accept request Successful A k
4.  Else, Rejectrequest ¢

A1l the clustered UEs" location then
uszed to get the mean walue in order to
obtain new centroid location

\nform location

Figure 4-8 The information exchange between the temporary cell and a UE during the
optimisation process
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In every iteration, checking the CINR levels of the user at the cluster edge closest to the
interfering cells (neighbour cell$$ essential to control the level of overlap between the HAP
cells. Practically with this optimisatipthe service cells are ifted from the original hexagonal
grid. Thegraphicalillustration of thisprocess can be seenhigure4-9. This is an example of
two iterations of the Kmeans clustering algorithm. The -(Keans) clustering is used better

locate the cells onto the dense areas occupied by UEs (red dots).

Figure 4-9 lllustration of shifting centroid as two iterations of the K-means algrithm
on the center of LC

4.5 Conventional Pointing Technique

For the purpose of comparing the performance of the newly proposed schemes, two
conventional pointing techniques are adopted in this work. These two techniques are random and

regular pointing.
4.5.1 Random Pointing

Random pointing is consideteas the most basic pointing method, which is directing the
HAP beams onto the points that are randomly generated inside the service area as long as they
obey theTWO constraints. This technique may only be suitable for experimental purposes
because poinig the beams randomly without identifying where the user groups are could be a

waste of energy.
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4.5.2 Regular Pointing

Regular pointing is a beam pointing technique that arranges the HAP beams within 30 km
inside the service area. As the number of beams ingrtb@sarrangement forms a ring. When the
beams are packed at the edge of the service area, the beams will be arranged closer to the centre
of the service area which forms the outer and inner rings of HAP beams. If oneTolV@e

constraints are not met.gfbeam will be reallocated based on the next order of the arrangement.
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4.6 Results and Discussion

All schemes are simulated using the same system layout as discussed in chapter 1 earlier and

the parameters are presented @&ble4-1. The number of HAP beams is varied fr@ro 42 to

determine the difference in performance of each scheme and the impact the HAP has on the

terrestrial users in terms of interference. The psepm each case is to achieve maximum

coverage while focusing

effective coexistence with the terrestrial system.

t he

Table 4-1 Simulation Parameters

Parameter Value
Macro BS Transmit Power 40 dBm
HAP Transmit Power 40 dBm
Receiver Antenna Gain 0 dBi
HAP Antenna Gain (Boresight) 32 dBi
Threesector Antenna Gain (Boresight) 14 dBi
Bandwidth per Resource Block Group 727 kHz
(RBG)

CarrierFrequency 2.6 GHz
Noise Power -100 dBm
CNR Threshold 9dB
CINR Threshold 0.5dB
INR Threshold -10 dB
Number of Users 2900

user 6s

pr
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Figure4-10 shows the media@INR levels of allusers across tH&0 km radius service area
for the downlink. Users will connect to either the HAP or the macro cell base station, based on
whichever theyeaceive a stronger signal from (higher CNR levels). FFagure4-10, it can be
seen that the median CINR performance has the same general behavausdhemes, as the
number of beams is varied from 2 to 42, which decreases the CINR values due to the increasing
number of interfering sourcekventhoughthey have the same general behaviour, the more
complex schemes are still needed to efficiendgldy the beam®F based schemes (RF and RF
+ Kmeans clustering) start well, but as soon as the number of HAP beams increase, the CINR
values reduce to the lowest level compared to all other schemes and eventually perform the best
at 42 beams. RF clustag is developed to spot high density user groups which should have
service priority. This explains the sudden decreases of median CINR when the number of beam
increases from 2 to 4 beams. RF clustering still focuses on the high density user groupstand dire
more beams towards these user groups causing high interference in that region. On the other hand,
schemes like Kneans clustering will require several scanning iterations depending on the initial
placement of centroids to precisely detect the densegusap. Most of the time, with fewer
beams, Kmeans clustering, Random and Regular pointing will have the beams placed at a

distance from each other causing lower interference.
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Figure 4-10 Median CINR performance for all schemes

Figure 4-11 shows the percentage of users covered by the HAP beams for all schemes
meaning that those usere served including the terrestrial users. It shows how well the pointing
schemes can provide coverage to the service area. OveraliMiearts clustering scheme covers
more with 8 to 32 HAP beams. However, as discussed earlier the RF based schesaesiiocal
beams on the hotspot region (high density user groups). It is shown more clearly by looking at a
lower number of beams, that both the RF based schemes start by covering approximately 42% of
the users, but barely cover an additional 5% more usénsdnmore HAP beams, while other
schemes improve their coverage by at least 10% with additional 4 HAP beams. Thisshappen
because even with up to 8 beanh® RF based scheme still cover the denser group while
other schemes already start coveringsiaedifferent locatios With 42 beams, the RF + Kmeans
and K-means clustering managed to cover up to 96% of the users in the serviceceteqy the
requirementsf network operatorg/hich often are obligeth cover at least 95% of the population

of aspecific place or country.
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Figure 4-11 User percentage covered for all schemes which indicate the coverage
percentage using 25 x 25 elementtsr the service area

The percentage of users covered fortad $chemes when using ax@0 elements phased
array antenna has also being looked at to see if the behaviour of th@hesimg schemes will
still behave the same as 225 elements phased array scenario especially #me#hs and RF
clustering schemd-igure4-12 shows that the RF based schemes perform better in terms of the
user percentage covered than théMKans clustering scheme for all scenarios with different
number of beamsThe K-Means clustering scheme performs better wittower number of
elements whea 25x 25 phased array antenna is used which deploys smaller beam footprint on
the ground. With bigger beams, a bigger cluster of users can be achieved, hence it provides an
advantage for an algorithm like-Means to better locate an optimum centroid amtre
clustered users. As for the RF based schemes, whatever the size of the beams, they are able to

precisely locate the dense user group even with lower number of beams.
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Figure 4-12 User percentage covexd for all schemes which indicate the coverage
percentage for the service area using 40 x 40 elements phased array antenna

To further support the statement regarding the user percentage above, the average number of
users per beam is presentedrigure4-13. The overall trend shows that the average number of
users per beam decreases as the number of beams increases, but the numerical figures show that
the overall number of users supported is significantly increased, with an associated increase in
the overall system capacity. With a low number of HAP beams, both RF and Reais
clustering serve more users per beam because these schemes are rableegons of higher
user density, so they have a higher probability of covering more users with fewer HAP beams.
For Regular Pointing, the average number of users per beam increases up until it reaches 4 HAP
beams. This is because of the specific regptanting strategy used, where the HAP beams
initially form an outer ring arrangement, then the inner ring arrangement is used until it reaches
the center of the service area. This strategy does not consider the need to locate high density user
groups whichis similar to the Random Pointing scheme except that the HAP beams are pointed

randomly in this latter case.
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Figure 4-13 Average number of users per beam for all schemes

For the terrestrial part of the system, the proteaticierrestrial users is successful as seen
in Figure4-14. The interference contributed by tHAP system increases as the number of beams
is increasedEven with 42 beams depleg 95 % of theterrestrialusers do not experience
interference from HAP beams exceeding the given threshold (red line; 10 dB thre$held)
implementation of the INR thshold in order to protect the terrestrial users is seen to gain control

of the interference level caused by the HAP. This shows that a HAP is able to coexist effectively

with the terrestrial system.
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Figure 4-14 Terrestrial INR box plot performance for RF + Kmeans clustering
contributed by the HAP with the upper whisker indicates the ¥ percentile, red line
indicates the median, and lower whisker indicates 95percentile.

Figure 4-15 (a), (b), (c), (d), (e), and (f) show contour plots of the Random, Regular, RF
Clustering, RF + Kmeans Clustering;Means (25x 25), and kKMeans (40x 40) pointing
schemes respectively with a 12 HAP beam deployment. The reason why snapshots of a 12 beam
deployment are chosen is because with lower the number of beams, it is easier it is to differentiate
the behaviour of each scheme, thereby providinghéurjustification to support the earlier
discussions. For Random pointing as sedngare4-15(a), the HAP beams are more distributed.

This kind of strategy togint beams is likely to waste resources because no optimisation is made,
and the users will be served solely based on luckigare4-15 (b), we can see that thetfg@n

of a ring is formed from the Regular pointing scheme. As with Random pointing, users will be
served based on luck, the only difference is Regular pointing is formed sequentially, rather than

being random. Both had no intention to detect high deas#y groups. Initially based on random

points, but with optimisation, this will highlight the chance of detecting high density user groups.
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With the K-Means algorithm, the point will move to the centre of a user group with several
iterations, which is evéually able to pick up the high density user group if the initial centroid is
anywhere near it. Irigure4-15 (e), it is shown that KMeans algorithm is able to detehe high
density user group, but not as well as the RF and RF + Kmeans clustdfiggried-15 (c) and

(d). For RF clustering, 8 from the total of 12 beamsfacesed on the high density user group
intending to provide higher capacity density for that area. It illustrates the preciseness by which
this scheme can spot the high density user group. To further optimise the RF clustdieanK
algorithm is addedot the process by using the output from the RF clustering as tha initi
centroids. It can be seenkigure4-15(d) that some of the centroids are moved from thégiral
positions (refeFigure4-15(c)) in order to provide more coverage. Also, the comparison between
different number of elements of 2625 and 40x 40 can be een inFigure4-15 (e) and (f)
respectively which both are usingMeans clustering pointing scheme. As discussed eatrlier, it
can be seen from the contour plot of (f) that the beams are much smaller thaamich ifeause

of that, the precision of detecting high density user group is lower.
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Figure 4-15 Contour plot of (a) Random pointing (b) Regular pointing (c) RF
Clustering (d) RF + Kmeans clustering (e) KMeans Clustering 25 x 25 elements and (f)
K-Means Clustering 40 I 40 el ements schemes
the beams, black @t indicate the user distribution, and the colour bar represents the
capacity per user in Mbps
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4.7 Summary

This chapter has investigated the coexistence of terrestrial and HAP systems with
multiple beams to provide effective coveragée users in the seree area. A new scheme based
on the RF clustering and-Keans algorithms has been considered and compared with alternative
approaches. We have shown that coverage is controlled by varying the number of HAP beams,
in which a near maximum coverage of 96% && achieved. It is achievable with thent€ans,
and RF + Kmeans clustering schemes with 42 beams while still enabling coexistence with the
terrestrial system. It is also shown that the RF based schemes are very effective in locating beams
in highly popubted areas. The impact of the HAP system on the existing terrestrial system is
shown to be minimal, through evaluation of the INR levels experienced by the terrestrial users.
The focus here has been to maximise the coverage, without taking the capasity idém
consideration. Although the CINR levels are shown to decrease with an increasing number of
beams and hence more interference, especially with the RF based schemes, there are interference
mitigation techniques can be considered such as coordimatkighoint (CoMP) and intecell

interference coordination (ICIC) to help mitigate this issue.
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5.1 Overview

The purpose of thishapteris to show howoint transmission coordinated multipointXT-
CoMP) can be integrated into a HAP system, and hovCdMP can increase the capacity of
HAP celledge users by adapting HAP phased array antenna systems to better integrate with
existing approaches to delivering cellular infrastructimplementing CoMP is ps#ble because
of the newly proposed HAP architectufeat was introduced in Chapter 3 whiehables the

system to treat individual HAP beams as a serving cell which can be managed by virtual eNodeBs.
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This provides equivalence to thedittonal cell approeh adapted bthe terrestrial systems, thus

providing the capability to perform such functions in a flexible way.

The novelty and contributions of thigrk are:

1 Demonstratiorf theuse ofanew HAP system architecture which integragefiniquedike JT-
CoMP.

1 A method to better balance the CINR gain and capacity lossdfadi@ a new bandwidth
allocation technique.

1 A new flexible CINR threshold that better selects users who will benefit from CoMP.

HAPs can deploy multiple beams simultaneously, eétbh beam reusing the same spectrum,
which causesnterference between the cellBypically, the users at the edge of the cell will
experience most interference from the neighboring cells due to closer proximity. This factor makes
the user CINR levels vakrable. Due to the interconnected layout of HAP cells, there is adfifade
where users will receive less bandwidth compared to when a system does not use CoMP. To solve
this issue, we present four different schemes in order to find the appropriateofjumags to be

included in the CoMP region.
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Notation in the chapter
= Set of HAP cells

023 Set of active UEs associated with HAP cell

iy Set of cooperative cells to form-ZJoMP

The noRCoMP set

[N 2 ways CoMP set

[N 3 ways CoMP set

2z Set of noRCOMP UEs associated with "Y

5z Set of 2 ways CoMP UEs associated withas the

primary andO as secondary cells

5zp 17 Set of 3 ways CoMP UEs associated withas the
primary, O as secondary ari@ as thethird cells

Total bandwidth available in the system

5.2 Set Theoretic User Definition

To implement CoMPtiis helpfulto correctly define the users within the systems especially
when the condition of a user or how a user will operate depends on its specific location. A Venn
diagram inFigure5-1 represents the system in general (set S), and the users will be defined using

the set theory. Sets A, B, and C represent the HAP cells. The sets are described as follows:
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[ Non-CoMP Region
[ 2 Ways CoMP Region
3 Ways CoMP Region

Figure 5-1 Venn diagram representing the service area and overlapping HAP cells.

Y 5zDbzQb i @QE GE QW@ 0 QHQ (5.1)
0°6° 60 Yz 9za" Wz O60Y wQb (5.2)
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>z is a user equipment distributed randomly across the service area and demanding wireless
communication service. Az demanding service will have to associate with a cell to be served,
subject toa certain CNR thresholdeingmet. In the context of set they, a% z needs to be
included in either set A, B or C meeting the requirement of having at least CNR of 9xdB. A

that belongs to either set A, B or C will be included in the system is knoWwa-gass described

in (5.2). In the intersection of sets aeen inFigure 5-1 a user suffers from a great deal of
interference, which is why CoMP is needed to reduce the interference. When CoMP is applied,

the sets are as foll@aw

5 6D 0D, 6 1, (5.3)

i Yz zyN 0 6 6z, 600 Y T (5.4)
5 6 6 i, (5.5)

i Yz, zuN 0 6 6bzy 6 00Y | (5.6)
68656 ° (5.7)

" 52,9z, VO 6 6bzy 6 O0 YT (5.8)

The intersectiosof set A and B, or C and A, or B and C as seen in the Venn diagram in
Figure5-1 representhe overlapping regiawof the cells and known as the CoMP regidn,
andi , ). FortheCoMP set, user z, with CINR lower than the CINR threshdldwill be included
in thei , . These users are then definedbas, Y z,, with newd ‘00 ¥hecked againo see
whether it mets the CINR threshold requirement If the  "O0 ¥ still lower tharr , then the
user willthenbe included in the , . Meanwhile the usesthat belong to set A, B, & but not

their intersections aren ™ as shown inFigure 5-1, whereS is the symmetric difference or
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disjunctive union in (5.7)These users typically have CINR of at least equaldnd are known

asvz .

5.3 CoMP User CINR Threshold ()

5.3.1 Centralised Threshold

To determineappropriateCoMP uses (Y z,) and NorRCoMP uses (2 z, ), we set a range of
CoMP user CINR thresholdvels( ) centrally for all cells involved so that we can diffatiate
the performancef various size of CoMP and nofCoMP set as illustrated irFigure5-2. This
enables moptimal value of to be determined. The set of cooperative céllg/that serves the

D zy,in this work is defined as follows:

Figure 5-2 lllustration of the impact of different CINR thresholds in determining the
overlapping region.

@ QH00 Y
6d Qoo i, (5.9)
& oo P Q®oo YT i,

where® hi Fio are the cells thaprovide the strongest, second strongest, and third strongest

received power level to a particular user respectively, d@nis the CoMP user CINR threshold.
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Theinitial CINR is measured based dhJ3), to determine whether a userhieavily affected by
the interferenced "O0,Ys a remeasurement of CINR after taking into account nullifying the
strongest interference froom and possiblyb is thenturnedinto a useful signal. Thé "O0 dan

be defined as follows:

Bni\,y

8 "0% - (5.10)
s9ei Y

where0 in this case is the summation of the useful signals base8.HnTwo signals from
@ AT & will be added for a two way CoMP, and the third signabofvill be added if the user
is activatedin athree way CoMP. Whilst the rest of the signals not includeB in , areB 0 ,

which are the remaininigterference powers.

The steps to defineuwser are as follows:

ALGORITHM | Centralised Threshold

For Y Qn Y,

i. Calculate CINR based on (9).
ii. If CINR >T , then

iil. bz, Yz

iv. Else,

V. included ini ; CoMP region;? z,
P Zy

Vi. End

Vii. Calculated "OU0 based on (21).

viii. If 6 "O0 T, then

iX. Stays ini ; CoMP region.

X. Else, included in i , region;
recalculated "O0.Y

Xi. End

Based ong.9), a user with CINR less th@nwill operate ini , mode a® z, and will

receive signals from both cell AT & ; otherwise the user witiperate iranon-CoMP mode as
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>z, . Itis becausauser with CINR less thanis regarded as highly affected by interference and
located at the cell edge nearest to the strongest interference sourze,, Wik have their CINR
re-calculated usings(10) and again cheeklif the 6 "O0 i¥less than. Not passing the threshold
again will resultin an activation of , because of the possible location of the user closer to
and at the same time closercowhich means the interference igldtigh even afteremoving

the interference and tuing it into useful signal of thev. The use of CINR of the users to
determine whether the particular user i8 &, or % z, has never been used previouskis
method is more straightforward as GNs more widely used as the threshold to determine

whether a user has a minimum quality of link needed to opieratcatedbandwidths.

5.3.2 Flexible Threshold

Implementinga centralised threshold will affect some users in the system as aoffade
maximise the capacity of the celtlge users due theinclusion ofthe nonbeneficiary users in
the CoMP setA non-beneftting user meanauserthat doesot benefit from thémplementation
of CoMP because their CINR improvement cannot compensate for the reduction in bandwidth
needed to deliver CoMP and on the contrary, benefitting users are those that benefit from CoMP
The boundanbetweenbenefiting and norbenefiting uses varies for eachof the cells as it
depends on geographical factors of the users associated with eadusthe centralised
approach cannot be used in solving this matter. So a flexible @SBFCINR Threshold () is
proposed to deal with this unevenness. This flexible threshold means that each of the cells will

have their owfi which resuls from thederivedequation below:
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6 N 0BG N o QB (5.11)
Oy €@ 600Y Qiat P 600y (5.12)

aeP 600 YéER 6006Y (5.13)

wherek represents the fractiahvalue of the initial bandwidth. The initial bandwidth is assumed
to bel. Thevariablek depend®n the bandwidth allocation scheme that will be egpfibgether
with this flexible threshold It will be explaired more in detail in the later section. Ugithe
equation in $.13, we can acquire thauitableCINR levelsthat can be useas the threshold,

for each cell Redefiningl using 6.13 will help to reduce the number of nbeneftting users

included in the CoMP set.

The steps to get tliefor each cell are as follows:

ALGORITHM Il Flexible Threshold

1 Determine alb z, of the cell whethel
they meethe requirement of equatio
(5.13.

If (TRUE), then

Dz, Dz

r 1 ET6 06eYD ba

Elsebz, 5z

End

ouk~ wWN

5.4 Bandwidth Allocation Approaches

Two types of overlapping regiare considered in this work. According to the illustration in
Figure5-3, it can beseen that cells X, Yand Z overlap with each other forming two different
types of overlapping regions. An overlapping occurrence between two celfsrthatthei
region creates two differesubregions, for exampléhe overlapping region of cells X and Y;

subregion xywhere the users are associated to cell X as the primary and Y as the secondary cell,

95



andsubregion yx where the users are associated to cell Y and X as the secondary celufthese
regions will have to be defined specifically etBaughtheyform one oerlapping region because
thesesubregionsare likely tohavea different number of usersvhichwill have an impact on the
bandwidth allocation. There are regions where the threemadldap and when a user is inside
this area the user wikkxperiencencreased interference, without CoMFhis is because the user
is further away from t he whik atthe Samaettimigis affeetédl 6 s
by two strong interfeng sourceslin this case, onlgemovingone interference source and turning

it into a useful signal will binsufficientto improve the CINR, hendbe need taurn the second
interference source into a useful sigrtakreby creating , . Based orFigure5-3, subregiors

Xyz, yzx, and zxy will form the three way CoMP region. The two types of overlapping region are

defined as follows:

1. 2 - CoMP regioni An overlapping region involving two cells for examipld=igure
5-3, it is formed by the xy and yx stdgion.
2. 71 -~ CoMP regioni An overlapping region involving the cells for exampl@ Figure

5-3, it is formed by the xyz, yzx, and zxy-seggon.
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Figure 5-3 Overlapping cells

Bandwidth allocation is netrivial, especially when implementing CoMP in HAP systems
due tothe potentiahigh degree of tessellation and overlap. It is also an important element in
providing balance between improving CINR and losing the capacity. Theeiaiog cells will
have to agree to allocate the same exact bandwidth to the overlapping CoMP region, and the
allocated bandwidth cannot be reused by the cooperating Geils.way to allocate the
bandwidths to the CoMP and n@oMP regions is to allocado of the available bandwidths to
CoMP region while the remaining is allocated to the-6oMP region. This method may be
relatively simple, but will result in an inefficient usébandwidth because of the unevenness of
the number of the users in the s@gions. When encountering such a problem, we propose a
strategy of using the number of users in both the CoMP and€CoMP regions to decide what
the ratio of bandwidths should be allocated between these regions. For the case oégion,
the number of users in cooperating tway CoMP regions and the number of users in the

region will be considered.
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From this strategy of allocating bandwidths and based on diagraigures-3, we propose
two different schemes for allocating the bandwidths as follows:
5.4.1 Full Bandwidth (FBW) Scheme

The FBW scheme allocates the same amount of bandwidth per user as what they would

receive if thee is no CoMP applied in the system. The FWB scheme can be computed as below:

Fori , ;
6 & @% dzos (5.14)
6 m dz)% (5.15)
6 @ D Qd O w (5.16)
"06 ® ST Y (5.17)

This is an example of bandwidth allocation computation between cell X and Yrdpased
bandwidthallocation for the CoMP regiond w for region Xor 6 w for region Y Bare
calculated based on the total number of users and numbB¥iQqE.g. nunber of users in xy
Oz " and yx bz, ) region respectively) in both cell X and Y. Both bandwidths are then
compared between each other in (5.16) and the cell with lower bandwidth will be chosen. The
other party will have to agree with the chogmndwidth and allocate the same bandwidth to the
CoMP region. The reason for this step is because with FBW the cell already offers the maximum
bandwidth for the CoMP region, and going beyond that means that bandwidth for t@mMénh
region will be sacficed. Selecting the cell with the lower bandwidth offering will prevent the
sacrificing of the NorCoMP bandwidth. We then acquire the CoMP bandwidth per user for the
i, region (06 ) by dividing the total bandwidth allocated to the CoMP regiomo ( )

with the total number of users in the CoMP region in this case xy and yegians.
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Fori ,;

wooe DODE

60 garemaPis e (5.20)
6 @ 0B o Mo Mo (5.21)

00 w 50T 5,10 5,508 (5.22)

In the casavherea user activates the , , based on the illustration fRigure5-3, it will
involve three 2 way CoMBubregions and the bandwidth will be allocated fronmw :
0w ,anddé w . The bandwidth for the ; (e.g.6 @ ) will be decided based on the
total number of YQ(e.g. users in xp zg | and yx(5 z, J subregion) and the number bf,
users (e.g. users in xy2 zg 17§ region). Jusksin thei , CoMP case, the lowest bandwidth
among the three regiswill be selected based oB.21) for the same reason. If one of tha>
regionresults inzero bandwidttassignmentwhich means that thearezeroi , usesin that
region, thel , region of cell X, Y, and Z will be shut down and all the other uses from
other subregiors will be revert back tdeingi ; uses. This is to make sure that the sub
sections that have zero, users do not need to reserve any bandwidth for theregion which
will results in degradation in tie, user® p er f &inallyatmeCeMP bandwidth per user
for the i ; region {06 &) can be calculated by dividing the total bandwidth allocated

6 w ) with the total number of ; usersfzy7>z)°7and>z, °).
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5.4.2 Half Bandwidth (HBW) Scheme

TheHBW scheme allocashalf of amount of bandwidth per usssmpared witlwhat they

receive if no CoMRs applied in the system. The HBW scheme can be compstéollows:

Fori ,;

00 Famemy YA (5.23)
(O IOV W@ Z| (524)
5 & bod ol 6 (5.25)

To calculatethei , HBW, we first find out the bandwidth fahe nonCoMP region for
both cells X and Yd @ and® ) by dividing the total bandwidth of the system with total
number of users in the cell minus hditlee total> zy,of that cell and multiply it with the number
of 5z, . To decide on the CoMP allocation, the CoMP bandwidth from both cells is the total
bandwidth minus the bandwidth for n@oMP region The bandwidth in each cellég®@mpare
andthe highest bandwidth that both cells can offisrassigned to the CoMP region, as in (5.25)
This approach is differefitom the FBWschemébecause for HBW only half of the bandwidth is
considered, so if we cleee the lowst bandwidthavailablethe other celthat can offer more will
havea much reducetbandwidth allocationHence, this will result im much lower bandwidth
allocation for> z, and faikto deliver the capacity improvements in many cases arising from the

improved CINR With thed w decided, the CoMP bandwidth per us@d w) can be

calculated by dividing w with the total number dfzg "and> z,) °.
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Fori , ;

6 6 CPARETARC AL Szo0  9z)® Hzp7? (5.27)
6 6 PVCTATTE: S5zp° Dzpgs 9z,°° (5.28)
W) AN RN $20% 928% Hz°" (5.29)
0w 0D DWW ® 6w Mo 6w Mo 6w (5.30)

(5.31)

To calculate thé , for the HBW case all the cooperativeubregions will calculate the
bandwidth they can offer for the ; region by fist determininghe bandwidth for their 2 way
subregion 0 w ,0 w , andd w ) by considering the number bf, users and , uses.
Each of the bandwidthssignmentsan be offered to the , region which is the total bandwidth
allocated to the CoMP region (edy.w ) minus bandwidth for the , region (e.g0 @ )
are compared and the highest among the thrémsofire selected as the, bandwidth
6 w ). Lastly, thei , region bandwidth per useiO0 w) is calculated by dividing

0w with the total number of ; usersfzy 75z, °7and>z; °).
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5.5 Simulation Results and Discussion

Figure5-4 illustrates the system, where tHAP is located at theentreof a 30 km radius
service area analtitude of 20 km above ground. The HAP cells are then deployed in the service
area with ovdapping areabetween the cellhree are shown, but in practice there can be many
more Two types of user are considered in the systénch arethe ron-CoMP user equipment
(> z, ) and CoMP user equipmert £,). Users are randomly distributed across service area
according to a uniform distribution. THAP is considered to be equipped wath5x 25 element
planarphased array antenttfetusesbeamforming, which forsthemultiple cellsusedo deliver
a wireless communication service. Thecatiors of thecells aredeterminedbased on the
clusteing of users using the #eans clustering algorithmas discussed in Chapter Zhe
algorithm determingthe optimunc e nt r oi d positions using .t he
The process of determirgrcentroid positions will be achieved kgratinguntil the optimum
point is reachedWith this clustering algorithmspecific high density user groggan also be

identifiedinside the service area according towrek in [5].

— Useful Signal
— Interference

CoMP Regions

20 km

30 km

Figure 5-4 HAP cell footprints and the overlapping region as CoMP region
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In order to evaluate all the proposed methods and schemes, simulations using MATLAB
were carried out based on the system layo&igare5-4. Traffic is modelled based on the full

buffer traffic model. The parameters are presentdabie5-1 below:

Parameter Value

HAP Transmit Power 40 dBm
Receiver Antenna Gain 0 dBi
HAP Antenna Gain (Boresight) 27.9 dBi
Carrier Frequency 2.6 GHz
Noise Power -100 dBm
CNR Threshold 9dB
CINR Threshold 0dB
Number of Users 2900

Table 5-1 SIMULATION PARAMETERS
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Figure5-5 shows the percentage ofQs and'Y'(s for several values from 0 to 19 dBsed
throughout the simulation. At of 0 dB, 0% users operatetime CoMPregionwhile 100% users
operate inthenonCoMP region, i.e. it can be assumed that the system operates with no CoMP.
As[ increases, the percentage 8Rlincreases, and contrarily, the percentagéréidecreases.

This is because the higher thethe more users that are included into the CoMP region, hence the

increase ofY'Qand the decrease BfQas a percentage.

100 5 T T T T T I T T T
¢ —— CoMP User Full BW

90k o8 —>— Normal User Full BW :
—<— CoMP User Half BW
—<— Normal User Half BW 4

User Percentage, %

‘"’ 1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20

CINR Threshold, dB

Figure 5-5 Percentage of CoMP and notCoMP users with variation of the CINR
threshold.

Implementing CoMP means that users can improve their CINR levelsgume 5-6, the
CDF plot of CINR levels of no CoMP, ; (1,5,9dB); , (9 dB), and intecell interference
coordination (ICIC) are presented. It is also observed that with Higineore users are included
in CoMP regiorandhencehavea better CINR performance. Besides that, it can be clearly seen
thati , CINR is better than ; CINR, also ICIC obviously perforenpoorly compared to
CoMP in terms of CINR performande.; CINR should be higher than, CINR becasei ,
users will have one extra signal source (the addition of 3 signal sources) and one fewer

interference source compared tq . For ICIC, one interference source will be removed because
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the bandwidth used for ICIC will not be reused by the neighgaell[120], but it will not benefit

from the simultaneous data transmissilike CoMP.If we consier an outage at CINR of 10 dB,

it can be seen that with no CoMP, there is 55% of users will be left out of the system. After CoMP
is implemented with 1 dB threshold, it begin to show an improvement in CINR levels with the
outage users dropped to 45%, feled by 30%, 13%, and 9% for CoMP with 5 dB, 9dB (two
ways), and 9 dB (three ways) respectively. This clearly indicate that the higher CINR threshold
for CoMP, the higher CINR improvement which is beneficial for the system. Howegerre

5-7 might suggest otherwise.

1 T T T T T -
0.9 . .
/o
7 ‘_."
0.8 ,-" .......... CoMP 3W 1dB M
CoMP 3W 5dB
ot |- CoMP 3W 9dB ||
= CoMP 2W 9dB
206 ICIC i
g — = =No CoMP
o 05F d
(0]
(@)]
T 04F .
=}
@]
03 .
02r / d
/
0.1 ! .
!
a
0 I S— 1 1 1 1
-5 0 5 10 15 20 25 30 35 40 45

CINR, dB
Figure 5-6 The outage probability of different swith 72 - ,m -~ and ICIC.
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From the previous graph, the higher thehe better the CINR performance improvement.
However, there is a traddf, because by including more users into the CoMP region in order to
increase the CINR levels means that the amount of bandwidth that edlodag¢ed per user is
decreased. Despite the improvement shown in CINR levels, user capacity will reach its peak and
the performance will start to decline. The mean CINR and mean capacity per user performance is
presented ifrigure5-7 to directly compare the performance of CINR and capacity per user. It is
shown that while the mean CINR keeps increasing with increasingloé mean capacity for all
sclemes starts to drop affer= 10 dB. The mean capacity starts to drop because at that point the
system has started to include the users that have better performance without COMP. These users
receive less bandwidth when included in CoMP region, and thé&k QéMel increase cannot
compensate for the reduction in bandwidth. The cut in bandwidth is also caused by the unevenness

of the number of users in cooperative cells.

26 T T T T T T T : . 082
40.81
24
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o
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@ 20 - 10.78 2
5 5
% 10.77 _%,
O 18+ 5
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—%— CINR Full BW 8
16 |- —<— CINR Half BW 1075 3
—&—CINR ICIC S
i >
—X—Capac!ty Full BW 1074 &
14 —<&— Capacity Half BW
—&— Capacity ICIC
ey 40.73
12 | ' : ' ! ! L ! 0.72

0 2 4 6 8 10 12 14 16 18 20
CINR Threshold, dB

Figure 5-7 Mean CINR vs mean capacity per user for all schemes.
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Figure5-8, Figure5-9, Figure5-10, andFigure5-11 present the capacity difference which
indicates whether the system benefits (positive difference) or loses (negative dijfieCapeeity
difference is the difference between the final cagacitiwhi ch ref ers to t he
CoMP is implemented, and the initial capacit
is implementedFigure5-8 shows the mean capacity difference of both FBW and HBliémes
for> z,, 9 zyand> z, users. Thé z, capacity difference keep increasing as the CINR threshold,

[ increases, while thzz,, will reach a peak before having a degradationapacity difference
performance. Thé z, capacity difference keep increasing because when more users are being
included into CoMP region, tHez, will receive more bandwidth in results of less bandwidth
sharing. On the other haritz,, performancesegrade at a certain point of the simulation because
the users that can perform better without CoMP start to be included. This kind of user receives
less bandwidth with CoMP, and the CINR improvement is not sufficient to compensate for the

bandwidth loss.

015 T T T T T T T T T

0.1

0.05

—>*— Overall FBW

—&A— Overall HBW

—P— Non-CoMP User FBW

—%— Normal User HBW
CoMP User FBW
CoMP User HBW

Mean Capacity Difference, Mbps

_01 1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20

CINR Threshold, dB
Figure 5-8 The average capacity difference of FBW and HBW for all types of users.
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To go deeper into the behavior of the capacity difference, Complementary CDF (CCDF)
graphs are presented Figure 5-9, Figure 5-10, and Figure 5-11 for > z4, > zy, and > z,
respectively. The capacity differences of four different schemes are compared to establish the
most suitable scheme to use in this scien The schemes are FBW with 9[dBHBW with 9 dB
[, Flexible FBW, and Flexible HBW. The 9 dB performance threshold was chosen for both FBW
and HBW because it was determined base#igare5-7, which illustrates that it is an optimal
value of . For theb z, capacity difference, it is shown Figure5-9 that9 dB HBW has both the
highest increase and decrease in performance. This is followed by 9 dB FBW, Flexible HBW,
and Flex FBW respectively. The users in the system,consists of two different user groups
when CoMP is appdid to the system, which is the CoMP userg,j and norRCoMP users z, ).

Thus, this graph represents the overall performance.

In Figure5-10, the> z, capacity difference is presented. All the schemes show that 80% of
users gain benefit from CoMP with 9 dB HBW being the best followed by 9 dB FBW, Flexible
HBW, and Flexible FBW. Both HBW based schemes are better than the FBW based schemes
because wittiBW, 2 zy,are only allocated half of what they originally get without CoMP which
leaves th® z, extra bandwidth. While on the negative difference side, both HBW based schemes
perform worse than the FBW based schemes because of the maximum value régeseme
discussed in sectidn4.2based on equatiob 5. Some> z, of HBW will lose more bandwidth

compare z, of FBW.

For thed z, capacity difference, a CDF graph is presentegignire5-11. It can be seen that
the Flex FBW out performs the other schemes by having 75%@gbenefitting from CoMP,
while having less degradation (negative difference) compared with other schemes. The 9 dB FBW
and 9 dB HBW have almost the same performance with both having a great loss of capacity, while
9 dB FBW has slightly better than 9 dB HBWterm of capacity gain. For tf¥ez,, it is expected
that FBW based scheme has better performance because of the nature of the scheme, which

allocates more bandwidth to the CoMP region compared to the HBW.
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Figure 5-9 Overall users capacity difference CCDF for all schemes
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Figure 5-11 CoMP users capacity difference CCDF for all schemes
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In Figure5-12 the percentage of benefitting users which represents the users that have at
leasta 20% capacity iorease. While the percentage of losing user represents the users that have
at leasta 20% capacity loss. The 20% threshi@idonsidered by the author to make sure that the
increment really represents the users that are benefitting from CoMP, likewtise flmcrement
This measure can be used to help determine which scheme works the best, becauseothe trade
between benefitting and losing users for each scheme can be compared directly. For the case of
HBW and FBW the parameters of 1, 5, andBY is used to show the effects of using different
threshold level. The scheme with tlisvestnumber oflosing usersis the FBW, however the
benefitting user percentage is not that impressive. The highest percentage of benefitting users
occurs with the HBW schembowever it also has more drawbadRbviously, the best possible
performance is to have maximum benefitting users and very low losing users but this depends
what is valued for the system. In terms of capacity increase, the Flex HBW is better thiax the

FBW while the capacity decrease is similar for both.
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Figure 5-12 Benefit and loss tradeoff for all schemes.
Figure5-13 presents a coverage plot showing the HAP cells covering the service area for

approximately 96% of the total users, prior to CoMP. The white area is the area that is not covered
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by the HAP cellsThe red colour in between the cells illustrates the region where the users have
a CINR level lower than the operational threshold (1.8 dB). It also represents the overlapping
region of the cells. The colour barkigure5-13 andFigure5-14 represents capacity per user in

bits per second.
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-30 -20 -10 0 10 20 30

Figure 5-13 Contour plot of HAP cells. White regions indicate area without HAP cells, the

dark blue to yellow regions indicate the | ow
marks are the centre of the HAP cells, and red gions are where the users have CINR levels

of below 1.8 dB before implementation of CoMP in 30 km service area

112



After implementing CoMP in the system, certain areas are improved as $égurgb-14.
An obvious improvement can be seen is that almost all red marks that represent a user having
CINR below 1.8 dB are removed. This is an indication that the CINR of the cell edge users have

been improved. In terms of capacihcrease, a clear difference can be sedfignre5-15 and

Figure5-16 below.

-30 -20 -10 0 10 20 30

Figure 5-14 Contour plot of HAP cells. White regions indicate areawithout HAP cells, the
dark blue to yellow regions indicate thelowet t o hi ghest capacity pe
marks the center of the HAP cells, and red regions show where the users have CINR levels
below 1.8 dB after implementation of CoMP with FBW 9 dB) in 30 km service area

The spatial effects of implemeng CoMP withFBW,[ of 9 dB in a HAPsystem can be
seen inFigure 5-15. It is clearly shown how the overlapping region is improved after being
significantly affected by the interference as sedrignire5-13 earlier. As previously discussed,
this is where users are located which have a degradation in performance when CoMP is applied.

The darker region represents the area where

perspective this sacrifice can be made when it is important to have consistent wide area coverage.
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Lagly in Figure5-16, a contour plot of flexible FBW is presentedstibws how this flexible
scheme helps reduce the users included into the CoMP region, restricting membership to those

who can really benefit from CoMP.

12

10

oo

Distance, km
=]

2 0 2 4 6 8 0 12
Distance, km
Figure 5-15 Contour plot focusing on overlapping areagzoom in from the 30 km service
area). The yellow areas indicate the areas with most improved users, dark blue areas
indicate the areas with almost unaffected users, and light blue areas indicate the areas with
highest loss users with 9 dB FBW CoMP (colabar indicates capacity difference in bits per
second)
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Figure 5-16 Contour plot focusing on overlapping areas (zoom in from th&0 km service
area). The yellow areas indicate the areas with most improvedsers, dark blue areas
indicate the areas with almost unaffected users, and light blue areas indicate the areas with
highest loss usersvith Flex FBW CoMP (colourbar indicates capacity difference in bits per
second)
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5.6 Summary

JT-CoMP is shown to give sigfitant benefits to the users at the cell edge in a HAP multi
beam system by improving both CINR levels and capacity per user and at the same time
benefitting the overall performance of the system. By identifying the-ttidetween CINR and
capacity, tvo types of threshold are proposed which are the centralised CINR threshold, and the
flexible CINR threshold. To deal with the unevenness of users in each cell, a flexible CINR
threshold is implemented with each individual cell having a different threshaiol.different
methods of allocating the bandwidth between the-@QoNP and CoMP regions have been
proposed; the FBW and HBW schemes both bring benefits to 57% and 46% of users respectively.
The FBW scheme works better for the CoMP region improving theexgerience at the cell
edge. It is shown hofv can be used to control overall user capacity and reaches an optimum. A
flexible threshold is proposed in order to carefully select the users to be included into the CoMP
region. With this approach the us#énat lose capacity can be minimized. Implementing CoMP is
possible because of the newly proposed HAP architecture that enables the system to treat
individual HAP beams as a serving cell which can be managed by virtual eNodeBs. This provides
eguivalence tahe traditional cell approach used with the terrestrial systems, thus providing the

capability to perform such functions in a flexible way.
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CHAPTER 6

6. Network Functional Split for a 5G C-RAN
Based System Exploiting Joint High Altitude

Platform and Terrestrial Segments
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6.4 JT-CoMP Application Across HAR errestrial Access Network 132
6.5 Summary 138

6.1 Overview

The purpose of thishapteris to demonstrate how HAP and terrestrial segments can be
integratediogether to allow dynamic coordination betweke two segments to deliver a more
network integrated system deployment. No coordination between HAP and terrestrial systems
will result in more conservative interference mitigation techniques being adopted to ensure
coexistence between these two systemighvoperate in a common spectrum allocation. One of
the techniques to control the degradation in terrestrial user performance when deploying the HAP
cells is to use an INR threshold as showapter 4 However, this will leave a gap between
HAP cells ad a terrestrial macro cell meaning that users in that region go un#etivedame

spectral bands are usddonventional wireless communication service provisioning from HAPs
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considers that complete base stations are located on the HAP itself wiisgesighals from the

RRU are processed, demodulated and decoded on the platform. This approach results in
significantly more hardware being required on the HAP, which results in increased payload
requirements in terms of weight, volume and power comparsitLiation where more processing

is carried out on the ground. This limits network utility and feasibility when considering the state
of-the-art with HAP aircraft technologies. At the other extreme, a fully centdabgstem like
Centralised RadidccessNetwork (GRAN) will move as much of the hardware to the ground,
reducing payload requirements, but will increase the burden of the fronthaul link between the
RRU which is located on the HAP and the CU and DU on the ground. chisterwill
specificallyconsider the best network functional splits to balance these two competing aspects,
while considering the stataf-the-art and future HAP technologiebl-COMP is used to facilitate

the coexistence and interworking of the two systems.

The contributions ofhis chapterare:

1. Ajoint HAP and terrestrial network using aRAN based system and Network
Function Virtualisation (NFV).
2. Application of a network functional split on the HAPRAN segment to reduce
fronthaul load with the exploitation of Software Defindetworking (SDN).
3. Implementation of Joint Transmission Coordinated MultipointQ&MP) across the
joint network (HAP and terrestrial) as an application of the newly proposed architecture
to mitigate interference.
4. A HAP system fronthaul link deploymem@ GRS site diversity that can adapt to

specific implementations of the network functional split.

There has been a considerable research effort addressing the coexistence of HAP and
terrestrial systemsn [66], the downlink coexistence performance of WiMAX services in HAP
and terrestrial systems was investigated. The performance of the WiMAX service from a HAP is

optimised by comparing the performance of different antenna pointing offsets, and by narrowing
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the transmit and receive antenna beamwidths. The HAP system performance is enhanced while
also efficiently coexisting with the terrestrial WiIMAX system. Authors[6] which also
investigated the coexistence of a HAP and terrestrial WiIMAX system suggested that the user
antenna which is at the receiver end (assuming downlink transmission) should not eXéeed 30

the coexistence to be effective. Based on findings in the literature, there are no studies that
consider tight coordination betwebBl\P and terrestrial systems, instead relying on conservative

interference isolation techniques to ensure effeciexistence between the two systems.
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6.2 Network Functional Split for a C-RAN Based Systemnusing Joint

HAP and Terrestrial Segments

Adapting conventional ®AN is an ideal way for a HAP system to minimise the hardware
required on the platform, thus providira lighter payload for the HAP and reduced data
processing required on the platform side. Both should in principle reduce the energy required on
the HAP to maintain the flight and deliver wireless communication services. However, the large
amount of unpreessed data from the RRU presents a significant offload burden for the fronthaul
link. An estimated 625 Gbps fronthaul link capacity is required to carry the unprocessed data of
25 x 25 antenna elements or up to 42 HAP cells from a single HAP accor{3{ téibre optic
cable technology is not usable with the HAP, as it is assumed to be free flying. The best option in
terms of providing the necessary capacity is to use free space ofdtéeBnology to provide
the fronthaul link from the platform to the ground. [k21] the author has carried out an
experiment with an FSO link and successfully achieved 228 Gbps inEvkinthough it is only
for a short distance, it shows the technical feasikdlitgl in time it should be possible to extend
the transmission distance to several kilometres. Should at least 228 Gbps be achieved for an actual
HAP scenario, a single FSO link will still only provide approximately 40 % of the required

capacity so other glutions are required so that the remaining 60 % cdrabeferred

One of the solutions is to reduce the amount of data to be offloaded through the fronthaul
link. This can be achieved by the application of a network functional split, dividing the
functionality of the RRU and CU and DU into different options. Options@ith to 1 shown in
Figure 61 move progressively more CU and DU functionality towards the core network, in the
case of the HAP functionality, it is moved from the aittte ground, where the CU and DU pool
(centralised processing) are located leaving the RRU side (on the platform) requiring less data
processingThe less data processing carried out on the RRU side mearssidngér amount of
data must be offloaithrough the fronthaul linf93]. Thus, option 8 (conventionalRAN) has

the largest amount of data to be offloaded through the fronthaul link. There is-affradveen

120



the degree of ceralised functionality of CU and DU, and the amount of data to be offloaded
through the fronthaul link. In the HAP case, the payload must be minimised in terms of payload
mass and power available on the specific platform (e.g. Zephyr B2@tkg payloadllowance).

Thus, the lighter the payload atitkless data processing done on HAP, the lower the amount of
energy required for the HAP to operate. Given the high data rates required with an option 8 split,

it is likely to put severe strain on the froath link so lower splitting options must be considered.

The authors i197] suggest that a splRHY layer, which in this context is option 7, could
achieve a capacity requirement cut of overe8. The configuration to divide the functionalities
should be possible through SDN. Option 7 would be the best network functional split option for

a HAP based system. It means that the platform will have:

T Less hardware, thus a lighter payload compareddmnventional HAP system.

T Less data processing done on the platform compared to a conventional HAP system.

1 Less data offloading through the fronthaul link compared to a conventieRAINC
system (option 8).

1 Easier integration with terrestrial segments

1 More centralised functionality compared to a conventional HAP system which will

additionally enable dynamic coordination of the system.
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Figure 6-1 Joint HAP and terrestrial system adapting option 7 network functional

split in a 5G G-RAN based systenfdirectly taken from [93]).

6.2.1 Joint HAP and Terrestrial Architecture

Figure 6-2 shows the newly proposed joiRtAP and terrestrial system architecture. To
enable coordination between the HAP and terrestrial segments, a centralised based system must
be adapted to join the two segments together. FTRAR based system is chosen because it
implements the centralisedqeessing concept (CU and DU pool) allowing connection to multiple
distributed RRUSs. A single HAP can deliver multiple cells and each cell is considered in terms of
functionality as an RRU, because each of them are managed by a virtual eNodeB exclusively.
This is achievable through network function virtualisation (NFV). Similarly, a terrestrial macro
base station is also considered as a RRU. All RRUs are virtually connected to the CU and DU
pool. With SDN, the whole system configuration is relatively shtfigward with each sub
system. In this case the HAP and terrestrial segments, configured with different split options
depending on the stgystem requirement. Here both ssystems adapt an option 7 network split
as both need some parts of the physigai#o be centralised to simplify the implementation of
the JFCoMP coordination technique to provide a solution for theeudle users. The option 7

network functional split will still have the capability to support@GaMP[122].
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Figure 6-2 Joint HAP and terrestrial segments architectureadapting option 7
network functional split on a 5G GRAN based system

Since both segments enable coordination and are now part of the same 3ystemlP
can be performed across the two segments, providing a combined solution to address the
interference issue especially the @aige users. The synchronisation requirement bEdWIP
can also be more straightforwardly achieved as all the RRUs hatralis=d processing in the
CU and DU pool. This novel joint architecture based oRAN system features a new

coexistence environment between HAP and terrestrial networks.
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6.3 HAP Fronthaul Link Deployment for Network Functional Split

Implementation

Toimplement this new system for HAPs, there are a few factors that need to be considered.
These factors are the maximum payload the platform can carry, the amount of energy required
(for both flight and wireless communication provision), and the fronthgulirement to deliver
wireless communication services, which is a challenge for HAPs especially. Each of these factors
impact differently on the network functional split options. In this section, the main focus is to
determine the best deployment for thentthaul link of a system where free space optic (FSO)

and millimeterwave (mmwave) are suitable options for the fronthaul link.

In the previous section, it is stated that optionthehetwork functional split is to be adapted
to the HAP GRAN based sytem. This will see part of physical layer function located on the RF
side (on the platform) and the other part of the physical layer function together with the rest of
the BBU function centrally located on the ground. According to a syh&3), there is a sub
splitting within the physical layer which can further divide the physical layer fundttensplit
PHY which is known as option 7 accordingRigiure 63, can be further split into optionT, 7-

2, and 73.

To determinghe fronthaul requirements of the different degrees of network splitting, this
work considers option-I and 73. Option 71 and option B would have the least and most
processing done on the platform respectively which can tygtedi with different frothaul link
technologies depending on the scenarios that are being considered. The wiptigdwal layer
hardware would be on the platform (near the RRU), and a dynamic configuration tatselect
degree ohetwork splitting implementedhrough softwareefined networking (SDNyepending
on the HAPO6s condi t i o ncapébdity or.paylpaa wmitations).f Foro nt h &
comparison, the requirements of a conventionr®AN system (using option 8) fronthaul will
also be considered as a benchmaite fronthaul requirements for the network functional split

can be estimated as follows:
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For option 8,

€& & HL T Ay Fo 4 [122] (6.1)
For option 73,

et . E&'HI 'l Bg J: E ?48““ Lﬂjﬂ ﬁﬂ 4H§l 4 444[97] (6.2)

A

For option 71,

et e Ay udl 88 =g Br22 (6.3)

where0 ,0 "Y®O ,0 ,"Y ,0 ,0 ,0 ,0 and0 are the sample rate,

the bandwidth based on modulation scheme used, the number of antenna ports, the number of
LTE channels, the transmission time interval, the modulation order in the uplink, the number of
symbols per TTI, the number of sahrriers of he system (in 20 MHz), the number of streams

in the uplink, and the number of quantisation bits for LLR, respectively.

Parameter Values
3AT RIAKGA 30.72 MHz
Bitwidth (BTW) 32
No. of Antenna Portl{ ) 25 x 25
No. of LTE Channel{ ) 1
Transmission Time Interval{ ) 1ms
Modulation Order in Uplink § ) 2,4,6
No. of Symbol per TTIf ) 14
No. of Subcarriers § ) 1200
No. od Streams in Uplinki( ) 42
No. of Quantisation Bits for 2
LLR(O )

Table 6-1. Parameters for Fonthaul Requirements

In Figure6-3, the fronthaul requirements are obtained from the equatiosling.2, 6.3
based on the parameters in Tabld.6The parameters are based on the LTE standard for a 20
MHz channel bandwidthlt shows that a traditional -RAN option 8 system will require a
fronthaul link with capacity of at least 614.4 Gbps which is not significantly different to the
fronthaul link requirement as mentioned earlief98]. Option 71 provides up to 65% capacity

reduction, where the fronthaul link requires at least 210 Gbps capacity. The reduction is due to
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reduced physical layer processing as a result of removing the Cyclic Prefix (CP) anst the fa
fourier transform (FFT) that converts 1Q symbols in the time domain teaulers in frequency
domain. For a lower level splivhich is option 73, it can be seen that the fronthaul requirements
drop another 32% compared to optictt,now requiringa fronthaul link with only 16.9 Gbps.
More physical layer processing is done at the RRU side at this point compared to dptsuci

as the port expansion and resource element mapper where tharsefs are converted into
symbols by mapping the swarriers to resource elements. Overall, compared to a conventional
C-RAN system, option-B reduces the capacity requirement by 97%. As more processing is done

at the RRU side, the complexity of the RRU increases.
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Figure 6-3 The fronthaul requirements and capacity cut down for network functional
split with option 8, 7-1, and %3 as more data processing are done on the RF side

With the fronthaul requirements of option 817and 73 presented earlier, we can now
choose a stible fronthaul deployments that enable a HAP to operate witFRAN based
system. There are two possible technologies considered suitable for HAP fronthaul links which
are mmwave and FSQ it is assumed that these ahieve link capacities of 1.25 aB80 Gbps
respectivelyconsidering current state of the art of both technologiesvever, both mawave

and FSO require LoS connectivity, which can be affected by rain events fevanenand cloud
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and fogfor FSO[123]. The FSO uses the infrared portion of spectrum between visible light and
microwaves, therefore atmospheric effects like fog will cause attenuation of the infrared signal
[123]. To overcome these weather related link attenuations, ground relay station (GRS) diversity
for both FSO and mrwave is needed. To achieve full spatial decorrelation (where evesastat

GRS site can be considered as being independent) for rain events affectingv@anink
availability, GRSs should be separated by at least 10 km, while to achieve full cloud decorrelation
for FSO the GRS separation distance should excee@@D&mM[124]. Thus, in the case of mm

wave, full decorrelation can be achieved by multiple GRSs being served by the same HAP, while
to achieve full clouddecorrelation requires a system of multiple HAPs connected via inter
platform links.The interplatform link network is well above maximum cloud height, so it is not

affected by cloud cover.

The minimum required GRS to be able to carry the capacity asgdali GRS availability
for each network functional split options can be defined as follows:
£ b x
7144 &0 (6.4)
BRI
where"0OY "¥s the minimum ground relay station needectorrespond ta& ( which is the
fronthaul link requirement in Gbp®r ...which is either option 8,-1, or %3 respectively

depending on the technology considered dor which is the maximum capacity link for

fronthaul in Gbps.

To ensure that the links always haveegi@n availability so that the system can work with
the minimum required GRS, site diversity is needed. The minimum GRS with site diversity can

be estimated using the Binomial distribution as follows:

s o dmtdms < (6.5)
|
wheren is number of GRS needed with site diverskys number of unavailable GR8,is the

probability of unavailability of a single link, ard is the overall available fronthaul
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link probability. In the case of individual link availability is less than the required system

availability then we can calculate the minimum GRSs are needed wimch is

To determinen,

794l (6.6)

The differencebetweert andk is equal tdO'Y "YThe value of OY "Ys identified in (6.4),
k is unknown, andh is to be determined, thus substitutingith € "OY "Yn (6.5) means that

the equation can be expressed as follows:

N 114 i Fot utgimia  (67)

where
= g4 - (6.8)

Due to thebehaviourof the binomial distribution, there are two sets of solutions available,
mirroring each other witfO'Y )Y p 1 as an axisDue to physical constraint needed for site
diversity, n hasto be greater or equal fOY")Y p 1 as stated ing8) as the aditional
constraint. The expression (6.5) can be used to obtain the number of GRS needed taking into
account the diversity factor in whighcan be used with real statistical data regarding rain and
cloud events. To realise a conventionaREN system orHAPS, at least 3 FSO fronthaul links
are required based on (6.4). For diversity purposes, as each GRS is assumed to be 300 km apart
for clouds at each station to be uncorrelated. Thus, using (6.7), the minimum number of GRS
required for option 8 to have 3% system availability is 5 GRSs, assuming a link availability of
90%, which can only be realised via inf#atform links as shown ifrigure 6-4. On theother
hand, adapting the option17 network functional split on a-BAN system according to the
equation above would only require a single FSO fronthaul link to operate in a clear sky
environment, but for diversity purposes in the situation where themyavailability must be

greater than the individual link availabilities, at least two more GRSs are needed.
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Figure 6-4 HAPs network connecting via the interplatform link to enable GRS site
diversity.
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For option 73, where the fronthaul requirements are reduced by 97% compared with option
8, because of the processing done on the platform, only a 16.9 Gbps capacity link is needed. With
this fronthaul requirement, it isow possible to consider mwave tehnology for the fronthaul
link. Based on (6.4), the minimum number of mrave fronthaul GRSs needed for HAPs system
to operate on option-3 is 14. The mnawave fronthaul GRS could be placed in a circular ring
with a radius of 10 km and in a rain eventithva spatial correlation of 10 km approximately
assuming that the rain events are uncorrelated when the groundsstegitar enoughawayfrom
each otherAs a link margin (in dB) can be provided to compensate for the rain attenuation in the
link budget it is useful to consider several different availability probabilities for awawve link
by way of example. The number of GRS fileeded depends on the overall system availability
requirement and the availability of an individual link as shown in Tallidh assume¥ 'Y “Y
is 14. In the case of unavailability of the GRS due to rain, a fronthaul link can switch to another
GRS completely, or both stations could operate using a lower modulation scheme which has lower
link quality requirement switchingdm for example 256 QAM to 64 QAM, 16 QAM or QPSK.
In an event where the two nearest GRSs are affected by thihesigtwo GRSs can operate with
a lower order modulation scheme while the bapkGRS operate using the 256 QAM

modulation scheme.

"'+ o mf o«

- 99.9 % 95.0 % 90.0 %
99.9 % 16 15 15
90.0 % 22 19 18
70.0 % 33 26 24

Table 6-2. The number of GRS, n needed for different requirements assuming mm  -wave
GRS with minimum number of GRS is 14 (when there is 100% availability)
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The best option for a HAP system considering what has been discussed earlier is the option
7-1 which requires a single FSO fronthaul link connecting @RS on the ground which has a
fiber connection to the CU and DU pool. In a cloudy environment, diversity could be achieved
through an IPL linko the next HAP and theronnecting to the next GRS which is 300 km away.
Alternatively, the HAPs €RAN system cald be reconfigured using SDN and move to the lower
option of option 73 so that a mawave link could be used for the fronthaul link which could
maintain the link in cloudy weatheil his would bet the expense of increased complexity on the
HAP, resultig in a shorterm increase in energy usage. If individual link availability is etal

or greater thamhe system availability required then no diversity is required, theréf@he"Ys

the number of GRS needed.
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6.4 JT-CoMP Application acrossHAP-Terrestrial Access Network

Simulation is used to evaluate the performance of-&dWIP application for a network
employing HAP and terrestrial segments on the access network, as a way of facilitating
coexistence between the two segments. The system layout &imihiation consists of a HAP
located at the centre of a 30 km radius service area in the stratosphere at a height of 20 km above
ground. Also at the centre of the service area, a three sector macro base station is deployed. This
models the situation whera small town or large village is served terrestrially to provide the
necessary capacity density, with the surrounding area of lowecittagansity served by the
HAP. Two types of user are considered in this scenario; HAP users and terrestrial usess. Us
areuniformly distributed across the service area and the type of user (terrestrial or HAP) will be
determined by which segment delivers the strongest CNR level. The HAP is considered to be
equipped with 25 25 element planar phased array antennatwban perform beamforming
creating multiple beams, each forming a cell, thereby providing coverage and capacity over the
service area. The antenna profile is modelled basdd]oifhelocations of the HAP cells are
determined using the -Kleans clustering algorithm. The algorithm determines the optimum
location to point the beams based on the mean positions of the users prior to beam activation.
With this algorithm, it is also possible spot high density user groups inside the service area

according to work in2].

I n the aut hor 6GoMP hagbeen@uated iwa HARNlY séehario where
the Flex scheme together with full bandwidth (FBW) and half bandwidth (HBW) allocation
schemes was shown to provide the best balance between benefit and loss users. To evaluate the
proposed joint architecture, simulat®using MATLAB based on the scenario described above
have been performed and the methodology e€dMP such as the flexible CINR threshold, and
bandwidth allocation techniques are applied as in the previous wdik irhe traffic is generated

based on the fubbuffer traffic model and the parameters are listed as follows:
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Parameter

Values

Macro BS Transmit Power
HAP Transmit Power

Receiver Antenna Gain

HAP Antenna Gain (Boresight)

Threesector Antenna Gain
(Boresight)

Carrier Frequency
Noise Power
CNR Threshold
CINR Threshold
INR Threshold

Number of Users

40 dBm
40 dBm
0 dBi
27.9dBi
14 dBi

2.6 GHz
-100 dBm
9dB
0dB
0dB
2900

Table 6-3. Parameters for Simulation
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Figure 6-5 presents the percentage ©@MP and nonCoMP of terrestrial users with the
variation of 9. Approxi mat emhogpCoMRIusdrés e amdv 0 d
should be considered ascenario where CoMP is napplied into the system (no CoMP). As the
t hreshol d, the parcentageedha€@VIP users decreasesd on contrary, the
percentage o£oMP users increasethis is due to more and more useeingincluded into the
CoMPregionsasd i ncreases. Varying 9 wildl s harw t he
CoMP andCoMP usersn the system and also show the relationship of resource allocation and
the number of users. In the latter grapte performance will be shown and compared with

di f f evaluestotrepresent different scalef nonnCoMPandCoMP users
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Figure 6-5 The percentage of terrestrial users with the variation of CINR thresholds.
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When impgementing JTCoMP, it is expected that the CoMP user CINR levels will improve,
which thereby improves the overall CINR levelsFigure6-6 andFigure6-7, the CDF plots of
the CINR levels of all users (HAP + terrestrial) and terrestrial users are shown respectively. The
overall improvement of CINR levelsegends on the ratio of n€doMP and CoMP users, so to
compare the performance, CINR | evels of no
presented in botRigure6-6 and 67. It can be seen that Figure6-6 the CINR levels of the users
keep increasing with the increases in Ithe t|
users inFigure 6-7. With the Flex scheme, 50% of the users have a lower CINR compared to
CoMP with a 92 of 5 dB. The r easooMPfusersinthd at i
system. With the Flex scheme, fewer users are included in the CoMP region because with the
equation T @ 600 'Y Q T @ 6 00 "Yspecific thresholds for each individual cell can
be obtained instead of using one global threstaidlf the cells. This will result in users that are
potentially not going to benefit from CoMP being filtered out, hence fewer CoMP users in the
group For users outage, looking at 10 dB CINR threshold, without CoMP, 29% of users are
excluded from the symm, but it is improving with the implementation of CoMP. The outage
improved, with 25%, 20%, and 15% users are excluded for Flex CINR, CoMP 5 dB, and CoMP
8 dB respectively. While ikigure6-7, t he terrestrial userso out :
shows that JIToMP has improved the CINR levels for both HAP and terrestrial users making it
possible to deploy HAP cells close to the terrestrial meeiloHowever, as discussed in Chapter
5, the best scheme need to be considered for CoMP to make sure it is beneficial for the users in

the system.
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In Figure 68, the percentagjof users which have a positive increase in capacity performance
(benefiting users), and the percentage of users which suffer a decrease of capacity performance is
presented. The group that is shown is theércentile user group that has the worstqrenfince
before CoMP is implemented which makes these users are the most affected by the interference.
The performance of these groups are measured after CoMP is implemented with different schemes
and parameters in order to determine which schemes andgtaramill provide the most benefit
to these users. Based Figure 68, it can be seen that for all (HAP + terrestrial) users, almost all
the schemes are acceptable for CoMP implementdtiinthe same performance from what we
seen in Chapter 5 for HAP usekowever, for terrestrial, it will be more complicated for CoMP
to be implementedlhe reason why CoMP perform poorly for terrestrial users is because of the
unevenness between terrestrial macro cell and HAPFeeln the bar graph, it can be concluded
that CoMPis beneficial for the terrestrial users, given that 1df%hme users are benefitting, while
the rest (29%) are losing. Such a loss may be acceptable given that 71% users benefit. Some of

the losing users may have insufficient CINR to operate at all prior to CoMP being implemented.
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T T T
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Figure 6-8 5" percentile user group performance in terms of benefit and loss users for
all schemes
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6.5 Summary

The GRAN based system is shown to be efficient to enable a joint HAP and terrestrial
system through the implementation of a network functiosit. With the split options
considered, option 8 (conventionalRAN), option 71 and option 73, provide several solutions
regarding the HAP fronthaul link A dynamic configuration through a software defined
networking results in a flexible system, alling the functional split option to be varied according
to need in terms of HAP payload constraints. Considering the case of fronthaul link unavailability
due to cloud or rain, ground relay station diversity is needed. The minimum number of GRS
needed foa specific overall system availability such as 99.9%, 90%, or 70% is estimated using
binomial distribution. Assuming a network functional split optief i adopted for both HAP
and terrestrial system, enables the two systems to uSoNIP to control irér- and intra
segment interference because of the centralisation achieved by both systems. The performance of
JT-CoMP with schemes like FBW, HBW, Flex FBW, and Flex HBW are shown. It is shown that
for JT-CoMP to work across HAP and terrestrial systemy @itéx FBW is likely to provide net
benefits to the users in the systei1% of users benefit and only 29% users lose capacity when
compared to a ndT-CoMP scenario. This will provide a new degree of coexistence between HAP
and terrestrial users whereettwo systems enable coordination, which enable more applications

to be implemented, not only limited to CoMP.
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CHAPTER 7

7.Conclusion and Future Work

Contents
7.1 Conclusion 139
7.2 Future Work 143

7.2.1 Varying the Number of Antenna Elements of the Phased Array Anterid3
7.2.2 Exploiting the Use of HR on Television White Space (TVWS)........... 144

7.2.3 REF Clustering Further Optimisation Using Particle Swarm Optimisation (PSO)

7.2.4 Zero Forcing Beanpointing Technique for High Altitude Platform........ 146

7.1 Conclusion

In this thesis we have identified the challenges to enable the coexistence between HAP and
terrestrial segments which are mainly caused by the interference between the cells sharing the
same spectrum. Also, tharay be dack of coordination between the@a segments which make
some interference mitigation techniguguch as CoMP difficult to implement across the two
segmentsln such situationsotenable coexistence, the interference level caused by one cell to
another should bmaintainedunder a certaithreshold to ensure a good QoS for all the users in
the system, especially for the users in the existing terrestrial network. Several solutions were
suggested and tested in this waatkging fromanintelligent bearpointing technique, JCoMP
for aHAP system, and JTCoMP inanintegrated ERAN systemwhich showed that coexistence
between the two segments is achievable and at the same time can improve the overall system

performance.
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A novel bearmpointing technique that relies only on the RF signallingdess proposed, to
determine the number of users in a particular area to be clustered together. This RF clustering
technique is shown to be accurate in spotting dense user groups inside the service area even with
a lower number of beams. The efficiencytioé RF clustering approach can be improved with
algorithms like kmeans clustering. Simulation results have shown that the RF based schemes
(RF clustering and RF ++#heans clustering) provide the best performance compared to Random
and Regular pointing, drthe kmeans clustering scheme is shown to provide up to 96% coverage
of the population in the service area. Although there is a technique in the literature which also
offers high accuracy in spotting dense user groups, it is based on direction ofaatlic@mes
at the cost of high complexity. RF clustering, on the contrary, will only use the regular signalling
exchange as employed in the normal cell association process as in terrestrial syStraes

DOA will consumeadditiorel power asan extra sefice.

In adapting JICoMP for a HAP system, we identified a traafé between CINR gain and
the reduction of a user's allocated bandwidth because of the bandwidth reserved to reduce
interference. To counter this compromise, we prayviskveral bandwidth Ecation techniques
(FBW and HBW) to balance the distribution of bandwidth between the CoMP region and Non
CoMP region. Aware of the effect of the number of users on the bandwidth allocation, which
contributes to the overall performance, we prodgitieo ways to define the boundary of the
overlapping regions between the cells which are the centralised and flexible CINR threshold
schemes. They provide differing sets of CoMP and-RoMP users which reflect the disparate
impact of JFCoMP to the system. On tay that, the newly proposed HAP system architecture
in Chapter 3wasused to best provide the tight synchronisation needed to perfooNIP.
Most of the existing research regarding@dMP, as explained in Chapter 2, has focused on
improving the CINR leels of the celedge users. 57% of the users are shown to benefit from the
JT-CoMP which means we are able to balance the-n#fdend efficiently implement CoMP on

HAPs.
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In order to enable coordination between the HAP and terrestrial segments which were
outlined in objective Ill, a joint architecture based d@leudi Radio Accesdetwork (GRAN)
systemwas introduced. Apart from adapting-RAN based system to connect tid segments
together centrally, the network functional split which varies the degree of the centralised
processing is also considered to deal with the limitations of HAP fronthaul link requirements.
Based on the fronthaul link requirements acquired fitoerdifferent splitting options, the ground
relay station diversity to connect the HAP to centralised and distributed units (CUs anidalBUs)
also beenconsidered. As an application of enabled coordination through the proposed joint
architecture, JICoMP s implemented across the two segments which improved the user
experience at the edge of both HAP and macro cells. It is shown to be effective in increasing the
throughput for 71% of users in the bottofhdercentieTo t he best of the au
there is no work done in the past that dealt with the coexistence problem by enabling coordination
between the HAP and terrestrial segments usingRAN based system. Adapting theRAN
based system not only allows coordination with its centralisatainrie but also solves the power
limitation issues on HAPs, while suggesting the ground relay station diversity implementation.
This novel system architecture contributes in preparing the HAPs for 5G deployment that will be

commercialised shortly.

The contibutions and novelties beyond the state of the art that was achieved in this thesis

are as follows:

1 Demonstrationof the use of new HAP system architecture which integrates
applications like JICOMP[4].

1 The development of novel intelligence based beamforming approaches based on
RF clustering algorithm to achieve effective and dynamic coexistence with the

terrestrial systerfi, 2].

1 A method to bter balance the CINR gain and capacity loss taifi®ia a new

bandwidth allocation techniqu®, 4].
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A new flexible CINR threshold that better selects users who will benefit from CoMP

[4].

A joint HAP and terrestrial network using aFRAN based system and Network
Function Virtualisation (NFV).

Application of a network functional split on the HARRAN segment to reduce
fronthaul loadwith the exploitation of Software Defined Networking (SDN).
Implementation of Joint Transmission Coordinated MultipointQBMP) across

the joint network (HAP and terrestrial) as an application of the newly proposed
architecture to mitigate interference.

A HAP system fronthaul link deployment and GRS site diversity that can adapt to

specific implementations of the network functional split.
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7.2 Future Work

This section suggests a number of items of future work based on the areas that have been

explored inthis thesis.

7.2.1 Determination of Appropriate Number of HAP Cells for HAP Network
Deployment

There are many scenarios where HAP deployment is needed. Some of them are; providing
coverage in rural areas, providing extra capacity for events like a concertipgogoverage
during disaster relief, and etc. HAP beam deployment later forming cells would be different
depending on the scenarkor example, in rural areas many beams are needed to achieve a total
coverage (at the same time not to deploy excessivaacaloid waste of energyyyhile for
temporary event, like concert would only require a few beams to increase capacity in a dedicated
area. Extending from the intelligent begwinting strategies in Chapter 4, deciding the
appropriate number of HAP celtiould also be done intelligently. It would be useful to develop

an algorithm to determine an appropriate number of beams that are needed regardless the scenario.

7.2.2 Varying the Number of Antenna Elements of the Phased Array Antenna

Extending or reducing th&ize of the antenna array will directly affect the size of the beams
produced by the array, hence it will affect the size of the cell mapped on the ground. Reducing
the number of antenna elements means that the beams would be more prominent in s&ge that m
result in more overlapping between the cells, which means the algorithms used in the previous
work might produce poorer performance for the RF clustering when compared teMbarts
clustering algorithm. Likewise, if the size of the antenna arraytended. It would be useful to
deeply study how the algorithms proposed in the previous work would perform under a different

number of antenna elements which resulting different size of HAP cells.
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7.2.3 Exploiting the Use of HAP on Television White Space (TVWS)

The use of TVWS for delivering broadband services has been successfully tested, for
example in Jamaica and Taiwan (ecosystem tousisradband) in recent yedtb]. Terrestrial
systems are very constraining in terms of antenna directivity and TVWS research hagatatte
on the terrestrial scenario to date, therefore it would be good to investigate whether HAP can
work satisfactorily in these circumstances considering the nature of the HAP antenna systems that
are able to control the retdiff of the antenna beam @mnave the flexibility to pointing the beam
throughout the service area, enabling better control of the interfeféigoee 7-1 shows that a
HAP antenna (with 40x40@ments phased array) has a steep powepfbtiate compared to a
terrestrial system, which enables a HAP cell to be deployed closer to high population areas (where
the primary system has high demand). A HAP cell can be deployed as close8dsr2vghile
meeting the regulation of Digital Terrestrial Television (DTT) by OFCOM faaxceed114
dBm per 8 MHz)125]. Both HAP and terrestrial base stations have thesgesnsmit power of
40 dBm for a fair comparison. The Ultra High Frequency (UHF) band used for television
broadcast is highly underutilised in rural areas due to geographical factors (inaccessipleyto d
fixed networks)126]. So, utilising the TVWS band to deliver brdmahd servicefrom HAP for
secondary users without harming the primary users in the television broadcast and wireless
microphone system is crucial for this work. Spectrum databases could be used to keep track of
the spectrum activity, thus controlling thterference level to preserve the primary service, and
delivering the broadband service as secondary service using TVWS spectrum. If the results of this
work show that the coexistence of HAP (secondary system) and terrestrial (primary system) is

possiblejt would be a significant contribution in increasing the utilisation of the TVWS spectrum.
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Figure 7-1 HAP and terrestrial systems power roltoff.

7.2.4 RF Clustering Further Optimisation Using Particle Swarm Optimisation (PSO)

RF clustering performance can be further enhanced by optimising each of individual
centroids to point to a better position, which can avoid a high degree of cell overlap causing high
co-channel interference. This can be achieved by wsirgjgorithm which was shown in Chapter
4 with K-Means clustering algorithm, however it is good to study how PSO algorithm optimises
the centroid of thdistening cellscompare to the K-Means clustering algorithm. PSO works by
finding an optimum value seilting from each individual centroid point (particle) from a set of
possible centroid points (swarm). Several iterations are needed to find an optimum centroid and
at each iteration there will be one particle that is selected with the best CINR valukemnd
based on PSO equations all other unselected particles are updated to be closer to the best particle.

This is to find out an optimum centroid point of a certain location.
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7.2.5 Zero Forcing Beampointing Technique for High Altitude Platform

The zero foraag beamforming (ZF) technique in downlink transmission is an algorithm to
allow the transmitter (in this case the phased array antenna) to transmit data in the desired
direction, while at the same time nulling out interference in other directions whighosaitly
cause interference to other users reusing the same spectrum. With the HAP architecture proposed
in Chapter 3, it is possible to provide accurate channel state information (CSI) because of the
centralisation of the virtual eNodeBs on HARowever,the amount of centralised processing
will be very high which will be one of the challersghat needso be considered because of
limitations with many types oflAP. In normal cases, when two cells are plagedy close to
each other it will cause highterference because of the unwanted signal ahaes from an
unwanted direction like the sidelobes. Therefore, it is expected to have better overall performance
in terms of CINR of all users in the system and also improves the coexistence between HAP and
terrestrial segments when the ZF technique is applied. The ability to control the nulls means that
there will be less interference between the beams and also with the terrestrial segment which can

improve the coexistence performance.
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