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Abstract

This thesis proposes and discusses aspects of a low-ce&tsgnetwork called “Hopscotch”
as a potential solution to the rural broadband problem. iBioy broadband internet access
to rural locations is challenging due to the long distancetsvben internet backbone and
households, the sparse population density and dif cultaier Hopscotch uses a network
of renewable powered base stations, termed “WindFi”, cotatkby point-to-point links, to
deliver internet access to rural communities.

A combination of frequency bands are used within Hopscditandard IEEE 802.13 GHz
WiFi access technology is used for high capacity links, andil&ra high frequency TV
“white space” spectrum overlay in ti&#0-800MHz band provides long distance coverage.
The advantages of “white space” spectrum are demonstratesl fural wireless scenario;
reducing the number of base stations required to cover a comntynand decreasing the
transmit power required to create long distance links olaflenging terrain.

The use of renewable power allows WindFi base stations todligolaced to serve a commu-
nity, irrespective of available infrastructure. The powgstem is the biggest cost component
of the base station therefore the system must be carefulygsiThe design of the WindFi
base station is presented and the speci cation of the relolevpmwer generation system val-
idated with operational data. To reduce the energy requard therefore the demand on
the renewable power system, aspects of energy use withibatbe station are considered.
Models of the power consumption and data rate selectioraftios used in Hopscotch are
presented.

Hopscotch trials have been running on the Scottish islahBsie and Tiree. Measurement
based models of household distribution, daily networkrimge traf c and large-scale path
loss for a rural community are presented based on trialtesmhich are useful for simulat-
ing rural broadband networks.

To minimise the power consumption of the WindFi base stanenergy optimisation is
presented for a Hopscotch scenario. Dynamically altefiegatssignment of users between
two overlay radio access networks, based on the instantarepacity required, is shown
to reduce power consumption. The optimum assignment betiireenetworks to maximise
individual user throughput is also presented.
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Chapter 1

Introduction

1.1 The Rural Broadband Problem

Broadband internet access is regarded as a key enablingplegly in both developed and
developing economies. Widespread broadband internessiateleveloped economies such
as the UK and US has led to a move towards online services suekgavernment, tele-
medicine, video conferencing and video streaming. Deg#pigsgoroliferation, a digital divide
has emerged between urban and rural communities [1, 2]ext@imunication providers are
unable to roll out broadband internet access to remotessjyguopulated rural communities
due to the large infrastructure costs involved and poormeda investment. Currently3%

of UK households have access to an internet connection pgtroviding a throughput of
more thar4 Mbps, dubbed superfast broadband (SFBB)[3]. Within theti&toHighlands
only 3:6% of households have access to SFBB [4]. This disparity leadsal communities
being excluded from access to online services which couldratise help ease the distance
penalty that accompanies a rural location [5]. Additiop#tiere is evidence of people leav-
ing rural communities to live in urban areas due to a lack ofhextivity [6].

In remote areas such as the sparsely populated Highlandiskandls of Scotland, many
households are located far from a telephone exchange. inhis the speed of the most
common method of broadband delivery, asynchronous ditagcriber line (ADSL), which
uses existing copper cabling [4]. Emerging SFBB altermagtisuch as ber access and 4th
generation (4G) mobile broadband require substantiat@iapvestment, planning permis-
sion and access to the electricity grid or the use of diesgtigeors to ensure uninterrupted
power supplies. The large infrastructure costs and thdiaddl operating expense of electri-
cal connection and/or fuel make these solutions, which baea adopted in urban settings,
uneconomical for rural deployment without major subsidy.

These reasons have contributed to a number of governmesrngshto incentivise and sub-
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sidise rural broadband. When awarding spectrum for 4G radisibadband coverage, the
German telecommunications regulator included conditioensure awardees built-out their
networks in areas with no or very low broadband coveragerbafeploying in more pop-
ulated areas [7]. In October 2013 the Scottish governmatgad to ensure th&5% of
premises in Scotland have access to SFBB by 2018 [6].

1.2 Hopscotch: A Rural Broadband Network

This thesis proposes and discusses aspects of a low cotsgireetwork called “Hopscotch”
as a solution the rural broadband problem. Test instaliatid Hopscotch base stations using
IEEE 802.115 GHz WiFi and ultra high frequency (UHF) “white space” radare currently
being trialled in Scotland. Communities are illuminatethgs point-to-multipoint (PTMP)
wireless distribution system connected to internet prit@ié®)-backbone directly or via a
series of point-to-point (PTP) relays mounted on Hopscotolewable energy base stations
or elsewhere if electrical power is easily available.

The system presented uses a combination of radio acces®tegles and frequency bands,
served by base stations. Hopscotch base stations, termieadiF\t/ are designed to be low
power autonomous units, powered by a combination of reniensduurces. One form of
the network deployable today, without any licences, usasdstrd IEEE 802.11 WiFi access
technology to create a network. The project also featuresutie of UHF “white space”
radios thus forming a digital dividend “white space” speatroverlay in the600-800MHz
band [8]. Hence by setting up an IEEE 802.11 WiFi based ndtwoat community a “white
space” test network can be overlaid using the same infresittel This aids the study and
comparison of access technologies and serves as a testritbe favestigation and devel-
opment of “white space” links. Operation in “white spacesltlae potential to provide more
comprehensive cover than in existing xed wireless bandsafoural setting, therefore an
overlay network allows the use of cognitive radio techngeeich as dynamically switching
between multiple frequency bands, to be explored and eteslua

1.3 Contributions

This work contains a number of contributions towards the $¢ogch wireless rural broad-
band network. These contributions overcome the limitaiohexisting rural broadband
solutions to allow Hopscotch to provide a realistic cosé@ive solution to the rural broad-
band problem.
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The use of UHF “white space” frequency bands is considerdldarcontext of rural broad-
band and is demonstrated to offer superior performanceistiex wireless solutions. This
reduces the number of base stations required, and thetefoees the cost of the network,
which is important when there are a limited number of usemgesk[9, 10, 11, 12].

The design of a renewable powered base station for HopsdMicklFi, is presented and the
performance validated against design decisions usingdedoeld data. The use of renew-
able power is key to the success of Hopscotch as base st#imengent is not constrained to
the availability of utilities [13].

Models of household distribution, daily internet traf c fperns, large-scale path loss, radio
performance and power consumption are presented for amatalork which can be used
when studying a network theoretically or through simulati®hese models have been cre-
ated by analysing data from a Hopscotch rural broadbandankten the Scottish island
of Tiree and by measuring the performance and power consomgt hardware. Models
of daily internet traf c patterns, household distributiand a general path loss model are
created and used; providing an alternative to typical uilssage models. Similarly, power
consumption models of commonly used radio hardware for waeless links are presented.
These allow the impact of wireless link design on power comsion of a base station or
network to be considered [14].

Using the network and power consumption models, a hetesmgennetwork consisting of
standard IEEE 802.11 WiFi access technology and UHF acsesmsidered and demon-
strated to reduce the power consumption of the network winiggntaining a level of service
for users. The optimisation of users between each netwsrkseisented to minimise the
power consumption at a base station. Reducing the poweungign of a base station
is key to reduce the cost of a renewable generation systerarefidre, the assignment of
users to one of the two networks, driven by the overall aim ofimising power, has been
optimised in [15] and developed through the use of belieppgation networks [14].

1.4 Thesis Organisation

This thesis presents contributions to the delivery of lmstc energy-ef cient rural broad-
band using a wireless network powered by renewable energy.

Chapter 1 (this chapter) introduces the rural broadbanbl@nmo as the motivation for this
work and provides an overview of the contributions and oiggtion of the thesis.

Chapter 2 summarises current rural broadband access teghewand wireless rural broad-
band networks and describes existing limitations. A paakisblution to overcome these
limitations, the Hopscotch wireless network, is introddieand compared to existing tech-
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nologies. The overall architecture of the network is désatiincluding the types of wireless
links used. The network can include a UHF “white space” ayerletwork. The suitability
of this band for rural broadband is discussed in this chapter

Chapter 3 describes the design process and veri cation @WndFi base stations used
to construct the Hopscotch network. This includes a detailescription of the renewable
power generation system design, which is the main cost capmgoof the system. An

analysis of the performance of the system when deployedvengdior standard and fault
conditions to validate the design decisions.

Chapter 4 presents the results of a lab-based charadi@niséthe performance and power
consumption of radio hardware used by Hopscotch undermvgugonditions. These results
are used to create behavioural models of the radios whictbearsed when analysing and
designing rural broadband networks.

Chapter 5 presents analysis of data captured from a triasétiph network on the Scottish
island of Tiree. This analysis is used to create two modelsrempirical path loss model,
and a data usage model — useful for understanding and anguysial broadband networks.
A model of the distribution of households within the commuis also presented.

Chapter 6 uses the models created in Chapters 4 and 5 to deatem®w a combination of
frequency bands can serve a community and how varying thgnassnt of users between
the bands can minimise the power consumption of a baserstakiibsst maintaining a desired
level of performance for a network. Three methods are useihtalate the optimisation;
a probabilistic method, a Monte Carlo method and a Bayes#iefmetwork (BBN). The
optimised assignment between the networks is calculatddaaglynamic, demand driven
assignment is proposed to minimise the power consumption.

Chapter 7 summarises the contributions within this thesisdiscusses potential future re-
search directions.



Chapter 2

Hopscotch Rural Wireless Access
Network

This thesis considers solutions to the rural broadbandl@nobwhere the combination of
dif cult terrain and low population densities makes delivey economical rural broadband
a challenge. This chapter reviews relevant technologidsraroduces the generic architec-
ture of a potential solution to the rural broadband probléme: Hopscotch rural broadband
network. Section 2.1 reviews and compares existing rura@hdivand access technologies
including wireless networks to gain an understanding af tidvantages and shortcomings.
Section 2.2 introduces the Hopscotch wireless network ésamme the limitations of exist-
ing technologies. Sections 2.3 and 2.4 detail the types amgepties of the wireless links
used within the networks. Section 2.5 compares these lohsionstrates the advantages
and disadvantages and discusses how they can be used tagedheetwork. Section 2.6
demonstrates how a network is constructed out of “WindFgebstations.

2.1 Rural Broadband Access Networks

Traditionally wireline technologies are used for the naglof delivering connectivity from
a telecommunication service provider's infrastructur@atoustomer's premises, otherwise
known as the “local loop” or “last mile”. The most common taologies used are ADSL
and ber optic access either to the premises or kerb. Wiselast mile access solutions
such as cellular mobile broadband, satellite broadbanded terrestrial wireless offer an
attractive alternative to wireline solutions in rural ase& generally their infrastructure costs
are lower.
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2.1.1 Asynchronous Digital Subscriber Line

Around75% of UK residential broadband connections are currentlivdetd by ADSL [4].
ADSL uses existing telephone cabling and therefore reguicenew infrastructure for de-
ployment where copper telephone lines exist, provideditieei$ of suf cient quality. Data
rates depend on length and quality of the line between thewnar and local exchange; the
closer a consumer lives to the exchange, the better therpefwe [16]. With ADSL2+ data
rates up td24 Mbps can be achieved withinkm of the exchange [17]. When the distance
between consumer and the exchange excB&dan, ADSL typically does not work.

In the Highlands and Islands of Scotland, due to the remetené customers and chal-
lenging landscape, many household are located far from emaege limiting ADSL broad-
band speeds and connectivity. Data collected by the UK atgulthe Of ce for Commu-
nications (Ofcom), show$4:6% of households in the Scottish Highlands receive less than
2 Mbps [4]. According to Sam Knows [18] as of November 2013 amhe of the Highlands'
176exchanges had been upgraded from ADSL to ADSL2+, furthdtihgnpossible speeds.

2.1.2 Fiber Optic Access

Two types of ber optic access are typically used; ber-teethome (FTTH) and ber-to-
the-cabinet (FTTC).

FTTH uses ber optic cable as the local loop between exchamgeconsumer. Of all tech-
nologies considered in this section, FTTH offers the higbapacity, reliability and immu-
nity to interference [19]. Fiber optic access is the mostwmm form of xed access SFBB.
Typically speeds up t400 Mbps are offered and Gbps access is possible. Establishing
FTTH in rural areas is expensive as a new infrastructuregsired. The civil engineering
costs are usually estimated to account86%-90% of the total cost of deploying the net-
work [20]. Inrural areas the cost per home for installing & network is signi cantly higher
than in the more densely populated areas, making unsuédideployment unpro table.

FTTC and hybrid bre-coax networks are less costly than a HTietwork to install as ber
is connected to a cabinet close to the household (typicathim300m) and a copper twisted
pair line serves the remaining distance. Despite the remuat costs compared to FTTH
these solutions are still uneconomical if unsubsidised.

2.1.3 Mobile Broadband

Current 3rd generation (3G) mobile broadband services aadhigh speed packet access
(HSPA) typically advertise a peak data rate/df Mbps but average data rates are generally
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around2 Mbps. As with ber access, the commercial cost of deploymsritigh and rate
of return low due to the cost of 3G enabled base stations amsponing the back-haul
required for data services. This is wB§% of the geographical area atf% of households
in the Scottish Highlands lack 3G coverage [21]. Moreovespiie carriers have adopted
a pay per megabyte pricing model which makes mobile broatibaore expensive for data
intensive applications such as video streaming compar@D &L, especially for low income
rural communities. Next generation networks based on daraier high speed packet access
(DC-HSPA+) and 3GPP long term evolution (LTE) offer greateaximum data rates. For
example LTE Release 11 provides a peak data ra8Gihps with5 aggregated component
carriers and spatial streams. These technologies are classed as SFB&ehunlikely to
be deployed in rural areas without major subsidy.

2.1.4 Satellite Broadband

Internet access is provided by satellite broadband vialadetween the consumer and a
satellite in either geostationary or low earth orbit (LEGQhatellite broadband access suffers
from high two-way terminal costs, large latency and limitethdwidth, typically only up
to 10 Mbps [22]. Geostationary services such as that provideduan# suffer from a high
round trip latency of up td00ms [23] which can be unacceptable for real-time application
such as voice over internet protocol (VolP) or online gamingO services such as Iridium
provide lower latencies or arourddOms for a round trip but reduced data rates, typically
64 kbps per channel [24]. Despite these limitations satelit@adband is often the only
option for internet access in remote areas and can suctigsstve as core back haul for
networks in developing countries where communicationgstfuctures are insuf cient. An
example of such a use is the Réseau en Afrique Francophamdgobeélemédecine (RAFT)
network in Africa for tele-medicine applications [25].

2.1.5 Fixed Wireless Links

Fixed terrestrial wireless links, particularly IEEE 802e1WiIMAX and IEEE 802.11 WiFi
are now commonly used for “last mile access”, particulanlyleveloping countries. Wire-
less internet service providers (ISPs) offer access optioridwide typically using one of
these two technologiés Wireless mesh networks have also proven popular for adoess
developing countries and in research applications.

lWireless Internet Service Provides Association: httpswwispa.org/member-directory
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Wireless Link Options

WIMAX provides a theoretical peak data rate®fMbps in a20 MHz channel [26]. More
realistically downlink speeds @5 Mbps and uplink speeds 6f7 Mbps are reached using a
time division duplexing (TDD) scheme with a 3:1 downlinkdplink ratio [27]. A number
of WIMAX broadband operators have deployed rural networkshie UK. vFast in Kent
offer up to24 Mbps with at 10:1 contention ratio [28]. Despite its promigBVMAX is under
threat from LTE due to enhanced global support from opesatnd vendors [29], potentially
reducing chipset volumes and hence increasing costs.

WiFi achieves theoretical data rates uB@Mbps in an IEEE 802.11n network. Typically
25150 Mbps are possible up th00m. The wide-spread adoption has lead to large pro-
duction values and low chipset costs. Commercial modiaagito the medium access con-
troller (MAC) have been carried out to make WiFi more suiggbl long range xed wireless
links due to the use of carrier sense multiple access witlismot avoidance (CSMA/CA)
and independent acknowledgements of packets [30]. An ebeaaipa commercial modi-
cation to the WiFi MAC is AirMax10 from Ubiquiti, based ontie division multiple ac-
cess (TDMA) and smart polling techniques.

The availability of open source drivers has allowed redezncto modify the WiFi MAC to
suit rural conditions. One example, WiFiRe [31] is desigf@duse with a sectored base
station providing PTMP connectivity with multiple consunpeemises equipment (CPE). A
standard IEEE 802.11 physical layer is used for each seatba anodi ed MAC allows each
sector to share the same channel. A TDD mechanism is useduoaenedium contention.
A number of other studies have proposed MAC modi cationsgiduce power consumption
or increase performance over long distances [30, 32, 33, 34]

On July 1st 2011 the IEEE published the 802.22 standard f@l@gs regional area networks.
This incorporates cognitive radio technology such as spectsensing to enable broadband
wireless access in “white space”. The intention of the stathds to allow broadband access
to be provided in rural areas where existing wireless smhgti(as those described above)
are not suf cient [35]. Despite the promise as of 2014 no caruial-off-the-shelf (COTS)
hardware is available.

Wireless Mesh Networks

Wireless mesh networks are an attractive option to provad@ectivity as they self-organise,
are exible, and typically use low-cost hardware [36]. D#spghese advantages, perfor-
mance often suffers from scalability issues [37] and thereetieployments tend to be lim-
ited to research networks and deployments in developingtdes. The Rice University
and “Technology for All” partnership network servel®00 clients with 21 nodes using
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IEEE 802.11 links in urban Houston, Texas, but suffered frotar-link interference, poor
route selection and long outage durations caused by neimemface policies and handover
techniques [38]. The Tegola testbed connéé&tiouses in rural communities on the Glenelg
and Knoydart peninsulas to the Sleat peninsula on the IsBkpé with long distance wire-
less links betweeid:6 km and19km [39]. User access is provided Byl GHz WiFi radios,
and 802.11& GHz radios create backhaul links. The majority of other nrestivorks, such
QuRiNet [40], consisting 084 mesh nodes, and EHAS [41], ugl GHz WiFi links for
connectivity and have proven successful for their interajgalications.

2.1.6 Comparison

For population densities belo®b0 inhabitants per square km a techno-economic analysis
comparing ADSL and WIMAX for the provision of rural broadlthihas concluded that
ADSL is more cost effective than WIMAX [42]. Yet in even morpassely populated ru-
ral areas not connected to the ber backbone networks, xeMX access can be a more
cost-effective than ADSL. In [43], Riding compared the ¢aléxpenditure required to pro-
vide 20 Mbps and50 Mbps access to rural households using ber access, ADSL, &t
WIMAX links. For 20Mbps access WIMAX was determined to be the most cost ef dient
population densities less than one household per squarsé@mMRSL for densities above
this. For50 Mbps ber access was determined to be the most cost effecfikang studied
the economic case for usirdyd GHz IEEE 802.11b as a last mile access technology in rural
Montanna [44]. Three use cases were evaluated based ondiighmgennas, phased array
antennas and multi-hop routing. They concluded that WiEeas is economically viable for
systems using high gain antennas and phased antenna aWahisphased antenna arrays
maximum data rates dfl Mbps at4:2 km and1 Mbps at7:2 km were available.

The strengths and weaknesses for each technology disandbesisection are summarised
in Table 2.1. For densely populated areas, ber access gesuhe highest data rates, but at
the highest cost. ADSL2+ provides a lower cost alternativedata rates are limited once
the link length grows beyond km from an exchange, making it suitable mainly for urban
and suburban areas but by implication not for rural locatidBxisting xed wireless links
provides good alternatives to ADSL in rural areas when tetadice between IP-access and
the consumer is great, but typically are limited by perfance(WiFi) or expense (WiMAX).
Despite this, xed wireless links have proved suitable fefigering internet access where
circumstances allow, proven by the increase in wireless,|8Bt the use of th&:4 GHz
and5 GHz bands limits links in challenging terrain as discusse8ection 2.3. 4G Mobile
broadband is a good option for occasional users, if coveadigers, but otherwise is pro-
hibitively expensive. Satellite broadband is generally ldst option for rural access if no
over coverage is available due to its expense and high katenc



Technology

Strengths Weaknesses

Satellite Broadband

Digital Subscriber Line

Fiber Access
Mobile Broadband
WIMAX Fixed Wireless

WiFi Fixed Wireless

No ground infrastructure requiredn Ga in- Large latency can limit real-time applications.
stalled almost anywhere. Data rates up 10 Mbpsarge terminal and subscriptions costs.

Uses existing copper wiring infrasture. Limited data rates over 2 km from an exchange
High data rates up to 24 Mbps over short disnd no service over 5.5 km.
tances. Low cost for subscribers and operators.

Very high data rate of typically 100 Mbps. VeNery large infrastructure costs
reliable.

Low cost user equipment. Large data raksor coverage in rural areas. High tariffs.
available

Large data rates available. Practiceéds up to High base station and user equipment costs.

10 km Technology still maturing

Low cost equipment, availability of epsource Standard WiFi MAC not suited to long distance
drivers, reasonable data rates, mature low powgks
equipment available

Table 2.1: Strengths and weaknesses of competing accés®legies for rural broadband.
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2.2 Hopscotch Overview

The Hopscotch rural broadband network uses “WindFi” basgasts to provide a solution
to the rural broadband problem in a cost-effective mannesextgnding the reach of xed
telecommunication infrastructure using wireless links.

Figure 2.1 shows a simple scenario for a Hopscotch wireless broadband network. 1P-
backbone is provided at a location such as a 21st centuryonlet®nabled telephone ex-
changé. A number of subscribers are connected to the IP-backbore bye or copper
line but some subscribers may be located too far from theangd or the quality of the
line may be too poor, to receive reliable broadband at spef2idbps or more. An uncon-
nected community can be connected to the IP-access, usiRdifks to create a network
backbone between WindFi base stations, and PTMP linksumifiate the community. In
addition to a standar GHz IEEE 802.11 coverage, the “digital dividend”, discuk#e
Section 2.3.2, creates an opportunity to use a UHF overtayjgling long distance, non-line
of sight (NLOS) coverage, in dif cult rural terrain. Thislas wireless connections not
possible in the wireless solutions described in Section 2His improved coverage allows
single base stations to serve a greater area, reducing shefcaccess per user. Therefore
Hopscotch potentially makes broadband access econoynigable without the need for
satellite broadband and the performance and cost pena#tsesiated with it.

2An exchange upgraded from a public switched telephone nkteannection to digital IP
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Figure 2.1: Example of an operational Hopscotch networkhenthe Isle of Tiree off the
West Coast of Scotland connecting a remote community tcalékdione.

2.3 Radio Frequency Bands

Hopscotch wireless links operate in th&Hz band for PTP links and to serve subscribers
in close vicinity of the base station. The infrastructureidnally features an overlay
TV “white space” (TVWS) network/testbed in a licensed UHfbBa A combination of
spectral bands allows for an optimum trade-off betweenethroughput and coverage for
different scenarios. The use of licensed and unlicensectrsjme in the5 GHz band enables
COTS WIiFi equipment to operate over a large channel bantwidlth high throughput.
TVWS frequencies enable greater coverage from the baserstaspecially in challenging
radio terrain at the expense of a reduced channel bandwidtthaoughput. The advantages
of TVWS are further discussed in Section 2.5.1.

2.3.1 WiFi Wireless LAN Spectrum

Three frequency bands are available for outdoor use with £&EE 802.11a/b/g/n WiFi
equipment in the UK, as shown in Table 2.2. ™T&Hz bands B and C are attractive for
xed rural broadband due to the higher equivalent isotraffycradiated power (EIRP) limit
for transmission compared 84 GHz. Band C is lightly licensed to allow a greater transmit
power for xed wireless links.
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Band 2.4 GHz 5GhzBandB 5GhzBandC
Frequency Range  2400-2483.5 MHz 5470-5725 MHz 5725-585@ MH
Bandwidth 83.5 MHz 255 MHz 125 MHz

20 MHz Channels 4 11 5

40 MHz Channels 2 6 2

Licence Licence exempt Licence exempt Lightly licensed
Maximum EIRP 100 mW 1w 4 W

Table 2.2: 5 GHz and 2.4 GHz spectrum and EIRP limitationeéldK for outdoor use [45,
46, 47].

2.3.2 TV White Space Spectrum
The Digital Dividend

The old analogue television spectrum in Europe is dividéa&MHz wide channels, rang-
ing from 470 MHz (channel 21) td62 MHz (channel 69). Spectrum usage in this band
varies by geographical location and much of the band is untlésed, especially in rural
areas as shown in Figure 2.2. Globally the switch-over froi@@gue to digital terrestrial
television (DTT) freed a number of channels for alternatiges. This, combined with the
ever-increasing demand for connectivity, has caused matiyral regulators to open up this
spectrum for unlicensed secondary use [48, 49]. This hasteemed the “digital dividend”.

White Space Regulation

In the UK the available TVWS frequencies range betwd@&d MHz and 790 MHz with
8 MHz wide channels. Secondary reuse of interleaved bantwidithin the DTT range
will be allowed by the UK regulator, Ofcom, as long as thislwibt interfere with a pri-
mary, licensed transmission. The interleaved bandwidthsadble within the DTT range, is
referred to as TVWS.

Figure 2.3 shows the current assignment of the old UK ana&dgu spectrum by Ofcom.
The 600 MHz band (channels 31 to 37) has been cleared but has redssaly awarded
on an interim basis for DTT multiplexes. TI8®0MHz band (channels 61 to 69) has been
awarded for licensed 4G services. Channel 38 is reservgadgramme making and special
events (PMSE). Ofcom has proposed any interleaved spettftiomused by the new DTT
multiplexes should be used for PMSE and “white space” devi¢éSDs) [51].

In the UK Ofcom is currently consulting on proposed WSD ragjohs [53]. A WSD will
communicate its device parameters, characteristics aratiém to a database which will
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Figure 2.2: TV “white space” availability in the UK. Red:tl#; green: some; white: much.
Diagram taken from [50].
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assign the WSD frequency bands and maximum in-band EIRP gquother parameters.

These parameters will be chosen by the database to assunéerferience with a primary

user of the band. A WSD will be one of four classes, determimgdhe spectral mask.

This enables the database to allocate WSDs different potvased on the tightness of their
spectral masks, thereby allowing low cost and high perfoicealevices to use TVWS.

In the US, the Federal Communications Commission has aineged on the use of TVWS
frequencies in the US coveririgt MHz to 692MHz with 6 MHz channels. For xed devices
the maximum allowed EIRP W in channels 2 to 51 (excluding 3,4 and 37) [54].

TV White Space for Rural Broadband

A number of successful trials using TVWS for wireless braattbaccess have been carried
out all over the world.

In the UK a consortium consisting of the University of Stidstde, Steepest Ascent, BT,
BBC, Berg Design and Net Propagate is testing the use of TVaW&ufal broadband access.
Eight trialist households are currently served with TVWStba Isle of Bute [55]. The
Cambridge White Spaces Consortium carried out a trial in i¢&dge testing TVWS for
wireless back haul and as a last mile alternative [56].

There is currently substantial interest in using TVWS faernet access in Africa. Microsoft
and Indigo Telecom Ltd. are currently running a pilot in Kangroviding low-cost wireless
broadband access to previously under-served locatiomssupiport from the University of
Strathclyde's Centre for White Space Communications [5fjectrum Bridge and Google
trialled TVWS connectivity with ten schools in Cape TownuBoAfrica [58].

Ofcom has announced a number of projects around the UK toTi&VS in a working
scenario with database lookup [59]. The University of Sichtde's Centre for White Space
Communications together with the Scottish Governmentrdéioft, and others, plan to test
the provision of wide-area WiFi and broadband access glapg in Glasgow using TVWS.
Clickdinternet, KTS and SineCom will trial a rural broadldametwork on the Isle of White.
BT and Neul will use TVWS to monitor traf c congestion alorfigetA14 between Felixstowe
and Cambridge. A number of US trials and deployments arentlyrunderway [60, 61].

2.4 Wireless Links

The core of the Hopscotch rural broadband network is baséddeoiEEE 802.11n standard
which exploits techniques such as spatial multiplexing@retel bonding and frame aggre-
gation to maximise throughput [62]. A proprietary TDMA MAQrther improves the net
throughput of the system over long distances compared nolate IEEE 802.11n.
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Figure 2.4: Elevation and azimuth radiation patterns foediwally polarized Ubiquiti RD-
5G-30 parabolic antenna. The antenna is typically used i lks. The pattern data is
supplied by Ubiquiti [63] and visualized using Radio Molit&].

Two types of wireless links — PTP and PTMP — are used to crédsdekind of network
described in Section 2.2.

2.4.1 Point-to-Point Links

Wireless backhaul between WindFi base stations and |PHoaekis provided by PTP links
using very narrow beam widths such as shown in Figure 2.4.TI lihks only two radios
are connected to each other, an access point (AP) and anstBii® links are created using
the 5 GHz lightly licensed band-Cx7255:850 GHz) with maximum EIRP o# W. This
125MHz spectrum is divided into two non-overlapping 40 MHz widebo channels, where
each channel supports spatial multiplexing i.e. 2x2 midtipput multiple output (MIMO)
streams on vertical and horizontal polarisations. Theltiegusystem with two independent
spatial streams supports a theoretical data raB®06Mbps.

2.4.2 Point-to-Multipoint Links

PTMP links provide access to users over 5 GHz and UHF linksTKP link uses one radio,
termed the AP to connect to one or more station(s). PTMP lk<5Hz links provide line
of sight (LOS) access up ®km, and UHF links provide NLOS coverage upgam.

PTMP links in the5 GHz band use the unlicensed band®4{70-5:725GHz) with a max-
imum EIRP ofl W. The 255MHz wide spectrum is divided into eleven non-overlapping
20 MHz or six 40 MHz channels. This allows a base station to use a exible nemds$
sectors to serve a community and provide omni-directiooatrage around the base station
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Figure 2.5: The elevation and azimuth radiation patternsfeertically polarized Ubiquiti
AM-5G20-90, 9¢ sector antenna. The antenna is typically used in PTMP Iifike.pattern
data is supplied by Ubiquiti [63] and visualized using Raliobile [64].
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Figure 2.6: The elevation and azimuth radiation patternafeertically polarized Ubiquiti
AMY-9M16 900 MHz yagi antenna. The antenna is used in PTP andmPlinks. The
pattern data is supplied by Ubiquiti [63] and visualizedhgsRadio Mobile [64].

if required. Sector antennas typically cover‘'680° or 120° with a radiation pattern similar
to Figure 2.5.

UHF links are primarily limited to a 5 MHz bandwidth to to t whin an8 MHz TV channel.

It is possible to aggregate adjacéhiHz channels depending on their availability within
a speci ¢ region. This could provide additional channel thardth thus resulting in even
higher throughput. UHF PTMP links use yagi directional antes which have 80%-40%
beamwidth as shown in Figure 2.6 and therefore are moretsegcpositioned to reach
households outwith th® GHz range.
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2.5 Frequency Band Selection

The choice of frequency bands used for transmission immarctee potential coverage and
capacity of a wireless network. The use of very high freqyefMHF) or UHF bands is
addressed in [65, 66, 67]. Generally it is noted that the @gagion characteristics are more
benign in the UHF and VHF bands, where NLOS links can be opdraiompared to LOS-
only transmission in GHz bands. Work in [65] and [67] followslual band approach using
both UHF and WIMAX / WiFi bands in th&8:5 GHz and5:2 GHz ranges to provide the best
coverage to different population densities. A number oftdbuations have emerged that
suggest the use of cognitive radio techniques within thasel®to optimise throughput [68,
69]. The recent use of heterogeneous multiple radio accetsgorks (RANS) is not just
regarded as a low cost solution to increase capacity [7@Jalso offers the opportunity for
reducing power consumption by employing complementaryrietogies whilst maintaining
quality of service [71, 72, 73].

While most wireless rural broadband access systems relyibit&¢hnologies in th@:4 GHz
and5 GHz bands, Hopscotch utilises a combinationrbdBHz WiFi and UHF frequency
bands for transmission. Therefore, below we analyse howgbef UHF TVWS bands can
reduce the burden on base station coverage and transmit pegugrements, compared to
transmission ab GHz.

Section 2.5.1 analyses the differences between UHF5aB#iz bands, and highlights the
advantages of operation within TVWS. Section 2.5.2 analys®v use of UHF frequencies
affects the required number of base stations and link tresssom power for an example
community.

2.5.1 Advantages of TV White Space

Wireless networks transmitting in the TVWS band have beémased to cover four times
the area that can be reached via current unlicensed bantde B4t GHz and5 GHz re-
gion, thus reducing the number of base stations required [[#is can be attributed to the
relatively benign propagation characteristics of TVWSjtrencies [75]. Conversely, when
covering the same area, operation in TVWS frequencies apaxad to transmission in the
5 GHz band allows a lower transmit power in the downlink andiexgts a better signal-
to-noise ratio (SNR) in the uplink. An improved SNR in eitti@k direction increases the
capacity of the channel as shown by the Shannon-Hartleyehe{/6]. For a communica-
tions channel only impaired by additive white Gaussian@dise channel capaciy in bits
per second is given by:

C BW log,«<1 % (2.1)
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whereBW is the bandwidth of the channel in H3,is the received signal power in Watts,
andN is the power of the white noise in Watts. Therefore an impddSBIR increases the
capacity of the channel.

The sections below discuss several factors contributirtbegerformance of TVWS links
which are relevant to rural areas.

Free Space Path Loss

The transmission loss over a distamds frequency dependent as the effective antenna aper-
ture of a xed gain antenna decreases with increasing frecuue\When operating at two
different transmission frequenciésandf , for isotropic antennas with identical gains, Frii's
transmission equation [77] can be rearranged to

fa

1e < H. rAf2° l (2'2)

I~

in order to relate the distances ., i 1,2, over which an equivalent loss is experienced.
Thus, given a xed receive signal level, the propagatiorgeis greater for a lower frequency
than a higher frequency [78]. According to (2.2), at 630 Mt middle frequency of the
TVWS band, range is increased 9 times compared to 5.67 Gldanttldle frequency of
5 GHz bands B and C. Similarly the transmit powers requirecéeive the same power at
the same distance when transmitting at frequerfgigs ~ 1; 2¢ relate by

P < f—2° i P ; (2.3)

e Cf fpe

I.e. to transmit at 630 MHz requires 19.1 dB less power thamsimitting at 5.67 GHz under
the constraint of identical distances and receive powers.

Terrain Effects and Diffraction Loss

PTP propagation path loss can be predicted under obsteuotvm-LOS conditions between
base station and terminal. As the size of the obstructioruismtarger than the wavelength
of the radio wave, knife-edge diffraction can be used toweste the shadow loss [79]. The
propagation losk e due to knife edge diffraction as sketched in Figure 2.7 cagstienated
using the Fresnel diffraction parameterA good approximation is given by

0

2r; rpe

2.4
Troqrpe (24)
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Figure 2.7: Knife edge diffraction parameters.

with h, the height difference between the virtual LOS between taasimit and receive
antennas and the peak of the obstruction. The quantifiesxdr, are measures of the
distances between the edge, and the transmitter and recesgpectively, as outlined in
Figure 2.7. Based on the wavelengtbf the carrier frequency, the propagation lags can
then be calculated using Fresnel integrals [77].

As an example, over a 5 km link with a 30 m knife edge obstruc@60 m from the trans-
mitter, the diffraction loss at 5.67 GHz is 9.4 dB higher thia@ estimated loss of 20.1 dB at
630 MHz.

Foliage

Clutter such as vegetation, which can be common in rurakrenments, affects the propa-
gation of radio waves. Studies have shown the attenuatidepend on both frequency and
polarisation of the wave. At vertical polarisation a gredbss is experienced due to the ex-
istence of large vertical components in the vegetation omadB80] up to about 1 GHz [81].
Weissberger's mode predicts the propagation loss due tprésence of trees in a point to
point link [82], with a path los&. ,,

¥ 04519 g foroBdB14

*1:337F «9%84 1058 for 14 @d B400

o]

(2.5)

w

for a given frequency [GHz] and a deptld [m] of foliage along the path.

As an example, using Weissberger's model for a foliage depft0 m the estimated prop-
agation loss of 7.4 dB due to the foliage obstruction at 5.6z & 3.4 dB higher than the
loss experiences at 630 MHz.

2.5.2 Network Design Considerations

Using TVWS frequencies provides wider coverage in rurahsreompared to the GHz
band due to the smaller losses discussed above. This allouseholds situated further
away from the community hub to be reached using fewer basersteor a lower transmit
power.
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000 m

Figure 2.8: Example community with areas for a potentiakbstation to provide coverage
at630MHz at1 W EIRP shaded red.

Base Station Placement

An example community of six households (labelled A to F) fapdcotch is shown in Fig-
ure 2.8. The optimum base station placement to serve thisntonty can be determined
using the “Radio Mobile” planning tool [64] for a base statioeight of10 m and a maxi-
mum permitted transmit power @\W EIRP for 5 GHz band-B transmissions. Radio Mobile
uses the Longley-Rice propagation model for non-LOS linkd the two-ray path model
for LOS links [77]. The effects of foliage and other cluttevie been ignored for this study
but could be the subject of a future study using geograpliccnmation system (GIS) data.
When usingd GHz band-B, no single base station can cover all six statjoren a mini-
mum received signal strength oB5 dBm, the minimum receive signal strength observed
during trial tests to maintain a reasonable connection. VAWE frequencies@30MHz for
this analysis) two locations allow coverage of all six stas as shown by the red shading in
Figure 2.8.

Whilst no single base station usittgGHz bands can serve the communitylatV EIRP,
coverage for the entire community can be achieved by intiodutwo communicating base
stations as shown in Figure 2.9; base station A (BSA) and stasen B (BSB). BSA can
serve stations C, D, E and F with omnidirectional coverageé B8B can serve stations A
and B.

Using a combination 05 GHz and UHF frequencies for this scenario allows the avkilab



2.5. Frequency Band Selection 22

1000 m

Figure 2.9: Coverage provided by two base statiors6&0MHz 1 W EIRP, with yellow
shading representing coverage provided by base statiorBA)Blue shading representing
the coverage provided by base station B (BSB), and the qyarig coverage indicated by
green shading.

data rate to be maximized for each station using only onegiatien. BSA can serve stations
C, D, E and F ab GHz, providing a greater bandwidth and hence data rate &ioss. A
UHF overlay on BSA also allows it to service stations A and Bhwut the need for an
additional base station.

2.5.3 Link Transmission Power

An alternative to adding additional base stationS &Hz to cover all stations is to increase
the transmit power abové W EIRP. This may be possible in some regulatory environ-
ments. To demonstrate the required transmission powerihke are considered between
base station BSA and stations A and D. The elevation pro fas/o links are shown in Fig-
ures 2.10(a) and 2.10(b). The link between BSA and statiog526ikm long and is NLOS.
The link between BSA and station D 1s35 km long and contains no obstructions. The ex-
pected received signal power* in dBm for a given transmission powBr*, transmit and
receive antenna gain&¢, G™) line losses*, U™) and path loss& is given by:

P pXx G Ux L G* U™ (2.6)
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Height (m)

Distance 5.6 km

(a) Elevation pro le between BSA and station A.

Height (m)

Distance 1.8 km

(b) Elevation pro le between BSA and station D.

Figure 2.10: Terrain pro les showing elevation between B&#l stations A and D.

Similarly for a given receive power the required transmivpoin decibels can be calculated:
px px GX% UX L G* U™ (2.7)

Using (2.6) and (2.7), Table 2.3 shows the simulated pathbbesween BSA and stations A
and D and the expected receive power given a transmit antveemetenna gain oi4 dBi,

line losses oD:5 dB and an EIRP ol W. The required transmission power to create a link
with a received signal strength 085dBm is also calculated. To create a link between BSA
and station A a substantial EIRP and therefore transmigsarer would be required in the

5 GHz band which is not permitted in the UK and is detrimentaldaenewable powered
system due to increased power consumption as demonstnatdte lpower consumption
analysis of radios presented in Chapter 4.

Table 2.3 also contains expected link performance at UHfufeacies using the same system
parameters. A substantial reduction in path loss is exdeatt® HF frequencies compared
to 5 GHz, especially in the longer NLOS link. Therefore when gsinUHF link, the prop-
agation characteristics allow a reduction in transmit po@rean increase in receive power
compared to th& GHz band, reducing power consumption in the power amplirangprov-
ing station throughputs by allowing higher order modulatemd coding scheme (MCS) to
be used. Reducing the transmission power is also favousatitgerference to neighbouring
base stations will be minimised. As each link is xed the samnssion power can be set dur-
ing installation using channel measurements to achievelésaed receive signal strength.
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Station A, 5.60 km Station D, 1.53 km
630 MHz 5660 MHz 630 MHz 5660 MHz
Path Loss 117.8dB  144.6dB 97.2dB 114.6 dB
P™ given P*x 1W -74.3dBm -101.1dBm -53.7dBm -71.1dBm

PX given P™* 85dBm 5.8dBm 32.6 dBm -14.8dBm 2.6 dBm

Table 2.3: Link calculations and transmit and receive pevimtween the base station and
stations A and D, given a transmit power and receive power.

2.6 Ring Network Architecture

An example Hopscotch network serving multiple communiiseshown in Figure 2.11. IP-
backbone access is available at one location and providesectvity to a ring network.
The network consists of a number of WindFi base stationssd base stations are designed
speci cally for use in a rural broadband network as discdsseChapter 3. A number of
communities are illuminated using 5 GHz and UHF PTMP linkthibmounted on a WindFi
base station. WindFi base stations are connected togethgy b GHz PTP links to form a
ring between the two access points. This creates redundarlcg network, as in the case
of one Hopscotch repeater being shut down, IP access for ntitkes is maintained as one
path to the backbone will still be available. Spurs from tre@mioop can connect additional
communities as required.
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Figure 2.11: Example loop network connecting several conitias to the IP-backbone via
PTP and PTMP links. PTP links are shown as red dotted lineMRPlinks are shown by a

green overlay.

2.7 Summary

This chapter presented Hopscotch as a potential solutitretoural broadband problem in-
troduced in Chapter 1. Utilising two radio access netwoR&Ns) — a5 GHz network and
overlay UHF TVWS network — allows the bene cial propertieslWHF TVWS spectrum
to overcome the limitations of existing rural access tetbgies summarised in Section 2.1.
The general architecture of a Hopscotch network and thestgplinks used were introduced.
The properties of these links are important when considetie design of base stations to
create a network. The design of WindFi base stations useapioost these links to create a
network is discussed in Chapter 3. The advantages of the TWa¥8 were presented in a
rural broadband access context. These advantages cardbd tfi against the advantages
of using the5 GHz band. Optimising this trade-off for energy ef ciencydsscussed in

Chapter 6.
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Chapter 3

“WindFi” Base Station

In order to realise the wireless rural broadband accessonktef Chapter 2, this chapter
reviews the radio equipment currently used in similar neks@nd reports the design, con-
struction and deployment of equipment used in Hopscotchti®@e3.1 provides review of
existing approaches, and establishes the need for a dedlisalution. This system, subse-
quently termed a “WindFi” base station, is outlined in Sexct8.2 and a detailed description
of the radio equipment used within the system is given iniSec3.3. This provides an
overview of the various radio payloads used on WindFi anddémands they impose on
the power system. Section 3.4 provides an overview of thecases for the WindFi base
station which drives the power requirements of differergebatation con gurations given
the radio equipment. Section 3.5 gives an overview of thehawaical structure of the base
station and design speci cation which in uences the powgstem. Section 3.6 discusses
the requirements of other supporting electronic systemsSection 3.7 the power system
is sized, and the renewable generation requirement céécudar different WindFi con gu-
rations driven by use-cases. Section 3.8 uses recordedodantalyse the performance of a
power system for an installation on the Scottish island cédidescribed in Chapter 5, given
design requirements.

3.1 Renewable Powered Wireless Networks

Recently a trend has emerged towards using renewable etempwer wireless network
infrastructure. Renewable energy sources are appealing momber of reasons. Remote
regions, where grid supplied power is either unavailablereliable, often utilise diesel
generators to provide power [83]. In addition to emittingC@esel generators can be costly
to run due to ever increasing fuel costs and the added expéfisd transportation to remote
areas. Renewable energy sources such as wind turbines atwvgltaic (PV) arrays are an
attractive alternative for remote telecommunicationsaliations both environmentally and
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Phoenix, AZ Toronto, ONT Yellowknife, NWT
Battery Capacity 14:2 Ah 30:5Ah 926 Ah
PV Peak Power 15W 40W 67W

Table 3.1: SolarMESH cost-optimal battery and PV capaioe three locations and a 2 W
base load.

economically. An off-grid renewable power system allowsasé station to be placed in
the optimum location to serve users, as discussed in Ch2ptequires no infrastructure to
connect to an existing power source and, as no fuel is regjthigss minimal operating costs.
A number of projects which use wireless nodes powered bywalble energy sources to
create a xed wireless access network are discussed below.

Tegola

Tegola is a testbed connecting 15 houses in rural commemtiehe Glenelg and Knoydart
mainland peninsulas to the Sleat peninsula on the Isle oé 8kth long distance wireless
links betweery:6 km and19km [39]. A Rutland Furlmatic FM910-3 wind turbine producing
24 W at5 m/s and ari30W Kyocera KC130GH T-2 PV module charge two Elec$25Ah

12V deep cycle batteries to power networking equipment. Aad&W?2348-4 single board
computer (SBC) providez4 GHz access using a Ubiquiti XtremeRange2 (XR2) radio, and
three Ubiquiti XtremeRange5 (XR5) radios provide IEEE 8025 GHz backhaul links.
29dBi antennas are used for backhaul with dual polarity supjpoical access usesl® dBi
panel antenna. CPEs are Ubiquiti NanoStations. OpenWRTatggeon all nodes with a
slightly modi ed MadWiFi driver.

SolarMESH

SolarMESH is a solar powered IEEE 802.11 mesh and relayfmasimucture solution devel-
oped at McMasters University where APs are solar poweredelgn a battery bank [84].
They have studied sizing the PV and battery banks for de nedge probabilities and found
a cost-optimal con guration for different locations withffégrent PV power outputs sum-
marised in Table 3.1 for2W load.

EHAS Group

The Enlace Hispano-Americano de Salud (EHAS) group deeel@m IEEE 802.11 based
mesh network consisting of solar powered nodes for detiggnealthcare in remote areas of
developing countries [41]. Nodes are based on WRAP and B08BICs and use Ubiquiti
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Daily energy required PV peak power Battery capacity

Soekris .
11SR2 2% Proxim 15575Wh 62W 105Ah
WRAP 23CM9 1097 Wh 44\ 74 Ah

Table 3.2: EHAS node power estimates for two hardware coatioins.

SuperRange2 (SR2), SuperRange Cardbus (SRC) and Wistréhadiyl Proxim Orinoco
Gold radios. A power system was dimensioned for each haela@nbination used, based
on solar irradiation for the worst month of the year. Tabl2 §ives dimensions for two
combinations.

QuRiNet

QuRiNet is situated in the Quail Ridge natural reserve andiges the backbone for trans-
porting ecological and environmental data from the eldhe tab [40]. A total 0f34 mesh
nodes, with multiple radios, are powered with PV moduleek®is net4826 SBCs are used
with Ubiquiti SR2 cards providing 2.4 GHz IEEE 802.11b/g.ré&& size of PV modules are
used:50W, 115W, and120W. Morningstar Tristar and Sunsaver charge controllersiaeel
with DEKA 12V 98 Ah gel-cell batteries [85].

Renewables as a Backup Energy Source

In areas with an unreliable and intermittent power suppipdnand solar have been sug-
gested as suitable technologies to provide backup powentorzinication infrastructure. In
the India Digital Gangetic Plains project, IEEE 802.11g#s been used for long distance
links up to 39 km. Nodes use PV and battery banks for backugalaa unreliable power
supply [34]. A similar system has been using wind and solstaitations to provide backup
power to IEEE 802.11 last mile links is used in the SerengetaBband Network [83]. Grid
power quality data collected over two months from the nekwsrpresented and used to
calculate the feasibility of using solar and wind energyleesiaative energy sources.

Summary and Comparison

Renewable energy sources are used by wireless networksdaeasons:

Backup power supplySmall-dimensioned renewable systems can be used to prpuider
for a limited time when a standard cheap, but unreliable ggnsource such as diesel is
unavailable [34, 83]. As the power system does not have tarbergioned to power the
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system continuously, this reduces the initial cost of theteay, but there is a risk of outages
if the normal energy supply is not restored quickly and istiracture is required.

Infrastructure IndependenceéNetworks providing connectivity in remote locations sash
EHAS [41], QuRiNet [85] and SolarMESH [84] are solely poweieith renewables as this
provides the freedom to place radio equipment where coivitgds required and no infras-
tructure exists. Relay stations such as used in Tegola [88]xene t by being able to select
the most suitable locations for radio propagation. Thisd@an creates conditions suitable
for long distance LOS links required by these networks dubedrequency bands used.

Despite the success of the discussed networks, all of theonlet reviewed in this section
are mesh networks which suffer from self-interferencesctviimit performance [38]. Ad-
ditionally due to the frequency bands used a number of thearks rely on long distances
links being LOS. This limits the scope of networks in ruraéas where terrain may be
challenging.

3.2 The Need for WindFi

WindFi offers different capabilities than current reneveapowered wireless network nodes
reviewed in Section 3.1. WindFi is designed to operate uBihg and PTMP links and not

in a mesh con guration as in [39, 40, 41, 84] introduced abdWeis removes interference

common to mesh networks [38], allowing higher data rates,|dads to reliance on long

PTP links in dif cult terrain. To overcome this, WindFi usasmast to gain elevation and
motorised antenna mounts to allow accurate antenna bdrergjgor long distance links, as

discussed in Section 3.6.

The use of both TVWS bands and 5 GHz bands to deliver LOS and3\Na€gess provides
an additional burden on a wireless node, compared to a diagle system. The use of mul-
tiple overlay networks requires more radios and has a grpateer consumption, therefore
WindFi offers a larger generation capacity and storagesgyshan the reviewed systems, as
discussed in the following sections.

The WindFi wireless base station is a low-power, low-cosbaomous unit, powered by a
combination of wind and solar renewable sources. The basersts designed to support
multiple radio payloads, allowing it to be used as a exibésearch platform and tailored
to suit the need of individual communities as a commerciatipct. The use of renewable
energy allows each base station to operate independentkedfelectrical infrastructure,
facilitating exible and optimised placement. Figure 3Hosvs a prototype WindFi mast.
The WindFi mast consists of the following components: themaaical mast structure, the
radio payload, the electrical power system and supportegrenics for remote monitoring
and control. These are described in detail in the followiecti®ns.
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Figure 3.1: Prototype “WindFi” base station on the Isle oft@uScotland. The base of
the unit includes photovoltaic modules and a battery bankiérground). Thd0 m mast
supports the wind turbine, antennas and radio equipmeunsdtbin an orange weather-proof
case just below the wind turbine.
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3.3 Radio Equipment

The radio equipment requires by far the most energy from tie® power system. This
section describes the types of radio equipment used andnibect on power consumption.
Two categories of radio hardware have been used for Hogsoetevorks and are supported
on WindFi base stations; integrated radio and antenna andsSBCs with radio daughter
cards. Integrated radio and antenna units are low-costiamesto con gure, but consume
more power than SBC solutions.

Integrated Radio and Antenna

The following units have been used with WindFi:

« Ubiquiti NanoStation NSM5 (NSM5) - Integrated radio andtse antenna 60
beam width {6 dBi at5 GHz), maximum power consumpti@iV [86].

 Ubiquiti NanoBridge M5 (NB-5G22) - Integrated radio andaditional antenna
(22/25dBi at5 GHz), maximum power consumpti&b W [87].

 Ubiquiti Rocket M5- High power radio, maximum power congatian 8 W [88].

Ubiquiti NSM5 and NB-5G22 units are typically used within pszotch as CPEs in PTMP
links due to their low cost. The Rocket M5 can be paired witheatar, dish or omni-
directional antenna for deployment as an AP in PTP or PTM&litubiquiti equipment was
used as opposed to alternatives offered by vendors such@ertirs and Cisco due to lower
cost and previous experience within the Hopscotch team [89]

Single Board Computer with Radio Daughter Cards

The emergence of ultra low voltage yet computationally pdw@rocessors such as the Intel
Atom and ARM based embedded processors allow a single moces manage multiple
radio interfaces on a modest power budget. The MAC for eadio rans on the SBC along
with routing and control software. The following SBCs haeeb trialled with WindFi:

» Mikrotik RouterBOARD 411, maximum power consumptidnN without daughter
cards. 1 mini-PCI slot [90];

* Mikrotik RouterBOARD 433AH, maximum power consumptiéiw without daugh-
ter cards. 3 mini-PCl slots [91];
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Option P otal Piotar per sector Ciqa per sector
3 Ubiquiti Rocket M5 24\W 8w £80
"8W 3
RSPro 3 SR71 193W 6:4 W £115
"TW 41W 3
433AH 3 SR71 213W 71W £115
TOW 41W 3

Table 3.3: Power consumption per sector for AP con gurabptions.

 Ubiquiti RouterStation Pro (RSProj W power consumption when processihGbps
traf c. 3 mini-PCI slots [92].

The following mini-PCI radio cards have been used with th€SB

 Ubiquiti SuperRange71 (SR71P:4/5 GHz radio with1(/20 MHz bandwidth, maxi-
mum power consumptiofl W [93].

 Ubiquiti XtremeRange7 (XR7)#00MHz radio with5/10/20MHz bandwidth support,
maximum power consumptid6 W [94].

These SBCs and radio cards have been selected over aliemsiich as Avila and Soekris
used in [39, 41, 40] due to availability and the quality of gligd software [89, 95].

Comparison

When multiple sectors are required at one location to seca@@anunity, a combination of
SBC and radio daughter cards consumes less power than lauigerete Ubiquiti Rocket
M5s. This is the scenario for WindFi base stations. TablegB/&s three options for provid-
ing access to three sectors and the associated total pon&rmoption of each con guration,
Piotal , @and approximate cosiq - The total power consumption is the reported maximum
according to the supplied data sheet. The SBC with daughteisthas a combined lower
maximum power consumption per sector than individual UbidRocket M5s, but costs
more.

3.4 WindFi Use-Cases

The Hopscotch network relies on the use of WindFi masts asd b&ations. The WindFi
mast is designed to support different types of radio hardvearpayload described in Sec-
tion 3.3. All equipment is attached to the main mast via séathgaw clamps, and powered
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Figure 3.2: Use cases for WindFi masts in a Hopscotch rucddivand network: repeater,
repeater & base station and terminating base station.

by the mast's power system via cables which run through th&e®f the mast. The masts
provide elevation which is desirable for wireless links ¢mniove objects from the Fresnel
zone [96]. Figure 3.2 shows three different use-cases faast:m

* Terminating base station
* Multi-hop repeater

» Multi-hop repeater and base station

The following subsections describe each of these use-exeaspli ed by base stations on
Tiree with the aid of coverage maps in Figures 3.3, 3.4 andiB the maps, markers plot the
locations of users covered by the base stations on Tireerldés an estimate of the use-
case radio coverage area calculated using the Radio Mdaieipg tool [64]. Radio Mobile
uses the Longley-Rice propagation model for NLOS links dredttvo-ray path model for
LOS links [77]. The tool was used with the radiation patteohshe speci ¢ antennas (as
shown in Section 2.4), a frequency range5d® to 5:8 GHz, transmit powers of 30 dBm,
and antenna heights 6fm. The coloured areas represent coverage exceeding a nmmimu
receive signal power of95dBm. All parameters are consistent with equipment opegatin
within the network.
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Figure 3.3: Estimated coverage of “Site A’ terminating bsiseion.

3.4.1 Terminating Base Station

In this scenario the WindFi base station is connected toaékbone by a wireless backhaul
link and serves a number of subscribers using one or more festjuency (RF) channel.
The WindFi mast therefore requires a single PTP radio andonere PTMP radio(s).

Figure 3.3 shows the estimated coverage of the terminatisg btation “Site A’ and asso-
ciated stations. This base station provides coverage t@@ksectors, shown in yellow and
green in Figure 3.3. The yellow sector provides coveragsifosubscribers and the green
sector provides coverage for three subscribers. IP acegssvided by a PTP link with the
relay “Crow's Nest”. The two PTMP sectors are provided by dilii Rocket M5 radios and
the PTP backhaul is provided by a Ubiquiti NB-5G22.

3.4.2 Multi-Hop Repeater

In the multi-hop repeater scenario the WindFi mast servas@geater between the backbone
and subscribers but does not serve subscribers directeyWihdFi mast therefore requires
two or more PTP radios. Repeaters are also likely to be Ideateemote and exposed areas
to suit radio propagation characteristics, therefore wdgpower may not be available.
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Figure 3.4: Estimated coverage of “Crow's Nest” multi-hepeater.

Figure 3.4 shows the estimated coverage provided by a mp@andFi base station to a
number of other base stations and user§his repeater base station is the white marker
labelled as “Crow's Nest”. This base station is key to thee&irural broadband network as
it repeats IP-backbone from “Site E” (the purple marker)ttoeo base stations on the island.
It is located on an exposed elevation with no mains power. rédeblue, green and yellow
coverage areas in Figure 3.4 are PTP links to provide comitgdb base stations “Site A’,
“Site B”, “Site C” and “Site D”. The IP-backbone is provided BSite E” and the purple
coverage area denotes the PTP link between the repeatestbiea and this IP-backbone.
The red, blue and green coverage areas are using directidmaiiti NB-5G22s and the
yellow and purple areas are using Ubiquiti NSM5s.

3.4.3 Multi-Hop Repeater and Base Station

This is the most complex scenario where a WindFi base statithiserve subscribers and
also act as a repeater to other base stations. In this soenaliiple PTP radios and one or
more PTMP radios are required.

Figure 3.5 shows the estimated coverage of a multi-hop lasiers“Site B” on the isle of

The fading in-and-out of signal strength over water, visiby disconnected blocks of colour, is likely due
to the model of propagation over water as the effect is ndbleion land.
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Figure 3.5: Estimated coverage of “Site B” multi-hop reeand base station. This relays
connectivity between “Crow's Nest” and “Site F' whilst alserving subscribers.

Tiree. Two sectors provide coverage in the green and yelteasa The green PTMP sector

is created with a 120sector antenna and serves eleven subscribers (the grekers)aflhe
yellow PTMP sector is created with a’®8ector antenna and serves eight subscribers (the
yellow markers). This terminating base station is providetth IP connectivity via a PTP
link from “Crow's Nest” and repeats this access to a termntpbase station “Site F'. The
red and blue areas are PTP coverage to repeat IP access.olR&MWP sectors are provided
by Ubiquiti Rocket M5 radios and the PTP backhaul is provitdgdand extended using
Ubiquiti NB-5G22s.

3.5 Mechanical and Structural Mast Requirements

The WindFi mast is a single-pole design, anchored to thergtouthout the use of perma-
nent foundations. Guy wires are used to add stability andaedexing. The pole's outside
diameter is sized to allow standard jaw clamps to be attaelnedserve as a platform for
radio equipment.

The mechanical structure was designed by a Scottish mexzhial@sign rm, Berg Design.
A tripod base structure with a circumcircle diameter of uf to provides structural stability
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as a base for the pole. The feet of the tripod are capable n§lagichored to the ground in
one of three possible ways:

1. bolted to wooden posts that have been sunk into the grauadépth of at least m;

2. bolted to a non-penetrating, surface-mount frame thashi#able weights to keep it
stationary and stable; or

3. bolted directly to a pre-existing concrete base at thialiasion site.

A hinged bracket is mounted to the top of the tripod, and thenmmeast pole is supported by
the hinge bracket for raising and lowering the mast fromzworial to vertical.

The mast is designed so installers do not have to climb the wiaan it is in the vertical
position. This reduces the required strength and size ofmth&t. Therefore, all payload is
attached while the mast is horizontal, and the mast is thisedand secured in the vertical
position. All assembly and manual adjustment of compontakss place at a height no
greater thar2:5 m from ground level.

The WindFi mast is designed to be packaged within a volungofk 1 m x 1 m and weigh
no more thar800kg (including all electronic equipment and radio antenbas not includ-
ing batteries). This requires that the mast structuregbattousing, solar panel framework,
and dish antenna tracking modules all have a combined wefgid more thar200kg. All
parts and tools are transportable by Land Rover-style lesh@nd/or aircraft. Individual
parts weigh no more tha2b kg to allow single-person lifting.

3.6 Monitoring and Control

In addition to the radio hardware the WindFi mast includgspsuting hardware for remote
monitoring and control.

A Modtronix SBC68EC SBC [97] has been selected as the mastatien which enables
devices with a controller area network (CAN) or RS-232 ifstee to be controlled or moni-
tored remotely. The mast controller was developed to cbatrantenna motorisation system
using CAN bus, and monitor a charge controller over RS-232.Efhernet connection al-
lows remote monitoring and control via simple network mamagnt protocol (SNMP). The
mast controller has a nominal power consumptiof:@fw.

PTP links using highly directional and narrow beam-widthgh@lic antennas need to be pre-
cisely positioned in elevation and azimuth to ensure trengiest possible link is created. As
the WindFi mast is designed not to be scaled when verticalymte motorised antenna posi-
tioning system is required for accurate antenna positgpaird, if required, remote network
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recon guration. A brushed direct current (DC) motor is ugedirive the azimuth rotator
and a linear actuator used to drive the elevation controltokéorun at a nominal2 V or
24V and therefore can be selected according to the size ofrpditéek (L2V or 24V). The
motorisation of each antenna is controlled by a motor conind which consists of a CAN
bus enabled AVR microcontroller and power electronics tatia the elevation and azimuth
motors. The motor control units are only powered when in ugkthe motorisation system
is only infrequently activated, therefore motor controregy consumption is not considered
when dimensioning the WindFi power system.

3.7 Electrical Power System

The electrical power system for the WindFi base station sEgied to support the radio
hardware required for the use-cases discussed in Secdoan8. the supporting monitor-
ing and control hardware discussed in Section 3.6. WindBelsations can be powered
by mains electricity when available but the use of low-poeguipment allows renewable
energy sources to be used with a battery bank to power theshetsen.

3.7.1 Base Load

Two generalised WindFi power system con gurations are psga to meet the three use-
cases; “large” and “small”’. Two con gurations allow the namics of the base station,
such as wind generator mountings, PV dimensions and bditarl housing volume to be
standardised for production:

* the “large” con guration allows for a maximum base loads@fW; and

* the “small” con guration allows for a maximum base load28W.

These base loads are designed to allow the combination ahtdst power hungry radio
equipment required to satisfy the use cases introduceddinoBe3.4.

Table 3.4 shows how a large or small power generation comgoin,Pcor g~ 50 W; 25 We,
can be used to satisfy each generic base station (BS) usalesasribed in Section 3.4. The
total power consumptiomBa , is calculated by summing the maximum power required for
each item of radio equipment. It is assumed B&V integrated radio and antennas such
as the Ubiquiti NSM5 and Ubiquiti Rocket M5 are used, withif®TMP sectors provid-
ing community access. As discussed in Sections 3.4.1 an8, 3wb5 GHz PTMP sectors
provide suitable coverage for a small number of users ineatdin. The provision for four
PTMP sectors allows a UHF overlay to be used with a thifeHz PTMP sector to provide



3.7. Electrical Power System 39

Use-case Con guration  PTP PTMP Radios Used PiotaPcong
Terminating BS Large 1 8W 4 8W 56 40:50W

Repeater Small 2 8W 0 8W 2~3 1625W
Repeater and BS Large 2 8W 4 8W 6~6 4850W

Table 3.4: PTP and PTMP radio requirements for WindFi useg€and associated power
consumption power system con gurations.

Use-case PTP PTMP 5 GHz PTMP UHF SBCS PioaPcong
TerminatingBS 1 41W 2 41W 2 36W 2 9W 37550W
Repeater 2 41W 0 0 1 9W 17.2-25W

Repeaterand BS 2 4.1 W 2 41W 2 36W 2 9W 41650W

Table 3.5: Power consumption used out of maximum using PTRPAMP radio daughter
cards and Mikrotik RouterBOARD 433AH SBC for different usases.

additional capacity as required. Two PTP links are requviédn repeating IP, while only

one PTP link is needed for a terminating base station. If tmlined power consumption
of the radio hardware and monitoring and control equipmena dase station is less than
the power offered by a con guration, this creates power heaigh which provides an extra
buffer to ensure uninterrupted operation.

The most power-hungry radio con gurations are given in €@Bl4. A lower power con-
sumption is expected using SBCs with radio daughter catdegaexpense of added devel-
opment and radio cost. Table 3.5 shows the total power copisom Py , When using
radio daughter cards for different use-cases when usingtde and two5 GHz PTMP sec-
tors with a Mikrotik RouterBOARD 433AH SBCs. Note when usongy two radio daughter
cards, such as for a repeater mast with two PTP links, the poevesumption is higher than
when using the integrated radio-antenna solution due tingfeciency of the unused third
mini-PCl interface.

3.7.2 Example Base Loads

Table 3.6 shows how the three examples of WindFi use-casesluted in Section 3.4 can
be met with the large and small con gurations. The total poa@nsumption Py, , and
resultant power headroo,eadroom, IS Calculated for each use-case, given the con guration.
ThePy calculations for each example are given in Tables 3.7, 3d8ah

Terminating Base StationThe “Site A’ base station is one of several on Tiree whichehav
one link for IP access and additional PTMP links for servingscribers. This setup creates
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Use-case Con guration Radios Used Pt Pcong  Pheadroom EXxample
Terminating BS Small 33 21525W 35W  Figure 3.3
Repeater Large 56 325-50W  175W  Figure 3.4
Repeating BS Large 4~6 2750W 23W  Figure 3.5

Table 3.6: WindFi power system utilisation for given usses

Radio Equipment Number Pragio  Piotal
PTMP Ubiquiti Rocket M5 2 8W 16W
PTP Ubiquiti NB-5G22 1 55W 55W
215W

Table 3.7: Power consumption of radio equipment at the “Siterminating base station.

a maximum base load @1:5 W as shown in Table 3.7.

Repeater The repeating mast “Crow's Nest” on Tiree serves as a hulvjging IP access to
all parts of the island, hence a large number of PTP links laeekfore radios are required. In
this con guration the mast has a maximum base Idag, , of 325W as shown in Table 3.8
given an individual radio equipment item power consumptiRgyio -

Repeating Base Statioifhe repeating base station “Site B” uses two sectors tesesers
and relays AP to another part of the island, creating two PidPtavo PTMP links. This
creates a maximum base loadXfW as shown in Table 3.9.

3.7.3 Power Generation and Storage

For deployment in Scotland, WindFi uses both wind turbings BV modules to harvest a
combination of wind and solar energy. A battery bank is uselutffer energy generation
and a charge controller regulates battery charging. Asudgad in [39], wind and solar
energy sources are complementary in Scotland; in the summoeths solar energy peaks
whilst in the winter months winds prevail. Figure 3.6 showss trend for two locations,
Tiree Airport (TRE) and Prestwick Airport (PIK), by plottinthe average wind speed and

Radio Equipment Number Pragio  Piotal

PTMP Ubiquiti NanoStation NSM5 2 8W  16W
PTP Ubiquiti NB-5G22 3 55W 165W
325W

Table 3.8: Power consumption of radio equipment at the “CGrdlest” repeater.
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Radio Equipment Number Pragio  Protal
PTMP Ubiquiti Rocket M5 2 8W 16W
PTP Ubiquiti NB-5G22 3 55W 11w
27TW

Table 3.9: Power consumption of radio equipment at the ‘Biteepeating base station.
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Figure 3.6: Average 10 m wind speed data from Weather Undengt [98] and daily so-
lar irradiance data from PVGIS [99] at Tiree Airport (TRE)daRrestwick Airport (PIK)
averaged between the years 2000 and 2014.

daily solar irradiation. These two locations are used asgkes as they are situated close to
WindFi test locations on the islands of Tiree and Bute asudised in Chapter 5 and detailed
historical weather data is available. The variation in wameed between locations is an
important factor when designing the power generation reguents and these two locations
highlight these differences. The types of battery bankdwurbine and PV modules used
are discussed in the following sections.

Battery Bank

Antares 660502V 40Ah cyclic gel batteries are used in WindFi [100]. Cyclic gatteries
are designed for applications where the batteries are tegigaharged and part discharged
day-to-day. The depth of discharge affects the number desyeefore the battery perfor-
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Figure 3.7: Expected power output of a SuperwWind SW350 d?PrdefPS200 wind tur-
bine [102, 103].

mance is affected, with a lower depth of discharge prologthe battery lifespan. Generally
a maximum depth of discharge 60% is recommended [101]. A charge controller is re-
quired to regulate the charging of the batteries to preveatamarging. Strings of twa2V
batteries wired in series to creat@4V bank can in turn be arranged in parallel to accumu-
late the total bank size. 24V battery bank is preferred toE2 V bank as the majority of
radio equipment operated requires a nominal voltagziof.

Wind Turbine

Two types of wind turbine have been used in WindFi:

* SuperWind SW350 (SW) - B50W peak output mechanically feathering wind turbine
suited for high wind speeds [102].

» JetPro JPS200 (JP) - 200W peak output modular shrouded wind turbine suited for
lower wind speeds [103].

The expected power generated by each turbine for a given speed is shown in Fig-

ure 3.7. The JP produces marginally more power than the S\&ietrlwind speeds up to

7 m/s. Above this the SW produces much more power, allowing teke greater advan-
tage of gusts and the higher wind speeds in the winter mofithe.SW also has a greater
tolerance to higher wind speeds due to the mechanical fiéa¢fenaking it more suitable

for environments high wind speeds. Due to the mechanicadjdes the shrouded JP wind
turbines, two or three units can be mechanically connectedttas one unit. This provides
a great deal of exibility in sizing wind generation for a piaular application.
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Photovoltaic Array

Panasonic HIP-H250 250 W peak pow#4;9 V nominal voltage PV modules are used with
WindFi. These modules can be wired in parallel to accumuleeenerated power [104].

3.7.4 Power System Dimensioning

Due to the high cost of PV arrays, wind turbines and batterésgarch has focused on sizing
solar and wind sources and battery banks for given loads@amdittcons [39, 105, 106, 107].
The battery bank in a WindFi system is sized to allow for acmmndius operation without any
additional energy input foN4 days and without the capacity dropping below the maximum
discharge deptb to prolong the battery lifespam is a fraction within the rangé BD B 1.

The required battery bank capacily in kwWh for a daily energy demartgly in kWh is given
by
NgEg

Cp D

(3.1)

A base load creates a maximum daily energy demand. As deduissSection 3.7.1, two
base loads are possibRgy ~ 25W;50Wse creating a maximum daily energy demand of
Eq ~ 0:6 kWh; 1:2 kWhe assuming 24 hour operation under full load.

The system must remain operational My 3 days without any energy input and without
the stored energy dropping beld@v 0:5 (509 of the total capacity. This mitigates against
overcast, wind free days and protects the batteries fromdigeharge. Therefore the battery
bank must be able to sto®, =~ 3:6kWh;7:2kWhe, leading to a required battery bank
capacity of 150Ah; 300Ahe when using24V batteries.

The energy production of the mast must be capable of recitathie batteries from the
lowest allowed charge depthMy days in addition to maintaining the base load. The required
energy production per défy, required to recharge the battery bank oMerdays is

DCy
N,

Eo Esa Er Eg (3.2)
Therefore the total energy production required per &ay,is the base load energy demand
Eq plus the recharge energy demdfad When allowingN, 5 days to recover from a max-
imum lost charge, an extra energy demané&pf™ 360Wh; 720Whe is required, creating a
total daily demand to be satis ed by the generation systef,0f” 0:96 kWh; 1:92 kWhe .

Figures 3.8(a) and 3.8(b) show the expected power genepateday using an SW wind
turbine and one or two PV modules on the island of Tiree. OmySW wind turbine can be
used due to the excessive wind speeds. In the Highlands land$sof Scotland the potential
of wind energy is greater than that of PV. In the winter mortties mean wind turbine
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output of aroun® kWh per day is more than suf cient to meet the small and largsedoad
power requirements sRa and Ryge, While in the summer months the output drops to around
1 kWh per day. To meet the system's energy demanlof © 0:96 kWh; 1:92kWhe, the

PV must be capable of making up the shortfall shown in Figue @ne or two PV modules
at an optimal orientation given by photovoltaic geographinformation system (PVGIS)
create a combined energy generation capable of sustaiméngntall or large load. Note in
Figure 3.8(a), one PV module cannot guarantee enough powtre large base load in July,
therefore two modules are required, as shown in Figure 8.8(b

As the mean winter wind speed at Prestwick Airpordigi/s less than Tiree Airport the
SW wind turbine cannot support both a small and large bask Beure 3.9 shows how a
small and large load can be supported using different optidhe generation requirements
for a small base load &, 0:96kWh consisting of a single SW wind turbine and one PV
module is shown in Figure 3.9(a). To support a large basedbkd 1:92kWh throughout
the winter months, a more powerful wind turbine than the S\Weegiired. This large base
load can be satis ed using three JP wind turbines combingil twio PV modules as shown
in Figure 3.9(b).
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Figure 3.8: Expected daily power generation at Tiree AirgdRE) using (a) on50W
peak power PV module and a SuperWind SW350 (380 W wind turbine to satisfy the
small load requirement, (b) two 250 W peak power PV modulesaaBuperwWind SW350
(SW) 350W wind turbine to satisfy the small and large load requiretsen
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Figure 3.9: Expected daily power generation at Prestwickdtt (PIK) for a small and large

load using (a) one SuperWind SW350 (S®H0W wind turbine and one 250 W peak power
PV module to satisfy the small load, (b) three JetPro JPS2BRO0W wind turbines and
two 250 W peak power PV modules to satisfy the large load.
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3.8 Crow's Nest Power System Analysis

Section 3.4.2 introduced a test deployment of a WindFi b#stos named the “Crow's
Nest”, shown in Figure 3.4. The Crow's Nest relays IP-actessther base stations across
the island and lies on an exposed hill with no mains power. tRisrreason a renewable
power system was sized using the equations in Section &apéble of supporting a base
load 0f 325 W as calculated in Table 3.8. This section analyses the pedioce of the base
station power system based on the sizing decisions madecitioB8e.7.4, speci cally the
number of days a load can be sustained when the power gemesgitem is not producing
enough energy to sustain a load, and the recovery after sdeltia

3.8.1 Power System Design

Ten Antares 6605@0 Ah 12 V batteries provide a capaci§, 4.8 kWh at 24 V. Us-
ing (3.1) for a base load 825 W, Eq 780 Wh, the required battery bank capacity is
4:68 kWh at24 V with Ny 3 daysandD 0:5. Using (3.2) a daily energy production
Eqs 1:248 kWhis required to replenish the battery ower 5 days.

A Morningstar Tristar TS-60-MPPT charge controller is usegrovide maximum power
point tracking (MPPT) control of the PV array voltage andule¢e solar battery charging.
This charge controller allows for remote monitoring anddiogy of variables used in this
analysis. The SW wind turbine is regulated by a SCR-24 cheogeroller which splits
power between a dump load and the battery bank using puldé widdulation (PWM) to
regulate charging. This is wired in parallel with the TSM@PT but provides no logging
capability. The Tristar TS-60-MPPT PV charge controllen ba in one of four states shown
in the battery charging cycle in Figure 3.10:

Night. The charge controller has detected it is night therefore alar nergy is
present.

MPPT. Maximum power point tracking bulk charging delivers all bétavailable solar
power to provide aroun80% of battery charging.

Absorption. The charge controller maintains a constant voltage oncetageset-
point is reached but reduces the charging current to allevibo#ttery to absorb remain-
ing 20% of charge without overheating the battery.

Float. The charge voltage is reduced from absorption and the clisrgaintained.
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Figure 3.10: Tristar battery charging states [108].

3.8.2 Expected Energy Production Characteristics

An SW wind turbine and two HIP-H250 PV modules provide powenegyation for the base
station. The expected generation potential of this conagion is shown in Figure 3.11. This
was calculated using historical average wind speed datéhenekpected solar irradiance as
described in Section 3.7.3. The generation system is cvegging for the maximum load,
Poad, @and desired discharge and recharge characteristics.

As summarised in Section 3.7.4, the high wind speeds creaibstantial amount of excess
energy. This excess energy causes the battery bank to bargedhquickly. Figure 3.12
shows the expected impact of generation over-productidgh@time to recharge. The mini-
mum, maximum and mean expected daily over-production ®ow's Nest are indicated

to highlight the impact on recharging5®% discharged!:8 kWh battery bank. Thé&l, 5
days allocated to recharging giverb@% discharge is reduced to around one day given the
expected over production at the site.

3.8.3 Day-to-Day Performance Analysis

The TS-60-MPPT PV charge controller provides remote momigacapabilities. This allows

the recording of the battery bank voltage, charging stdtanmation, instantaneous power,
and cumulative energy produced, by the PV system. As the tirne charge controller

has no logging capability the behaviour of the wind poweregation system is estimated
using wind speed measurements and a model of the power ¢jeneshown in Figure 3.7.

Figures 3.13 and 3.14 plot the state of the Crow's Nest pow&em over a number of days,
highlighting periods of low and high wind speeds. Both Fagiconsist of three parts:

1. Target and measured battery voltageigures 3.13(a)/3.14(a) plot the measured and
target PV battery charging voltages. The nominal batteltage is24 V but batteries
are kept at a higher voltage during charge and oat. Durirghts the target voltage
of the charge controller drops @V.
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Figure 3.11: Expected daily power generation at Tiree AirpbRE) using two 250 W peak

power PV modules and a SuperWind SWZSEDW wind turbine.

2. Charging stateFigures 3.13(b)/3.14(b) plot the charging state of the TSV PT.

3. Instantaneous wind and PV power generatéigure 3.13(c)/3.14(c) plot the measured
instantaneous power provided by the PV array and the estdr@awer provided by
the wind turbine given the measured wind speed. The PV posveaken from the
charge controller log and the wind power is estimated usiegsured wind speeds at

TRE provided by [98] and the model of the SW wind turbine.

Low Wind Speed Day

Figure 3.13 plots power system behaviour on low wind spegd datween the 2nd and 4th
June 2013. The information shown by the graph on the 3rd @ndf4tune is indicative of a

PV only system.

Wind power was generated in only two periods (11:00-14:0@hen2nd June and 19:00-
02:00 on 2nd/3rd June) and is visible in Figure 3.13(c) byestmated power generation.
This is mirrored in Figure 3.13(a) as the measured battdtgge becomes fast changing due
to the nature of the charging voltage of a wind turbine. Dgitimese periods the PV charge
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Figure 3.12: Impact of surplus energy generation on timet¢barge 200 Ah battery bank at
Tiree Airport (TRE).

controller detects an increased voltage and reduced theoR¥rrovided to the battery, as
visible between 12:00-15:00 in Figure 3.13(c), to prevemtroharging.

When little to no wind power is present the measured battelyage change is smooth as
visible on the 3rd and 4th June. The stages of charging showigure 3.13(b) are matched
by the target and measured battery voltage. The target aadurer voltage match during
daylight hours after the absorption state as the battergasged. During the MPPT phase
the maximum power is extracted from the PV array as showndéytbasured voltage peaks
at 09:00 on the three days. The target and measured voltdgeerduring the oat stage as
the battery voltage is maintained and the PV power pointdsiced to maintain the voltage
of the batteries.

High Wind Speed Day

Figure 3.14 plots power system behaviour on high wind spegs detween the 28th and
30th May 2013. In comparison with the low wind-speed days nteasured battery voltage
is generally higher than the PV charge controller targetiagd in Figure 3.14(a). The charge
controller state in Figure 3.14(b) is also less frequentlyhe MPPT state than in the low
wind-speed Figure 3.13(b). This is due to the wind chargdrober feeding power to the
batteries constantly via PWM. During these periods the Pafgd controller detects an
increased voltage and reduces or stops the PV power gemetatprevent overcharging.
During two periods, 16:00-20:00 on 28th May and 05:00-0@0@9th May the wind speed
has dropped, visible by the drop in expected power in Figutd(8). This corresponds to
a drop in measure voltage level in Figure 3.14(a). On thesasians the MPPT PV charge
controller provides power to charge the batteries from tieystem.
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3.8.4 Wind Power System Failure Analysis

Figure 3.15 shows the state of the MPPT PV charge contratidrVdindFi power system
over al7 day period between 4th and 20th of February 2013. Duringpéisod the wind
turbine charge controller failed, providing no power to bateries between the evening of
the 5th, and the 15th of February.

Figure 3.15(a) plots the MPPT charge controller targeatioltage and measured battery
voltage. Between the 5th and 14th of February the lack of vimpait is visible in this
graph as the actual battery voltage slowly drops, not mgdhia target voltage even with PV
energy. On the 14th February the battery bank can no longgisithe electrical load and
the voltage drops suddenly which causes the radio equiptoé@come un-powered due to
the low voltage. This causes the logging of data to stop. @ni&th February the wind
power system was repaired and the measured battery vottaiggases as the battery bank is
recharged and logging restarts.

Figure 3.15(b) shows the charge controller state. When nd power is available the charge
controller is constantly in either the MPPT or Night statging to produce as much power
as possible to charge the batteries given that the measat&hbvoltage in Figure 3.15(a)
is consistently less than the target voltage.

Figure 3.15(c) shows the recorded power generation of they®¥m and expected wind
generation using wind speed records over this period. Natethe expected power output
saturates aB50W due to very high wind speeds. Despite substantial winddsgpessible
by the expected power on the 10th, 12th and 13th of Februagybattery voltage shown
in Figure 3.15(a) still decreases indicating no charginge PV power produced over this
period is low, as expected during this time of year.

Figure 3.15(d) plots the estimated individual daily enecgytributions from the wind and
PV system and the total energy of the system, combining timel WPV and load during
the period of the wind power system failure. As the days piegeand including the 4th
February had a very high average wind speed, it is assumédhthdattery bank is fully
charged. Given the dailgq 0:78kWh load, when no energy from the wind system is
provided, the battery bank is expected to be depleted on3tredf 14th of February, as
the cumulative sum of the daily energy de cit approachesdize of the battery banks,
Cp, 4:8kWh. This prediction based on the design of the system mattiie observed
outage on the 14th February. When the wind power system &regpon the 15th February,
a surplus of energy is created by the PV and wind turbine,isgule cumulative difference
between load and production to become positive within 3 da&govering the battery bank.
Given the sum of the surplus 6fkWh, due to the overproduction of the wind turbine as
shown in Figure 3.12 afté::5 days the battery bank is recharged.
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3.9 Summary

This chapter presented the design and analysis of the “WihdSe station as a component
to realise the rural broadband network discussed in Chagtand 5.

WindFi can rely solely on a combination of wind and solar poteesupport wireless network
equipment. The use of both TVWS bands &&Hz bands to deliver access provides an
additional burden on the power consumption of a wirelesenodmpared to a single band
system as reviewed. Therefore the dimensioning of a largeeigtion capacity and storage
system was presented. A retrospective analysis of the psysem performance under
three different scenarios in an actual deployment was ptedglow wind speeds, high wind
speeds, and a faulty wind turbine causing the battery tcetiepl'he behaviour of the system
under these scenarios met the design conditions, therdioiatiag the design.

Common use-cases for the base station were presented aidpaet on system design
discussed. This included how speci c radio equipment cdadditilised. As the main cost
component of a WindFi base station is the renewable poweéesysinderstanding and min-
imising the power consumption of radio equipment is key taimise costs, and make the
system economically viable. Therefore Chapter 4 pro laksaid radio hardware to under-
stand the power consumption impact for a WindFi base staGbmapter 6 then explores how
power savings can be achieved in a common use-case for a Wiagé station.
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Chapter 4
Radio Characterisation

Chapter 3 showed that the radio payload for WindFi is thegstrgonsumer of energy within
the base station, and therefore is the main contributorecitte and cost of the renewable
energy generation system. Reducing the power consumptithre sadio payload is an op-
tion to reduce the cost of Hopscotch, and make it an econdisnidable solution in more
rural broadband scenarios. To facilitate the developmeahergy saving methods such as
the method presented in Chapter 6, the performance and pmmsumption of the radio
equipment used to create the networks discussed in Chaptard 5 must be well under-
stood. This chapter describes the lab-based charactensatradios used in Hopscotch,
with the goal of creating two useful models:

« the data rate selection for a given receive signal powet; an

* the relationship between power consumption and transowep

Secondary to producing these models, the tests providegortonity to characterise the
actual transmission control protocol (TCP) throughputathiradios when con gured to use
a speci ¢ data rate.

Section 6.1 introduces the radio hardware con gurationlpdoand the concepts of data rate
and transmit power selection by the radios. Section 4.2riescthe experimental method-
ology to obtain data to create the models. Sections 4.3 &hdivie experimental results for
the two radios pro led, the Ubiquiti XR7 and SR71. Sectiob presents the radio charac-
terisation models using the results.

4.1 Background

This section introduces the radio hardware pro led and epig of transmit power and data
rate selection used by the radios pro led.
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Band Bandwidth Access Point SBC Station SBC RF Card
5GHz 20MHz Router BOARD 433AH RouterBOARD 411 SR71
UHF 5MHz RouterBOARD 433AH RouterBOARD 411 XR7

Table 4.1: Radio equipment pro led for links in tleGHz and UHF bands. The vendor of
the SBCs is Mikrotik and the vendor of the RF daughter cardligjuiti.

MCS Index Modulation Type Code Rate Data Rate (Mbps)
5MHz 20 MHz

0 BPSK 172 15 6
1 QPSK 1/2 2.2 9
2 QPSK 3/4 3 12
3 16-QAM 1/2 4.5 18
4 16-QAM 3/4 6 24
5 64-QAM 2/3 9 36
6 64-QAM 3/4 12 48
7 64-QAM 5/6 13.5 54

Table 4.2: IEEE 802.11a/g MCS rates and expected data rates

4.1.1 Radio Hardware Con guration

The radio hardware required to create the dual-Ea@iHz and UHF network discussed in
Chapter 2 is pro led to create models for analysis. The aategf radio hardware pro led

is SBC with RF daughter card, introduced in Section 3.3. iy category is considered
as it was shown in Section 3.7 to consume less power tharrateehCOTS radios and an-
tennas. Table 4.1 highlights the equipment pro led. A MitikkdRouterBOARD 433AH is
con gured as an AP with one RF daughter card providing cotivieg A Mikrotik Router-
BOARD 411 is con gured as a station with one RF daughter cdiltk Ubiquiti SR71 and
XR7 daughter cards are interchanged to pro@@&Hz and UHF radios. The SR71 occupies
the standar@0 MHz bandwidth and the XR7 occupi®MHz bandwidth.

4.1.2 Data Rate Selection

Table 4.2 shows the available standard IEEE 802.11g das (sCS), including the quoted
data rate fo'5 MHz and 20 MHz bandwidths. The XR7 and SR71 radio cards are based
on the IEEE 802.11 physical layer, providing the rates guigteTable 4.2. Note the radios
use the propriety Ubiquiti MACNstream As the XR7 is used within TVWS, & MHz
bandwidth is con gured. To obtain tHeMHz data rate the standa@d MHz data rates are
scaled by the bandwidth ratie4. The Mikrotik software used to con gure the radios quotes
the20 MHz data rates when referencing the MCS for btiHz and20 MHz bandwidths.

A higher MCS index provides a greater theoretical bandwimthrequires a greater SNR
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Figure 4.1: Quoted transmit power for each data rate for tR& Znd SR71 [93, 94].

to successfully demodulate and decode symbols encoded ighariMCS. Generally a
transmitter selects a data rate to use based on the meagymatsirength at the receiver
for all data rates. If different transmit powers are usedefach data rate then the received
signal strength for each data rate will differ. The Ubiqtatilios can be forced to use a single
data rate or automatically select between an allowed settafdtes. A change in data rate
does not require the receiver to resynchronise as the @lyayer convergence procedure
preamble used for synchronisation, and to inform the stg&¥A) of the data rate used, is
transmitted with a xed data rate.

4.1.3 Transmit Power Selection

The transmit power of the SR71 and XR7 can be xed or dynaryicaaled based on the
data rate. The data sheets for both the SR71 and XR7 statattsertit power for each data
rate [93, 94]. Figure 4.1 plots the quoted transmit powerbiath radios for eacR0 MHz
data rate. This scaling reduces the transmit power whendridgr modulation schemes are
used to reduce the impact of distortion caused by the powpli @m

4.2 Experimental Setup

The data rate selection of the radios for a given receive pdive transmit power selected
for a given data rate, and the power consumption for a giveamstnit power were pro led
in the laboratory. The setup and calibrations required &mhdest and are described in Sec-
tions 4.2.1,4.2.2,4.2.3, and 4.2.4 below. A programmatbémaator provided the capability
to control the radio powers. The required calibration iscdégd in Section 4.2.5.
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Figure 4.2: RF characterization test setup showing (a) iddéaselection test, and (b) data
rate selection test calibration path.

421 Overview

In order to characterise the radio performance and poweswroption a laboratory setup was
created, shown in Figure 4.2(a). A link was created betwkenwo radios, one con gured
as an AP and the other con gured as a STA. A Gaussian chantekbge the two radios
was created using a wire link and xed and variable attermsat®his allowed the path loss
between the AP and STA to be scaled. A TilitBic95dB programmable variable attenuator
allowed the path loss between AP and STA to be accuratelgddall dB steps, shown in
Figure 4.3. A xed40dB attenuator increased the path loss further to meet tiedbsels.
The received power and signal quality experienced by theiST&ed by the AP to select the
data rate for transmission. Therefore scaling the pathftoses the AP to select a different
data rate.

Two computers, one running an Ipederver and the other an Iperf client, generate TCP
data and measure throughput. These were connected by 1€80B&thernet to the AP
and STA as shown in Figure 4.2(a). Data was sent from thetdeeserver through the

IA networking test tool to create and measure TCP and usegmataprotocol (UDP) data streams,
http://iperf.fr/
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Figure 4.3: Programmable variable attenuator.

AP and STA during an Iperf session. The AP radio statistiosduding the received signal
strength indicator (RSSI) and data rate, were polled usiagvailable Mikrotik application
programming interface The XR7 was con gured to use a center frequency 68 MHz,
within channel57. The SR71 was con gured to use chand@at 5:2 GHz. A National
Instruments USB-6210 data acquisition system (DAQ) meskstiie instantaneous power
consumption of the radios as discussed in Section 4.2.4.

4.2.2 Pro ling Data Rate Selection

The data rate selection of XR7 and SR71 when con gured as aw#@d’characterised with
the setup in Figure 4.2(a). This allowed the path loss betwd® and STA to be scaled to
reduce the signal strength at the receiver. For each pashthesAP radio statistics were
polled every250ms during a40 s downlink TCP transmission, between the AP and STA.
This allowed the data rate selected for each path loss todoeded. For a forced data rate
the radio can only select either the forced rate, for exarbglslbps (which is equivalent
to 135 Mbps for5 MHz operation as per Table 4.2), or the basic data &% Mbps at
205 MHz).

The received signal powe?,™, can be estimated from the transmit pow¥, the variable
attenuation applied (modelled in Section 4.215),, and xed losses produced by the cables
and attenuatiorl, yeq

P rx P X L xed L var : (4. 1)

2http://wiki.mikrotik.com/wiki/Manual:API
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Frequency L yeq
763 MHz 50.9dB
5.2GHz 59.5dB

Table 4.3: Measured xed attenuation for each frequencydban

Iperf Spectrum Iperf
Client Analyser Server
‘ 1000Base-T / >1000Base-T
Variable Fixed
AP Attenuator r<>| Attenuator >  STA
Coupler 0-95 dB 40 dB
s, /
DAQ
(@)
Spectrum
Analyser
’ Path A
AP STA
Path B )

(b)

Figure 4.4: UHF radio transmit power pro ling setup showii@ay test setup, and (b) calibra-
tion paths.

To determinel ,oq , @0 dBm tone at the appropriate center of each band of interest wa
produced by a signal generator and the power measured usiggal analyser with 5,

0dB. The path measured between the AP and STA is labell&asCin Figure 4.2(b).
Table 4.3 gives the measured xed attenuation at each fregue

4.2.3 Pro ling Transmit Power

The availability of a UHF directional coupler provided thgportunity to measure the trans-
mit power used by the XR7 radio. A modi ed version of the lalperment discussed in
Section 4.2.1 was constructed as shown in Figure 4.4. Thip skffers from the data rate
selection characterisation setup as it features a spe@anatyser which is used with a di-
rectional RF coupler to view the transmitted signal from AFSTA and measure the signal
power.
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Path L yed
PathA 23.0dB
PathB 49.9dB

Table 4.4: Measured xed attenuation for each path in Figu#€b) at763MHz.

The spectrum analyser was con gured to measure the zem{spat powerP st From
this the transmit poweR ™, can be estimated given the xed attenuatibieq,

PX  PPUSt | g (4.2)

The parametel ,oq Was measured by generating@MHz 0 dBm tone and measuring the
received power at the spectrum analyser as the XR7 operal@éWS. The path measured
between the AP and spectrum analyser is labelle@adl Ain Figure 4.4(b). The path
between the AP and STA, labell&ath Bin Figure 4.4(b), was also measured witp,
0dB to determine the receive power using (4.1). The measurense summarised in
Table 4.4.

To determine the transmit power used for each data rate, fhamdl STA were con gured
to use only one data rate at a time. The burst power of dateepaalas measured using the
spectrum analyser during a TCP transfer with the varialiBnaator set t@0 dB creating

a path loss ot o4 Lyar 716 dB between the AP and STA. To determine the actual
transmit power used with a manually xed transmit power tlagadrate was set th5 Mbps
and the burst power was measured for each xed transmit peetting. The results of this
experiment will be discussed in Section 4.3.2.

4.2.4 Pro ling Power Consumption

A National Instruments USB-6210 DAQ was used to measure tivgep consumption of
the AP. The supply voltage to the AP is measured and a senssigjor network measures
the current draw. Using Ohm's law the power consumption cacdiculated. Figure 4.5
shows the setup for the power consumption measurementAQeecords the appropriate
voltages at a sampling rate @fkHz over the duration of the experimental data transfer.
The setup in Figure 4.2(a) was used to measure the powerroptisn. The data rate was
manually xed to 1:5~6 Mbps for the XR7/SR71 radios and the variable attenuatotoset
20dB. The transmit power was xed to one value within the ra@g#B to 30dB. For each
transmit power TCP data was sent from the AP to STA for tweetgoads and the power
consumption recorded at a sampling ratd &Hz.
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Figure 4.5: AP Power consumption measurement setup.

4.2.5 Programmable Variable Attenuation Calibration

All RF equipment has insertion lossSeghich are dependent on the operating frequency. The
expected loss produced by the variable attenuator shoulal gdge sum of the programmed
attenuation and insertion loss. To determine the accuratiyeovariable attenuation, the
loss at the two frequency bands of interé&83MHz and5:2 GHz, was measured for dif-
ferent programmed attenuations. Tone3@&38MHz and5:2 GHz with 0 dBm power were
created using a signal generator and passed through tmeiatide A spectrum analyser
was used to measure the received signal power. Twenty nesasats were made at each
attenuation setting and the mean taken to provide an averagsured attenuation. The mea-
sured attenuation for a programmedB attenuation was taken as the insertion loss of the
programmable variable attenuation and was subtracted tihenmeasured received power
to give the actual attenuation applied by a given programatezhuation. This measured
variable attenuation was compared to the expected atienuatgive an offset between the
requested attenuation and actual attenuation.

Figures 4.6 and 4.7 show the measured and expected attamémtieach programmed at-
tenuation ab:2 GHz and763MHz and the corresponding offset. The error bars show the
standard deviation. The measured attenuation drops bélewxpected attenuation as the
programmed attenuation increases at @BMHz and5:2 GHz in Figures 4.6(a) and 4.7(a).
This create the negative offsets in Figures 4.6(b) and 1.74k the signal generator used
to produce the tones had a limited transmit power, for prognad attenuation greater than
63~71dB at5:2 GHz/763 MHz, the received power dropped below the noise threshold of
the spectrum analyser as shown by the noise thresholds imeSigl.6 and 4.7. As visible

in Figures 4.6(a) and 4.7(a), below the noise threshold thasured attenuation saturates
and the standard deviation of the measurements increaser{dby the error bars). The

3Re ection losses, dielectric losses and copper losses wisanting a device into a transmission line
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offset between the programmed and measured attenuatioe #imnoise threshold was ex-
trapolated by a linear least squares approximation fronoffset between a programmed
attenuation 00 dB and the noise threshold. The linear least squares appabioin is shown
in Figures 4.6(b) and 4.7(b).

From these measurements a model is constructed which pothé actual attenuation ap-
plied by the variable attenuatdr,,,, for a given attenuation settingrog_atten,

L var L prog _atten Lofses Loset f~ prog attens : (4-3)

The offset between the programmed attenuation and actigaduation,L st , iS Shown

in Figure 4.8. This gure clearly shows an offset between phegrammed and measured
attenuation ir8 dB steps. This is most likely due to the attenuator being inogned in a
binary pattern (inclusive combinations btiB, 2 dB, 4 dB, 8 dB, 16dB, 32dB and a second
32dB). Therefore to obtaih,,,, when the programmed attenuation is greater than the noise
oor, Loset iS used as the measured offset. When the programmed aitanisabelow the
noise oor, a measured value &f,se; IS not available, therefore the linear least squares
approximation is used, as shown in Figure 4.8. Ngtg does not include the insertion loss

of the variable attenuator, i.&.;; 0dB when the attenuator is set@aB.

Calibrating the xed and variable attenuatiors,.q andL ., , by measuring the xed and

variable attenuation offsets allows accurate receivaestrat and burst powers to be calcu-
lated with (4.1) and (4.2). With an accurate understandfriese gures, models of power

consumption and performance for a given transmit power &ateba receive power can be
created.
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Figure 4.6: Characterising programmable variable attemuasertion loss &:2 GHz show-
ing (a) measured and adjusted attenuation for all prograstenalues, and (b) offset be-
tween measured and expected attenuation.
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Figure 4.7: Characterising programmable variable attemuasertion loss a763 MHz
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4.3 Ubiquiti XtremeRange7 Characterisation Results

4.3.1 Proling Data Rate Selection

Figure 4.9 plots the mean and mode reported data rates anecthreled TCP Iperf through-
put when the radio data rate selection is set to automatiaitively the data rate selection
should decrease in steps as the path loss increases. Adexkpéigure 4.9(a) shows the
selected data rate decreases as the path loss increadestanfi31 dB the connection is
dropped. The throughput recorded by Iperf in Figure 4.9() @egrades but shows un-
expected behaviour between a path 1os9&®8B and108dB. The Iperf throughput drops
drastically before recovering. This is matched by a drop@rhean data rate in Figure 4.9(a)
and a large standard deviation, shown by the error bars.

To explore this unexpected behaviour further, Figure 4lapghe mean and mode reported
data rates and the recorded TCP Iperf throughput when the dath rate selection is forced
to a single rate. For a forced data rate the radio can onlgtseither the forced rate, for
example54 Mbps (which is equivalent t@3:5 Mbps for5 MHz operation as per Table 4.2),
or the basic data raté/(L:5 Mbps at20/5 MHz). As the path loss increases there comes a
point where the forced data rate can no longer be sustairtkitharnlata rate drops to the basic
data rate. The higher the forced data rate, the earlieriihgéshold appears. The thresholds
are clearly visible in the mode data rate selection plot guFe 4.10(b). When comparing
this to the mean data rate selection in Figure 4.10(a), the krror bars visible before a drop
to the basic data indicate the data rate is switching fretyi€rhis is why the automatic rate
selection shown in Figure 4.9(a) occurs at a lower path lues the individual data rates can
sustain.
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Figure 4.9: XR7 automatic rate selection pro ling showireg (eported transmit data rate
and (b) Iperf TCP throughput, for different path losses.
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Figure 4.10: XR7 forced data rate pro ling showing (a) meaparted transmit data rate, (b)
mode reported transmit data rate, and (c) Iperf TCP througligr different path losses.
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Figure 4.11: Measured burst power and estimated transmwigipgiven path loss.

The large standard deviation visible betwe&¥hdB and110dB in the mean reported data
rate in Figure 4.10(a) matches the behaviour when autorselction is used. This is likely
causing the poor Iperf performance between these pathsl@gdseh is visible for individual
data rates between these path losses in Figure 4.9(b). Tdpsisllikely due to the radio
design.

4.3.2 Pro ling Transmit Power

The transmit power of the XR7 was estimated using the bumsepand measured losses as
described in Section 4.2.3. The transmit power was estohfatetwo scenarios: automatic
transmit power selection and manually con gured, xed tsarit power.

Automatic Transmit Power Selection

Figure 4.11 shows the claimed transmit power according eodttasheet [94], measured
burst powerPburst and estimated transmit power using (4RY, for each data rate. A small
offset, averagin®:5 dB, exists between the estimated transmit power and quodedrhit
power. This is within thel dB tolerance quoted by the data sheet.

Fixed Transmit Power Selection

Figure 4.12 plots the measured burst power against the astihtransmit power, calculated
given the measured xed losses using (4.2). A large offsetaying9:2 dB (the square root
of the mean squared error) exists between the manually setrpand estimated transmit
power between a setting &fdBm and20 dBm. This offset appears constant across this
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Figure 4.12: Measured burst power and therefore estimedadrit power given path loss.

range. The transmit power also saturates at an estingtem indicating the transmit
power of the radio is limited to this value.

Discussion

For automatic transmit power selection the measured triansower follows the quoted
transmit power by reducing as the data rate increases. Fa@naatly con gured transmit
power an offset 09:2 dBm exists between the con gured power and measured povies. T
is consistent with a reportetD dB con guration offset [109]. As this offset is constant we
can assume this is a con guration offset and must be accduntewhen con guring the
radios. With this offset, the quoted transmit power of th&igds accurate but saturates at
30dBm.

4.3.3 Pro ling Power Consumption

Figure 4.13 plots the mean recorded power consumption oAthevith the XR7 during
TCP data transmission for different forced data rates. Ther dars show the standard
deviation around the mean rate. The measured transmit psweerlaid for each data rate.
As expected, the power consumption decreases with thentiasion power. This is due to
the power ampli er consuming less energy when a smaller aoapion is required.

To determine the power consumption of the XR7 when the trénsmwer is manually set,
the set-up described in Section 4.2.2 was used. The trapswir was increased in 1 dB
steps between and includifigdBm and30dBm. The variable attenuator was se®dB
and the data rate was xed 5 Mbps.
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Figure 4.14: Power consumption and reported RSSI when usigual transmit power
setting atl:5 Mbps data rate.

The RSSI reported by the receiving radio can be used to ihéeotitput power of the trans-
mitting radio as given the loss between transmitter andivecés constant, changing the
transmit power will cause the RSSI to change. Figure 4.1tsplee measured power con-
sumption and reported RSSI against the con gured transovitep. The RSSI and power
consumption increase with transmit power ugtldBm. This mirroring indicates the actual
power output by the radio is increasing with the set tranpmiter as the RSSI would not in-
crease otherwise. Over t26@ dBm setting the RSSI is constant, indicating the actualwautp
power of the radio is constant. This shows the radio limiesahtput power and therefore
transmit power settings abo® dBm are invalid. Above&0dBm the power consumption

still increases despite the measured output power beingt&oin This is likely due to the

design of hardware power limitation controls within theicad
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Figure 4.15: Power consumption against estimated trarsoier atl:5 Mbps data rate.

Using the measured power consumptions for a given transowep setting, Figure 4.15
plots the power consumption against estimated transmiepo@nly valid transmit powers
settings from Figure 4.14 are plotted. These settings grestadl by an expectetio dB
con guration offset to obtain the estimated transmit pawe&his plot is used as the basis
of modelling the relationship between transmit power anggraconsumption discussed in
Section 4.5.3.

4.4 Ubiquiti SuperRange71 Characterisation Results

4.4.1 Proling Data Rate Selection

Figure 4.16 plots the mean and mode reported data rates Wwkeradio data rate selec-
tion was set to automatic, and the recorded TCP Iperf thrpughThe error bars show
the standard deviation around the mean data rate. Figué€ad.&hows the selected data
rate decreases as the path loss increases untilldféutB the connection is dropped. The
throughput recorded by Iperf in Figure 4.16(b) also degsawi¢h data rate. This behaviour
is similar to that of the XR7 radio pro led in Section 4.3.1nlike the XR7 performance, no
unusual behaviour or large deviation is apparent at spguath losses but thE2 Mbps data
rate is never selected.

To explore why thel2 Mbps data rate is never selected, Figure 4.17 plots the medn a
mode reported data rates and the recorded TCP Iperf throtig¥ien the radio data rate
selection is forced to a single rate. The reported mode @atafor each forced transmit
data rate is shown in Figure 4.17(b). As observed when pig the XR7, as the path loss
increases there comes a point where the forced data ratecckomger be sustained and
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Figure 4.16: SR71 automatic data rate selection pro lingvging (a) reported transmit data
rate and (b) Iperf TCP throughput for different path losses.
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the data rate drops to the basic data rate. The higher thedatata rate, the earlier this
threshold occurs. The reported mean data rate is a lot lesbleafor the SR71, as visible in
to Figure 4.17(a), than observed when pro ling the XR7. Tkeeption is the performance
for a forced12 Mbps rate. The variance of this rate is high and the mean isa® Mbps,
indicating the radio is switching betwe&2 Mbps and thé& Mbps basic rate frequently. The
mode reported data rate for a force2lMbps also switches betwedr2 Mbps andé Mbps.
This variability is likely the reason why th&2 Mbps rate is never used in the automatic
selection.

4.4.2 Pro ling Power Consumption

To determine the power consumption of the SR71 for manuatnét power settings, the

set-up described in Section 4.2.2 was used. Power measutewere made using the equip-
ment described in Section 4.2.4. The transmit power wa®asad inl dB steps between

and includingd dBm and30dBm. The variable attenuator was sefdB and the data rate

was xed to6 Mbps.

Figure 4.18 plots the measured power consumption and ep&®ESI against transmit
power. The RSSI and power consumption increase with transomer until a plateau at
24dBm before a sharp drop 27 dBm. This mirroring indicates the actual transmit power is
being increased with the setting as the RSSI would not iseretherwise. When tt#6dBm
setting is exceeded the measured power consumption andd@Sstrastically indicating
the limit of the card has been reached and this is an invalithge The behaviour above the
threshold differs signi cantly from the XR7 shown in Figu#el4 showing the variability
caused by different implementations.

Figure 4.19 plots the measured power consumptions againstaged transmit power. Only
valid transmit powers settings from Figure 4.19 are plotfEdese settings are adjusted by
an expected dB con guration offset [109] to obtain the estimated tranispower. This
plot is used as the basis of modelling the relationship betweansmit power and power
consumption described in Section 4.5.3.
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different path losses.
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4.5 Radio Characterisation Models

The results in Sections 4.3 and 4.4 provide the data ratetseidor a given path loss. To
create a model of the data rate selection for a give recegmakipower the relationship
between path loss and received signal power must be knowis igketermined in Sec-
tion 4.5.1. Using this relationship Section 4.5.2 presantsdel of data rate selection given
receive power for both radios. Section 4.5.3 presents a himdgower consumption given
transmit power selection for both radios.

4.5.1 Relating Path loss and Received Signal Power

The Ubiquiti XR7 and SR71 radios report the received sigmalgy in the form of RSSI.
There is no standardised format for RSSI in IEEE 802.11 noUbdimuiti publish this in-
formation. The RSSI is likely part of the algorithm used téesethe transmit rate. To
understand this relationship the reported RSSI and selefdta rates are investigated for
estimated receive signal powers.

Rate Selection vs RSSI

Figure 4.20 plots the mean and mode reported data rate atjaeneported RSSI for each
radio. As expected the selected rate decreases as RSShskes the SNR will be poorer.
The rate selection for both radios is very similar when th&RS less thary3dBm. Above
this the SR71 outperforms the XR7 by selecting and maintgithe maximum data rate at a
lower RSSI. This may be due to the design of the cards. Théssitgiin rate selection give a
strong indication that RSSI is part of the algorithm used&be selection and is comparable
for both radios.

RSSI vs Estimated Receive Signal Power
The receive signal powé?™ is estimated according to (4.1), as:
Prx Ptx L xed I—var

As the receive signal power is dependent on the transmit pawderstanding the relation-
ship between the received signal power and RSSI is importard values of transmit power
P were tested to determine the receive power and compareottiie reported RSSI:

» “Basic” data rate. The transmit power used is that associated with the “batata
rate of the radiol:5 Mbps for the XR7 and Mbps for the SR71. The “basic” data
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Figure 4.20: Mean and mode reported data rate against egp@ESI.

Radio PX
XR7 28 dBm
SR71 25dBm

Table 4.5: Transmit powers used in (4.1) to calculate theivecsignal power.

rate is used to transmit control frames in IEEE 802.11 [110].

» Selected data rateThe transmit power used is that associated with the actialrdte
mode reported data rate.

The "basic” data rate transmit powers used for the XR7 and1SR& shown in Table 4.5.
For the XR7 the transmit power was measured as discussedSecition 4.3.2 and for the
SR71 the transmit power was obtained from the data sheet [93]

Figure 4.21(a) plots the reported RSSI against estimatszlve signal power when using
the transmit power associated with the basic data rate. HEoBR71 the RSSI follows the
estimated receive signal power. For the XR7 the RSSI is grétadn the receive signal power
by a xed constant. A6 dB offset is plotted as reference as this would be the exgetim of
a5 MHz bandwidth signal over 20 MHz bandwidth signal if the transmitted energy is the
same for both. This is due to the power spectral density obthieiz bandwidth transmitted
signal being four timesgdB) that of the 20 MHz signal; the energy is concentrated iwith
the narrower bandwidth. This creates a greater SNR at tleevexc The offset of the XR7 is
greater tha® dB but given the transmit power tolerancelafB [94], this meets expectations.
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Figure 4.21: Reported RSSI for an estimated receive powenwh) the basic data rate
transmit power, and (b) the mode data rate transmit powasasd in (4.1)
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Figure 4.22: Estimated transmit power and measured powsucoption for each data rate.

The constant relationship between RSSI and estimateds/eepewer for both radios imply
the measured RSSI is not based on the data rate used for tsasrmm This is because
different data rates use different transmit powers. Thisldioreate visible steps in the RSSI
as different rates are selected. Figure 4.21(b) plots therred RSSI against the estimated
receive power when the transmit power for each radio is ssdewhich corresponds to the
mode data rate (as introduced in Section 4.1.3 and measuréaef XR7 in Section 4.3.2).
Note the steps visible in the RSSI-receive power relatignfsitmed when a higher transmit
power is used when a lower data rate is selected (as disc&=ction 4.1.3). The fact that
these steps are not visible in Figure 4.21(a), and the agsumipat RSSI is based on the
received power at the basic rate, imply the radios use the tste (and hence than transmit
power) to calculate the RSSI and select the data rate.

Rate Selection vs Estimated Receive Signal Power

With the received signal power estimated using the basia d#te transmit power, Fig-
ure 4.22 plots the mean and mode transmit rates againsveepewer for the XR7 and
SR71 radios with data taken from Section 4.3.1 and 4.4.1 5MElz bandwidth XR7 has a
lower threshold for each of the rates than #@8MHz SR71 except for the highest rate. This
is expected due to the increased SNR of idHz XR7 signal compared to th20 MHz
SR71 signal, with the difference visible in Figure 4.20.
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Figure 4.23: Model of XRS5 MHz and SR7120 MHz data rate selection given a receive
signal strength .

4.5.2 Rate Selection Given Received Signal Power

The relationship in Figure 4.22 is used to create a modeltefsalection given a received
signal power. The functiom f,, “"P™e provides a transmit data rat®, for a given receive
power,P™. For each estimated receive signal powe¥, there is a corresponding mode
transmit data ratem, obtained through experimentation (Section 4.3.1 andi@edt4.1).

If all values of P™ are ordered high to low in a se®™ > P"™, then the corresponding
mode transmit data rates are contained araet,M . The mode data ratel] , are Itered

to remove the unexpected behaviour of the rate increasirenwihe received power has
decreased.

my, M1 My, N>0:MS 1o
Mp 1 Mp; 1~ my AO (4.4)

Nearest-neighbour interpolation is used by the model teigeoan expected data rate selec-
tion for a given receive signal power.
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XR7 3.395e-07 4.424 2.555
SR71 1.135e-07 4.545 2.342

Table 4.6: Parameters for XR7 and SR71 power consumptiorelsod

4.5.3 Power Consumption Given Transmit Power

To model the power consumption of the SR71 and XR7 for a grgersimit power a function,
Prago fp PXe, provides a power consumptioR;agi0, fOr a given transmit powef ™. A
power curve provides a good t for the measured power congiomgor valid transmit
powers discussed in Sections 4.3.3 and 4.4.2. Three ceetsi, and are used to
describe the curve, which differ for the XR7 and SR71. Thegrosurve is only valid when
P% A0. When this condition is not metis used as the approximation:

¢
¥ p oo P % AQ;

Pradio jl; (4'5)
. P> BO:

o]

Figure 4.24 plots the modelled power consumption and medsower consumption for the
XR7 and SR71 using the parameters in Table 4.6. These paewatre determined using
the MATLAB t tool with default parameters for a “two parameter” powerlfl].
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4.6 Summary

This chapter presented two models obtained from lab-basedumements for Ubiquiti XR7
and SR71 radios used within Hopscotch networks discuss&hapters 2 and 5. These
models are used to provide realistic simulation resultfifelenergy saving scheme proposed
in Chapter 6.

Data rate selectionThe data rate selected by the AP for a given receive powechasc-
terised by using a variable attenuator to simulate a Gaussiannel. The transmit power of
the radios was measured to provide an accurate estimate cé¢hive power required for a
given data rate. A model of supported data rates for a givegive power allows estimation
of link throughput for a given path loss. Interestingly batldios demonstrated unexpected
behaviour. The throughput using the XR7 dropped considieifab a path loss between
98dB and110dB for all data rates. The SR71 struggled to maintainlth&bps data rate
for all path losses and therefore was never automaticdkgtsl. The pro ling also showed
the5 MHZ bandwidth XR7 has a greater sensitivity than 2dViHz SR71.

Power consumptianThe power consumption of both radio daughter cards with lerdfik
RouterBOARD 411 SBC was measured for con gured transmmspmwers. The results of
these measurements show the power consumption increabesamsmit power and can be
approximated with a power curve. The resulting model allthwespower consumption of
radio payload to be estimated for a con gured transmit powdre knowledge that reduc-
ing the transmit power reduces power consumption allowgtssibility of using this as a
parameter to reduce the power consumption of a base station.
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Chapter 5
Trial Network Analysis

This chapter presents analysis of data collected from ldHdpscotch network on the island
of Tiree. Useful models for household distribution, progiégn loss and traf ¢ patterns for
a rural scenario are derived from this data.

Hopscotch trials have been running in Scotland, on the dslasf Bute and Tiree. An
overview of these two trials is given in Section 5.1. Thels¢riprovide an opportunity to
analyse how the networks and base stations are utilisedrayaommunities. This analysis
allows models to be constructed, and therefore networkwetieto be studied for a realistic
rural scenario. Sections 5.2, 5.3 and 5.4 use data from tke Trial network to create mod-
els for household distribution within a rural communityetpath loss experienced in open
rural terrain and the bandwidth utilisation within the netl As discussed in Chapter 2,
there are advantages to using a dual-band TVWS and GHz retti@refore the models
derived here are important in enabling the exploration @&rgy saving opportunities in a
rural broadband network in Chapter 6. Data collected frois mietwork also provides an
excellent opportunity to validate the design of the renderglowered base station, WindFi,
as discussed in Chapter 3.

5.1 Trials and Deployments

5.1.1 Isle of Bute Test Bed

An 18-month collaborative research and development prejas set up in 2010 to install a
trial network to assess the viability of delivering broadBaising TVWS spectrum to a small
rural community on the south part of the Isle of Bute in ScullaPerformance was measured
on a number of levels, ranging from data rates and latenkresigh to user experience for
applications such as video-conferencing and video stregmi
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As part of the trial, a renewable and mains powered WindFe Isé&tion has been operating
with different IEEE 802.11 WiFi and IEEE 802.16 WIMAX radi@ploads. Outdoor tests
on Bute using TVWS test-kit based on a modi ed WiFi radio wétb MHz bandwidth
(operating in arB MHz channel) have demonstrated TCP throughput up kbps for a
4:8 km non-LOS link in a UHF channel & W EIRP, and higher thah0 Mbps for 2 km
connections. Results from the trial are presented in [55].

5.1.2 Tiree Broadband

In 2011 a Hopscotch trial was established on Tiree, usinghawable powered base sta-
tion and 5 GHz wireless links to replace legacy equipmenttaaied by Tiree Broadband.
Tiree Broadband is a not for pro t company established tovjate broadband access to the
people of Tiree. A commercial quality wireless network kakto a multi-feed ADSL back-
haul allows Tiree Broadband to reach areas of the islandithutive reach of conventional
broadband. Tiree Broadband has been operating succgsshde 2005; a base aD0sub-
scribers makes it one of the largest and most successful coityrbroadband networks in
Scotland. Results have demonstrated longest link TCP giwmmuts of up t80 Mbps over a

9 km 5 GHz Band-C PTP link and up 0 Mbps over &3 km LOS,5 GHz Band-B PTMP
link. Further expansion of the Tiree trial network is pladnégth three more renewable base
station deployments, ve mains powered base stations, etandancy planning to create a
ring of eight base stations serving all subscribers andignmay visitor access.

5.1.3 Community or Cooperative Operating Models

In addition to the technology issues and the challenge oingdjood backhaul connectivity,
it is also worth noting that a effective operating and busstaodel is required. One potential
operating and business model is that of a community or cabipety owned network [112].
It may be possible with managed community cooperatives &vaip in locations and envi-
ronments that are uneconomical and have no return on ineesfior larger companies. For
example infrastructure and ISP services could be owneddgdmmunity and operated by
a network manager who will set the tariffs and access changasnsultation with a cooper-
ative or community type trust (as already operates on TiiBeides network coverage, the
network can serve as a framework to test and develop netwppost for important evolving
applications such as smart grid communications [113] aattime services such as BBC
iPlayer for video streaming. The network on Tiree can ogetatprovide connectivity to
homes connected on the Hopscotch network, and also proytdfarm to further test and
develop, in particular for TVWS radio given the potentialtbé beachfront UHF spectrum
available in many rural areas.
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Figure 5.1: Tiree rural broadband network.
5.2 Household Distribution

The Tiree rural broadband network serves dl@dhouseholds and businesses on the island
of Tiree. Fourteen sectors based at six base station sig&lpraccess for the island com-
munity. Figure 5.1 shows base stations and connectingpstativhich are households and
businesses. White lines denote wireless links between aandistation. Clusters are visi-
ble in different parts of the island where individual comnti@s exist in the form of small
villages or hamlets.

The majority of households are located close to the “hub” ebaamunity, where a base
station is typically situated. Figure 5.2 shows the disiiiitn of households from community
base stations on the island of Tiree, formed by measuringdittance ofL18stations in the
network from all base station sites using global positigregstem (GPS) coordinates.

A circularly symmetric normal distribution depending &n(North) andy (West) coordi-
nates with the base station at the origin has been tted wethdgapproximation to the rela-
tive distribution of households in Figure 5.2. This prowdm alternative from the uniform
distribution typically used when simulating mobile statiocations [114].

The distance of a household from a base statioan be described using Cartesian coordi-
natesx (North) andy (West) if the base station is located’atye ~ 0;0e. The distance is
given by

»

r X2 y2 o (5.1)

x andy are modelled using independent standard normal distobsii = ; 2. The circle
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Figure 5.2: Histogram of household distance from baseostatn Tiree with tted Bivariate
approximations.

normal distribution is a special case of a normal bivariastritbution with no correlation
between the two distributions. The joint probability déey$unction (PDF) is given by

"X ye ! eX(E1'<X °2<y
Y 5 2 p >

2
c i (5.2)

where the standard deviation and mean of both individudtidigions are the same and
given by and resp)e)ctively. When the mean of both distributions is zero,0, the PDF

in a polar from forr x2 y2, when , ,isgiven by
. 1 1r 2
re > 2 expce 5¢ —r- P (5.3)

Figure 5.2 shows the probability of nding a household betweadiir andr dr with
¢ 2:80,3:09 3:200 km. The standard deviation 3:09was determined to be the best
t by performing non-linear least squares t.

5.3 Rural Large-Scale Path Loss

The radio equipment used within the Tiree network enableswa statistics to be recorded
for all radios. Access to the signal statistics of radiosdusghin the network allowed a
simple rural-large scale path loss model to be created biggta model to the measured
data. The receive signal power, and locations of all statisas recorded eve0 minutes
between November 2013 and February 2014 and used for thgsamal
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5.3.1 Background

Propagation models allow link designers to characterigie [pas based on parameters such
as frequency, distance and terrain. Propagation modeks een developed using either
empirical measurements or modelling [115].

It is widely known through both theoretical and measurent@Esed propagation models that
the received signal power decreases logarithmically wigkadce [96]. The average large-
scale path losd,, between a transmitter and receiver in dB for a distance itersg, is
given by the simpli ed path-loss formula [116]

L K 10 log« E- X (5.4)
do
where is the path loss exponent anda log-normal distributed random variable to model
shadow fading. The constaHt is the reference path loss at a close-in distadge,This
depends on antenna characteristics and the average clatteneiation, and can be obtained
through eld measurements or can be set to the free-spabegpat at a reference distance,
do, in the antenna’s far eld. Assuming omni-directional amt@s for an operating wave-
length, the reference path loss is

K 20Iog<4d e (5.5)

0

In addition to popular models based on empirical measur&seich as Longley-Rice [117]
and Okumara-Hata [118], other work has focused on detengithie suitability of models
for speci ¢ scenarios, such as xed wireless access indbesHz band [119], or creating a
model based on measurements for an urban network [120] s€bi®n differs by presenting
a model based 08 GHz links for a rural environment.

5.3.2 An Empirical Path Loss Model for Tiree

Similar to [119, 120] , the suitability of a simple path los®adel based on (5.4) using
a tted path loss exponent,, is determined for the Tiree network using received signal
strength measurements and known parameters and distances.

Knowledge of the link distancd, estimated link path losk and reference path loss§,
allows to be estimated for each link using (5.4). Therefore, giverstimated path loss
for all links, the model in (5.4) is tted to the data using @a$ squares linear regression t
by determining a value for to minimise the minimum mean square error (MMSE). The
calculation and justi cation of each of the parameter regdifrom the regression tis given
in Table 5.1. Figure 5.3 shows a scatter chart with error legmesenting standard deviation,
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Symbol Parameter Description
d Link distances The distance of each link is known as the peeldcation
of each AP and station is known.
K Reference Calculated using (5.5) with an operating frequency of
path loss 5:6 GHz givingK  47:4 dB.
L Individual link The receive powerP™, in dBm is reported by the radio

path losses and can be related to path loss, by rearranging (5.6) as
discussed in Sections 2.5.3 and 4.5.1. The transmit power
P% 30 dBmis the maximum permissible EIRP for the
band of interest as introduced in Section 2.3. The re-
ceive antenna gai®™ 22 dBi is given by the Ubiquiti
NB-5G22 5 GHz data sheet [87], which is the radio and
antenna used by the vast majority of stations within the net-
work.

Table 5.1: Parameters used for regression t to determime(5.4).

of estimated path losses for each stationising

L PX PX G* : (5.6)

Two path loss approximations are plotted; free space path(leSPL) 2:0and  2:39.
The path-loss exponent with the MMSE after least squaretinegression was calculated
as  2:39with a root mean error d:3 dB.

Tiree is an interesting radio environment as there are res tiele to the high wind-speeds,
therefore foliage is unlikely to affect the measuremeniguie 5.4 gives an impression of the
terrain on Tiree. The weather is very changeable, leadingti@d atmospheric conditions
which will affect GHz radio propagation [121]. Rain fading addition to uncertainties in
the antenna gain (due to the bore-sight of the antennas mg Akgned with the maximum
antenna gain), clutter and interference all add to the maean recorded receive powers.
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Figure 5.3: Estimated station path losses with tted paislexponentials.

Figure 5.4: Typical terrain on the isle of Tiree.
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5.4 Network Bandwidth Utilisation

The Tiree Broadband network allowed the instantaneousvadtit used on each link within
the network to be monitored. This allowed a pro le of the baitth requirements of the
network to be constructed to investigate potential eneaging methods.

5.4.1 Background

A model for residential ADSL downstream and upstream tréifas been presented by Maier
in [122]. Maier's model is based on measurements of urbannwonities in Europe and
presents the relative volume of bandwidth for downstreathugstream traf c. Figure 5.5
plots the relative downstream and upstream throughput aar@emptage of the maximum
downstream throughput.

5.4.2 Tiree Network Bandwidth Utilisation

Within the network individual stations are normally lindtéo a peak throughput of 2 Mbps
to protect against congestion. Figures 5.6(a) and 5.6 ¢y shhe mean daily downstream and
upstream bandwidth of traf ¢ on the link between the Crowsd¥irelay and the network IP
backhaul; this link carries almost all of the traf c on thetwerk.

The downstream bandwidth is the volume of traf ¢ sent frora tfackhaul to stations within
the network. The upstream bandwidth is the volume of tratatsfrom stations within the
network to the backhaul. To create the graphs the downstaeampstream bandwidth were
polled every20 minutes between November 2013 and February 2014. The meamwltth
used per hour was averaged over the recording period toecheatly means for the entire
period. The error bars represent the standard deviatiamtiie mean. The error bars indicate
a large variance which is expected as the network only cssisiroundLOOusers, therefore
large usage swings are expected day-to-day.

5.4.3 Bandwidth Utilisation Model

A model of the hourly downstream and upstream bandwidtisatibn was created from the
averaged bandwidth measurements by using a smoothingsplito give the upstream and
downstream bandwidth utilisation as a percentage of thk pesan given the time of day.
These models are overlaid onto the averaged measureméitgine 5.6.

The MATLAB t tool [111] was used with a default recommended smoothingarpater
0:999991962513161
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Figure 5.5: Relative ADSL downstream and upstream banduditisation recorded by
Maier [122].

A diurnal pattern is visible, where substantially less baioith is used during the night than
the day. For both the upstream and downstream the peak bditindygied is roughly ve times
that of the minimum at 05:00. The ratio between the bandwid#d for the downstream and
upstream varies around a mear7d¥lbps, peaking aB:5 Mbps at midnight and decreasing
to a low of6 Mbpsat 04:00.

When Maier's model is compared to the tted Tiree data sintiles and differences are
visible. Figure 5.7 compares the downstream and upstregisation for the two models.
Figure 5.7(a) plots the two models when scaled to the peak mieae downstream band-
width. The upstream utilisation is much lower for the Tireedal than using Maier's model,
with a mean difference arour@Mbps. Figure 5.7(b) compares the downstream utilisation
as a percentage of peak bandwidth. The general shape of theured bandwidth usage
matched Maier with the notable difference of the peak Titdesation being delayed by an
hour compared to Maier. After peaking the Tiree utilisatttatreases with a more gradual
gradient from 21:00 until 05:00 than the sharp decrease oéM&igure 5.7(c) compares
the upstream utilisation as a percentage of peak bandwitightrends shown by the models
are similar apart from the bandwidth utilisation being gahsally lower between 02:00 and
07:00 using the Tiree model.
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5.5 Summary

This chapter presented analysis on a trial network on tledsof Tiree. The data captured
was used to create three models relevant to studying ruvatband networks:

Household distributionA circularly symmetric normal distribution was shown asoad t

to the known location of households on the island of Tireltree to the location of base
stations. This probabilistic model will be used in Chaptersé basis for optimising multi-
RAN network assignment for energy ef ciency. This disttilmn is more suitable than the
uniform distribution typically used, as it better re ectswral community.

Large-scale path lossRecorded signal strength values were used to estimatehdqsat
coef cient for a simple large-scale path loss model. Thigelavill be used within Chapter 6
to estimate receive powers when varying a transmit powenattetoff power consumption
and network performance. This model differs from existingdels as measurements are
made in the5 GHz band, commonly used for rural broadband, and the areaterfeist is
rural.

Traf c usage A daily traf c model was created using recorded traf ¢ Igadt base station
locations. This model, and in particular the variance ifidrdaroughput the day it implies,
will be used in Chapter 6 to demonstrate how energy consompfn be minimised when
scaling the network performance to satisfy temporal trafemand uctuations. As this
model was created using data from a rural community, it plesia good alternative to the
existing model which was created using data from urban conities.
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Chapter 6

Optimising a Multi-Radio Network for
Energy Ef ciency

Hopscotch serves a rural community by using two RANs; an IBEE11 RAN inthe 5 GHz
band and an overlay UHF RAN in TVWS. TheGHz RAN provides high capacity over a
short range whilst the UHF RAN handles the “hard to reach’detwlds. The assignment of
individual stations which can be served by either RAN to gleifRAN can be considered as
a parameter when designing a network. The ability to dynaltyiallocate stations between
RANSs through cell breathing is an example of a cognitivesagtiplication, where situational
awareness can lead to energy savings which is hugely impgddaa renewables-powered
system, as discussed in Chapter 3.

This chapter presents two contributions; the optimisatibthe assignment to provide the
maximum throughput for stations within the network, andlaesce to minimise base station
power consumption by dynamically changing the assignma&stshown in Chapter 4, the
power consumption of a radio is proportional to the tranguower. Therefore by changing
the assignment dynamically, through scaling the netwaksmit power, the power con-
sumption of the base station at any given point in time is miséd, while heeding con-
straints on the transmit power due to regulatory restm&iand on the data rate due to a
required minimal ful Iment of a target data rate.

A probabilistic method is used to calculate the impact ofisgahe transmission power on
the average throughput and station assignment within ttveanke. Using this information,
the station assignment is optimised for throughput and peaesumption. The probabilis-
tic method calculates continuous PDFs of the network thmpugwhich are marginalised
to determine expected performance under speci ed comditicA Monte Carlo method is
used to validate the results of the probabilistic methoddgyregating the performance of an
ensemble of network con gurations under speci ed condisdo calculate an expected per-
formance. The problem is additionally modelled using a BBMNere stations are modelled
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as discrete independent random variables. This allowsella¢gionships between different
aspects and properties of the network to be convenientloeegh To provide as realis-
tic a scenario as possible for simulating all methods, thpddotch radio performance and
power consumption models, characterised in Chapter 4,s@é along with the household
distribution, large-scale path loss, and traf ¢ usage n®gessented in Chapter 5.

This chapter is structured as follows. Section 6.1 intreduthe concept of selecting as-
signment by scaling the transmit power of a RAN and discussesgant prior work in green
radio initiatives and cell breathing. Section 6.2 prest#mgproblem formulation. Section 6.3
introduces a general model of the network used to deterrhi@@mpact of an assignment
on network throughput and power consumption. Section 6s¢rd®es optimising the as-
signment to maximise station data rates. To solve this apdition, Section 6.5 utilises
the probabilistic method. Section 6.6 validates the praiséib model with a Monte Carlo
method. Section 6.7 proposes the alternative BBN methottid®e6.8 shows through sim-
ulation with the probabilistic model how the assignmenttafisns within a community can
be optimised and the base station power consumption miadvas the station assignment
dynamically changes with traf c requirements. The resuatssalidating with the Monte
Carlo method are also discussed. Section 6.9 presentssenaging the BBN method and
describes the differences to the probabilistic methodti@e6.10 provides a discussion of
the methods and summarises the chapter.

6.1 Background

6.1.1 Selecting Station Assignment by Scaling Transmit Pow er

Figure 6.1 shows the premise of changing the assignmenabbiss by scaling the reach
of the GHz RAN using the transmit power. In Figure 6.1(a) gdatransmit power causes
stations within range to associate with the GHz RAN. In Fagérl(b) the transmit power
has been decreased, therefore the range of the GHz RAN hasaded causing fewer sta-
tions to associate. All stations out-with the range of thezGAN associate with the far-

reaching UHF RAN. This scheme is similar to the concept of lmedathing introduced in

Section 6.1.3.

6.1.2 Green Radio Initiatives

The collective goal of green radio research is to reduceggnequirements in radio sys-
tems. This reduced energy consumption further facilittes use of renewable energy for
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(@) (b)

Figure 6.1: Controlling the assignment of three STAs betwtee GHz and UHF RANSs by
scaling the transmit power of the GHz RAN. (a) Intitially tkdHz RAN transmit power
causes the UHF RAN to serve one STA and the GHz RAN to serve Ts.3b) Reducing
the GHz RAN transmit power forces the UHF RAN the serve two $&Ad the GHz RAN
serves one STA.

rural broadband solutions, as discussed in Sections 3.B.2ndtudies into front end ef -
ciency [123], savings in the network layer [124, 125, 844nsmission protocols [126] and
radio resource management [127] all contribute to energyeety.

Adapting a device or network to varying conditions to ful bpeci c criterion is an example
of cognitive radio [68]. Optimising power and spectrum ééocy based on an awareness
of surroundings is actively being researched. Dynamictspercaccess allows transmission
power to be minimised by selecting the optimum frequency badwidth to minimise
propagation losses [69]. Energy consumption can also dedsaarelation to throughput
requirements and available bandwidth by modifying the M@38]. Similar techniques
have also been applied to mobile devices, such as using sivedeiser data rate as a driver
for access technology selection for reduced power consami29].

Within a radio, the power ampli er is generally consider&ée tmost power-hungry compo-
nent in the transmitter [130], and reducing the transmit grois therefore the rst target
when aiming to reduce power consumption. Other componguats, as the processing, have
also been addressed, and savings can be achieved by eigg ftalprocessor clock accord-
ing to throughput [131].

Heterogeneous networks combine different radio accebsitdugies, RANs and cell sizes.
Heterogeneous networks are not just regarded as a low dosbsdo increase capacity [70],
but also offers the opportunity for reducing power consuamptising complementary tech-
nologies whilst maintaining quality of service [71, 72, 73]he bene ts of heterogeneous
networks are widely appreciated, therefore wireless statsdsuch as LTE-Advanced have
evolved to support heterogeneous scenarios [132].
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(@) (b)

Figure 6.2: Demonstration of cell breathing: (a) Cell B iedwaded with UEs compared to
cells A and C; (b) Cell B contracts to fairly distribute themioer of UEs accross all cells.

6.1.3 Cell Breathing

Cell breathing is a well known method for load balancing iliutar networks [133, 134].
Cells can expand or contract to control the number of usexscésted with a base station,
thus controlling capacity of the network as shown in Figutz 6

Cell breathing is also an energy saving feature, allowirig ¢@ be turned off when capacity
is not required [135], thus enabling such networks to be ped/by renewable energy [136].
The diurnal uctuation in network traf ¢ patterns discussien Section 5.4 has been proposed
as trigger for scaling network capacity through breathih87], increasing capacity at the
expense of power consumption during peak demand times.

6.2 Problem Formulation

A community of households is represented by éSsetith individual households denoted as
stationss >S. The stations ir are ordered in ascending radial distance — and therefore in
ascending path loss according to the propagation modelsedater — from a single base
station serving the community via a get ~a,; ag® of RANs. A UHF networka, and a GHz
networkagy are available, and stations associated with each RAN ataioed in the setS,
andS,. All stations must be assigned to only one RAN such H&S, SandS;9S, g.

The assignment of stations in the network is therefore desgiasN  "Sg; Sye.

The problem addressed in this chapter is to determine thmopt assignmeni , which
will depend on parameters of the network and the environpagrat will be driven by time-
varying throughput requirements placed Arby the stations ir§. Below, Section 6.3 de-
scribes the network model, where the impadiobn the individual data rates and the power
consumption at the base station is derived. The cost fumfiicoptimisingN is then de ned

in Section 6.4.



6.3. Network Model 102

Riarget S
R
Station
Assignment
Sy; Sq
y
Propagation
Model
Transmission
Power LuLg
Selection
oy
Py Py Receiver
Model
v M ;M g
Power Network
Consumption Throughput
Model Model
Ptotal R

Figure 6.3: Network adjustment model.
6.3 Network Model

A model of the network, as outlined in Figure 6.3, relating #tation assignmem to an
expected minimum station throughgRtand power consumptioB, is used to study the
impact of station assignments. Each statio§ina >"u;ge, has a corresponding path loss
calculated using a path loss modil, S; L,;} a >A. The path losses for the stations
and for each RAN fornik ,, which, for a given assignmeit, determines the transmission
powerP* for RAN a. Note thatP;* determines which stations can be reached by the GHz
RAN, with the remaining stations assignedSq If transmit power permits, the preference
of any statiors is to associate withy.

Data is delivered to stations at one data rate from a feas#tl®1 2a!. The data rate used
for each station on each RAN,, Lj, M 4;1 a > A, depends on the path loss of the
station and transmission power of the RAN. Given a set ofestatata rates for each RAN,
M 4, the minimum throughput for an individual station withirethetwork,R, is calculated
using a network throughput model. The base station poweswraptionP is a function
of the transmit powers, which, together with the individsttion data rat®, can be used



6.3. Network Model 103

to select a station assignmeéitgiven a target data ratqe:. Below, the various models
and components contained in the network model are analpsadier to operate the overall
approach outlined in Figure 6.3.

6.3.1 Propagation Model

The propagation model for Figure 6.3 uses the simpli ed folarintroduced in Section 5.3.
For statiors at a distancel from the base station, the path loss measured in dB is

Lsa Ka 10 log™de (6.1)

Here,K ; is the reference path loss for RAdbperating at wavelength of,, as discussed in
Section 5.3. The constant 2:39is the path loss exponent determined through analysis of
the Tiree network presented in Section 5.3.2. Given (6t ,parameterk , in Figure 6.3

can be calculated.

6.3.2 Transmission Power Selection

The transmit powers &k, P, depend on the assignmeé¥tand the path losses for stations
in S and their association with either of the RANs. The cruciainponent is the GHz
networkag, which must provide the transmission pow§ to support theS,Sassociated
stations.

To determineP*, the minimum required transmit powBE:"" is considered to establish a
connection with statios on the GHz RAN at a data ratm,

Pé;xmmi” Lsg Pm G™ (6.2)

where the receive antenna g&it and the minimum receive signal leve[x are measured
in dB. The combination of all possible minimum transmisspavers for each station and
modulation scheme are members of thePsgimn

Wheni represents the index afin Syg: i >71:::$;S¢ then the mean transmission power
required to associate statioand not  1is given by

Pitx,mean meanﬂptx,min >Ptx,min$)tx,min @Ditx,lr;n(;ni : (6.3)

wherem 0 is the minimum data rate required for a reliable connectiéxtrapolation is
used for the case &3S Therefore, for a desired number of stations on the GHz RB)§
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the required transmission power is

X, .
Py Pss (6.4)
The transmission power for the UHF RA&, P, is 30dBm, which is a possible limit for
TVWS transmissions recommended in the Cambridge TVWS Tx28]. This is assumed
to create a reliable connection for all stations.

6.3.3 Receiver Model

For a given transmission power and path loss, the receivepfow stations on RAN a is
given by

P P& Lsa G™ (6.5)

assuming all quantities are measured in dB. The data rates $et of stations in a RAN
is denoted a# ,. Each data rate has a corresponding minimum receive powehvig
obtained through a lookup table. The set of minimum receaqs for all possible data
rates is denoted d&mes™ . For this analysis, these values were taken from the radidinpy
models discussed in Section 4.5.2. For each station repemer, the data rate used by
stations, Ms;,, is determined by the range within whi@y, falls. The data rate receive

MmCs;rx

powerPg,~" >Pmesix pest suited for statiogis
Psr?aCS; X max T|F|) MCs;rx > P MCs;rx 9 MCs;rx B PSr’XaZ (66)

Therefore, the data rate for the set of stations in each RAMN,is P3'“>™ M 4, which
according to Figure 6.3 provides the input to the networkulghput model.

6.3.4 Network Throughput Model

Given a set of data rates for each station on a RAN, the netthookighput model calculates
the expected UDP downlink data rate for each station usingpdeinof the IEEE 802.11
MAC layer in point coordination function (PCF) mode [139]hi$ model is used for both
networks.

With the expected data rak, in bits/s (bps) for each of thd &, Sstations inS,,

L
R, —X7A . (6.7)
TPCF;a
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the minimum data rate for an individual station in the neky®, is given by
R min"Rge;} a>A (6.8)

In (6.7),Lpara is the length of the data packet in bits, which for simpliegyassumed to be
uniform across all stations to simulate a congested netweukiher, the total time required
for a PCF exchange between the point coordinator and alt&ged stations is

Tecr Trirs  Teeacon
N 1
Q "Tpatacrro N Tcrack Ne
no
2N 1o Tges max Tceenp® (6.9)

where for each station

22 L MAC L DATA

TDATA _CF.POLL TPRE TPHY

Npgps
22 L
Tcrack Tere  Tphy —jq——jﬂﬁz
CBPS
22 L
Tcreno Tere  Tphy -——FI—EEEEE (6.10)
CBPS

are derived from standard IEEE 802.11a parameters andsvalbe number of data bits per
symbolsNpgps and number of control bits per symbdggps depend on the MCS index of
the data rate used (Table 4.2). The length of the beacon ®elbyTgeacon, Trirs IS the
PCF interframe spacdgrs the short interframe spac&pre the preamble lengtilpny the
signal symbol overhead in the physical protocol ubigac is the number of bits of MAC
data within the physical layer convergence protocol serdata unit, and.cgenp IS the
length of the contention free period end frame contentstm IBior a channel bandwid,
Tsiks Trirs, Trre @and Tppy are scaled by®eHz [139].

6.3.5 Power Consumption Model

The power consumption of the radio is approximated as aiflmmof the power consumption
as obtained through measurements discussed in Secti@ Asdthe EIRP is considered as
the transmit power in this analysis, to obtain the con guradio transmit power the model
described by (4.5) must be modi ed. Given the EIRP and transmit antenna ga@#,

Pradiaa aAPat\X Gg(' : a - (6.11)
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The coefcients , and in (6.11) differ for each RAN, as summarised in Table 4.6.
Therefore the total power consumption of the base station is

I:)total Q I:)radior,a : (6.12)
A

6.4 Optimum Station Assignment

The optimum station assignment minimises the differende/éen the time-varying target
downstream data bandwidiR.qe: , and the bandwidtR™N;e provided by a speci c station
assignmenN;  ~Sy;;Sgi* >NA! whereN Al is a set of all possible station assignments,
with 8l A'S SS 1. Achieving only a lower rate will penalise station usersjle/a higher
rate utilises more transmit power than necessary. Therdf@ optimum assignmenl,;
can be obtained by solving the constrained optimisatioblpro

N opt arg min $ztarget R°N;S ;
N; >N All

st RANi’ CRtarget
P BPYnax: a>A (6.13)

wherePfs . is the maximum permissible transmission power. By seelirigeep the data
rate to a permissible minimum, (6.13) will also directly nmiise transmission power.

The optimisation problem in (6.13) is not guaranteed to m¥ew, and a closed form solution
can be challenging. Therefore, using the three methodsideddn the following sections,
a feasible set of assignments is rst identi ed that sats the constraints, and thereafter a
graphical, but unconstrained optimisation is performeer dhis feasible set.

6.5 Probabilistic Method

A probabilistic method is used to determine the averagéestassignment and throughput,
given the transmit power of the GHz RAN based on the networklehdescribed in Sec-
tion 6.3. These results are used to perform the optimisal&scribed in Section 6.4. For a
given transmission power the probability of the stationsi¢peeceived at a particular data
rate is calculated in Section 6.5.1. The average througapdtassignment are then cal-
culated by assessing the probability of all possible peatits of data rates, discussed in
Section 6.5.2.

Both the assignment and network throughput are a functiaiefeceive power of each
station, therefore the distribution of the receive powestafions is required for analysis. For
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n stations within a network with a xed transmit power, the ea@ power of each station
can be modelled as a random varialllewherer >71;2;:::;ne. The stations are ordered
by receive power, from strongest to weakest, to create afsetiependent and identically

represents the receive power of all stations within the agkwTl he random variables have a
PDFfx "xe and cumulative density function (CDF) “Xe.

6.5.1 Probability of Data Rate Selection

Each station can be served at one rate out of a set of possitderates, denoted by an
MCS indexm >M 22l - As discussed in Section 6.3.3 the data rate selected isl loasthe
measured receive power at the station. Therefore each alataequires a corresponding
minimum receive power. The set of minimum receive powersafbpossible data rates is
denoted a$™mes™ . Therefore, for a station with receive power to be served with data
ratem, the receive power must be within the randé Bx, @x™ |, wherexM >Ppmesix js

the minimum receive power required for theh data rate. The stations are ordered from
strongest receive power to weakest, therefore the datasatected for each station are also
ordered such thah, Cm, 1, wherem, is the data rate adopted for use with statioMore
generally, for each station representeddyy a data rate is selected when the receive power
is within the intervalk} Bx, @x!, wherex. andx! are the lower and upper limits of a data

rate receive power range arfl x4 >pmesix,

When considering all stations within the network, eachiatais served with a data rate
which has a corresponding pair of bounds forming a receiveepmterval. As the potential
data rates are the same for all stations, the receive poweidsdor all data rates and stations
are members of the sBf"°S™, The probability oin stations, each being served at a speci ed
data rate is described as

P x| BX;Bx{;x, BX,BxYy;:::;xl BX, Bx4 ; (6.14)

n
frooonn X X2;iinXp® NIM f7Xre; X  AXo A AX, (6.15)
rl

The probability that the receive power of each station isimia particular range is required
to determine the data rate used. This probability is obthmejointly integrating over the



6.5. Probabilistic Method 108

receive power ranges for each station which provide therd&teof interest

Figure 6.4 illustrates the probability space of the recg@oeer of two stations, which are
represented using random variab¥esandX,. Figure 6.4(a) shows the joint density;; o,
calculated using (6.15), for all values ¥f, and X ,, without the constrainK; C X,. If
the constrairK ; CX, was imposed, joint density in the upper left triangle of Fey6.4(a)
would consist of zeros. The constraints imposed on the pibityaspace are illustrated in
Figure 6.4(b). The shaded region represents the validmegieeref ., , x 0. Outside of this
regionfi,, 0OasX; @Xs.

The horizontal and vertical dashed linesaal; candd in Figure 6.4(b), represent potential
bounds to areas of interest for both random variables. Addlieds are the same for both
variables, the probability space is divided into a numbesaifares and rectangles in this
two-dimensional case. The probability space within thasfermed by differing bounds of
the two variables is valid as long as the constraintC X, is met. The area labelled “3”
in Figure 6.4(b) does not meet this condition and therefeiavalid. The area labelled “1”
in Figure 6.4(b) is an example wheceC X; Cb Aa CX,. As the individual distributions
do not overlap and the base PDF is the same for both variahkegint probability of the
variables occurring within both intervals can be calcudatsing the individual probability
of each variable occurring within its interval. Forordered variables, the joint probability
of the variables occurring within both intervals is

P x|, BX;BxY;x,BX,Bxy;:::;x, BX,, BxY n!|\; F xUs F%Z ; (6.17)

rl Xg;x'r > pmesir :

if the limit constraints<y AxbL; x4 Axs; ;x4 , Ax}, are met.

To calculate the joint probability of variables bounded bg same interval, a different ap-
proach must be used. In Figure 6.4(b) the bounds used fonatuad) the joint density for
X, andX, are the same in region “2¢ AX,; CX, Ch. Not the entire region within these
bounds is admissible, since the half of this region whére@X , is invalid. Within this re-
gion the density is symmetric across the diagonal whkere X, (the diagonalb;b  c;c

in area "2"). This symmetry is visible in the joint density kiigure 6.4(a). This symmetry
is exploited by calculating the density for the entire regamd then scaling with a value
to account for only the contribution from the valid portiasfsprobability within the shared
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(@)

(b)

Figure 6.4: Representations of a joint probability spacetiam ordered random variables
with the same underlying PDF. (a) The joint probability spat the receive power of two
stations without the constraiit; CX,. The probabilities are normalised betwe®and 1.

(b) The probability space with bounded intervals of interes
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intervals:

| n -
P x| BX;Bxy;x, BX,BxY;:::;x BX, BxY LYY F xYe F%.Z ; (6.18)
r 1l
xp xh x5 xEBxy o xy xd x4

X;,I ; Xlr > P mes;rx

containing distinct lower limits such that~ W. The value of is based on the number of
times a distinct bound; is used in the evaluation in any of the variables, i.e. the lmemof
random variables to be evaluated within the same interval

M Q “wvel; w>W;v>V ; (6.19)
vV W

where is aindicator function used to indicate a match between iamaboundy and the

distinct boundv:

~ ;931 ifw v
wive | : (6.20)

I )
50 if wxv

When a bound is not shared between variables
Q “wive 1 ; (6.21)
W

therefore the calculation of in (6.19) remains valid as the contribution of other shared
bounds between variables is unaffected. This allows (&d®e used for calculating the
joint probability of the variables occurring within intexs:
nt " .
P x|, BX;BxYy;x, BX,BxY;::i;x BX, BxY  —M F xUe F%lZ ; (6.22)
r i
Xu'XI > pmes;rx .
r )

andx¥ Cx!.

Station Receive Power PDF

The receive power of a stationin dBm is a function of the distangein meters, the path loss
exponent , transmit powelP™ in dBm, receive antenna gad™ in dB, and the reference
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path losK as discussed in Section 6.3.3
X g'ye P% 10 logye K G™ : (6.23)

The distance between the station and the base station cast@xkd with a random variable
Y. As g ye is differentiable, and strictly monotonically decreasiog all values within
the range ofY for which fy “ye x 0, then for each value of, the equatiorx g~y
can be uniquely solved for to givey g 1"xe. Given (6.23),g 1 xe 10%
and its derivative2g 1" xe '2%10% can be calculated. This allows the PDF
of the random variabl&' to be transformed to give the PDF &f using the method of
transformations for a single variable:

1n @

Xe V@)g 17xeVv (6.24)

foX‘ fY g

Section 5.2 described how the distance between a basenstatioe center of a community
and the served households could be modelled as a circle hdistabution. Therefore,
a random variabl&y can be used to represent the distance between a station@abhdgh
station in meters, with a PDF, evaluated/agiven by

103y 2

- 103 1
fy ye Zyexpoe§<

; (6.25)

where is the variance that parametrises the distribution of treranity. Thel®® scaling
of y converts m to km.

Therefore using (6.24), this PDF can be transformed to erdat receive power PDF

10(% 3 ¢ L' 16% 30 u 2£ In10 s
i N o o™ y
fx "X exp, =-— —8V—10 ™®© V. (6.26
x ? Pr 2. AT (6.26)
a ¥

As &g 1"x+ BO| X, (6.26) can be simpli ed to

(P[x K er X . E: ? .
fy "X In—12010 : *oxpt 110 —§ (6.27)
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Station Receive Power CDF

The CDF, can be obtained by integrating the PDF in (6.27)

a

Fyx “xe s fx "xedx ;

tx rx
E¥ Kk 6™ x
10 >

Fx "Xxe 10 2 ZIn10 : (6.28)

The CDF of the receive power is used to calculate the joinsidem (6.22).

6.5.2 Average Network Performance

To assess the network performance for differing statiolgassent between the RANS, the
average throughput of each RAN is considered. As the GHz RANsmit power is the
driver for station assignment, the impact of changing taegmit power on the assignment
and throughput is calculated. Through these calculatitvespptimal station assignment to
maximise the throughput of the network can be determinedesepted in Section 6.8.

Station Data Rate Permutations

To calculate average performance, the probability of athpeations of station data rate
selections within the network are considered. The proltglof one such permutation is
calculated using (6.22). As the stations are ordered anaptd receive power strength, not
all combinations of data rates are valid. The valid pernmomstof data rates for all stations

in each RANa >A are contained in a s€,, where each element has associated upper and
lower receive limitsx!; x|, for all stations within the network. Table 6.1 is an exampfle
valid permutations when three data rates are possible.

As stations associated with the GHz RAN cannot simultang@aginect to the UHF RAN,
the sets of station data rate permutati@asfor each RAN are dependent. The set of valid
data rates and the associated receive power levels for tieRAN, Q,, only include rates
which require a receive power out-with the possible recpmeer range of the GHz RAN,
when there is a path loss difference between the two RANserGilve reference path loss
K, for each RAN, a data rate receive power limit for the UHF RANstbe | less than
any GHz RAN minimum receive power,

L Ky Ky P¥ P (6.29)

As the transmit power of the GHz RAN increases, the lower datts of the UHF RAN are
no longer possible. Unsupported data rates are removedtfrervalid set of permutations
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Permutation # Station MCS # Connected
X1 Xn Stations &¢9
0

OUTAWN K
NNERNRO
I\JI—\I—\OOO,\>,<
Oooooo
NRNN P

®S 2 2

N
=]

Table 6.1: Example of valid permutations of data rates (MiG6) stations within a network
with three MCS'0; 1; 2e. MCS 0 signi es the station is not connected.

Qu. For example if the path loss of a station served by the UHF RABD dB less than
when served by the GHz RAN, the minimum receive power of taéast on the GHZ RAN
must be at leas30 dB less than the minimum receive power of the UHF RAN for theictat
to connect to the GHz RAN, if the transmit powers are the same.

Average Station Assignment Calculation

If the GHz RAN receive power of a station exceeds the minimequired for a connection,
the station is associated with the GHz RAN. Therefore themmeanber of stations assigned
to the GHz RAN for a given transmit powe®, S can be calculated using the probabilRy,

of each possible permutation of station data rate withimeteork,q >Qg, and the number
of stations connected in each permutat®y,S

$S Q Pg $¢S : (6.30)
Qg
The variance is given by
Vard®,d Q Py %y S Sy (6.31)
Qg

The median number of connected stati@&jSprovides a robust assignment which minimizes
the impact of outliers. This median number of stations aased with the GHz RAN is

k
&S argmink; st: Q P, CO5 ; (6.32)

Sy S m 1

whereP,,, m 0:::nis the probabilities of the ordered possible assignmerts. valuek
is the index of the median assignment and corresponds toernaupation withinQ.
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Average RAN Throughput Calculation

The throughput estimation of the network and each RAN withm network is based on
the data rate selected by each station, and therefore thivegmower of each station. As
data rates are being averaged, the zero-renormalised hermean (ZRHM) [141] is used
to calculate the expected overall throughput of a RRY, for a given transmit power. An
expected throughpR, for each each permutatia™Q, is calculated using the throughput
model described in Section 6.3.4. For each throughput ption, the non-zero through-
put permutations are indexed by ~1;2;:::;N,*, whereN; is the number of non-zero
throughput permutations. The probability of tki& non-zero throughput isy, therefore the
ZRHM throughputRj,, is

N, N v, 1
Ra Q wy @ R_ ; (6.33)
k 1 k 17K

wherewy are the normalised non-zero throughput probabilities mhepermutation such
thatpﬁzlvok 1. The variance of the throughput given the probabilty, of each permuta-
tiong>Q, is

Var'R.se Q Py %, R.Z (6.34)
Qa

The median throughpuR,, provides an average which is suited to skewed distribatzom
the presence of large outliers. As potential throughputg sabstantially, for example for a
20 MHz bandwidth ranges frofd Mbpsto 32 Mbps the median

k

R, argmink; st: Q P,CO05 ; (6.35)
Rk m 1

is a suitable metric to use whelfg, is themth probability when the throughputs are ordered

from low to high.

6.6 Monte Carlo Method

To con rm the calculations based on probabilistic methodalided in Section 6.5, a Monte
Carlo method is used to calculate the performance metrighénetwork for a given GHz
RAN transmission power.

An ensembleZ , of 10° random sets of stations are created. For a given transmigipibe
throughput of each RAN and power consumption for each nétaetrare aggregated to form
the averaged metrics. These calculations are describédsisdction. Each of the random
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samples irZ is a set of distances between stations and a base statiasteddyyS. This
set is the distances of each station from a base statiom tedk® the household distribution
discussed in Section 5.2. The distances are createdZ®8iandom numbers, taken from
a normal distributiolN ~  0; 2. Half of the2SSwmbers represent ancoordinate and
half represent & coordinate of a station. The radial distances for eachostatie calculated
using (5.1). The network model described in Section 6.3 iag to each set of distances
to determine a network throughput and power consumption.

To assess the performance of the network, the same metscslakd in Section 6.5.2 are
used but the calculations are different. These calculatawa outlined below.

Average Station Assignment Calculation

The meanSyS and mediang;$S number of stations connected to the GHz RAN are used
to average the ensemble. The mean with a correspondingearfaovides insight into the
variability of station assignment for a given transmit powehilst the median provides an
average assignment which minimises the impact of outliers.

The mean number of stations associated with the GHz RAN is
S i $y..S : (6.36)
o4 s? A '
The variance is given by

VariB, g —Q %8,,S S & (6.37)
IS5

WhenZsg,sis the set of GHz station assignments for all sampleZ jrthe median GHz
assignment is

$,S Median%@ s, : (6.38)

Average RAN Throughput Calculation

The ZRHM [141] and median are used as average throughputs&ir the samplez . For
each sample >Z, the non-zero throughput are indexedky “1;2;:::;N,*, whereN, is
the number of non-zero throughput elementg inTherefore

IS N, 1N 1 1

1
R =—Q —* 6.39
*  gs G':Nz Sl Ry (6-39)
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The variance is

Var'R,e Q %, Rz (6.40)
A

WhenZg, is the set of RANa throughputs for all samples in, the median throughout is

Ra. Median™Zg,* (6.41)

6.7 Bayesian Belief Network Method

A BBN is used to display the relationships between variabiea graph [142]. Depen-
dent random variables, or nodes, are connected by diredigese The missing edges be-
tween nodes indicate independences [143]. BBNs are bastxk gmemise that only nodes
connected by an edge to the node of interest can in uenceatcikg the network to be
constructed with a clear mapping of conditional dependeatiews the posterior marginal
probability distribution of nodes to be calculated givesetved information. Therefore the
network model in Section 6.3 is described using a BBN. Thitglo insert observed infor-
mation allows the effect of a xed transmission power on thegive power PDFs of nodes to
be simulated. Conversely, given a xed node receive povier BBN allows the PDF of the
transmit power to be determined. Section 6.7.1 presenBBiheused to model the network
and the relationships betweens the nodes. Section 6.7c2lokes how the BBN is used to
model network performance by inserting observed inforamainto the network.

6.7.1 Bayesian Belief Network Formation

The relationship betwee8§,, L,, P¥, P andM , introduced in Section 6.3 is modelled
as the BBN shown in Figure 6.5. For nodes connected by comnditidependencies, con-
ditional probability tables (CPTs) are used at each nodeeteribe the relationship a node
and its parent node(s) in the directed graph. The CPTs argtrooted by modelling the
relationships between nodes, as described in Section Btande between base station and
consecutive nodes, distance and path loss, receive povar gath loss and transmit power
and data rate given receive power. Using Pearl's algorithad], information across the
graph is exchanged through nodes, by passing messagese gsatth is acyclic, the PDFs
of all nodes, also called the beliefs, will converge to a 8otu The resultant beliefs of the
data rates for each station can then be averaged to dveaend estimate the throughput of
the network.

The individual station distanceS, are described using an ordered set afiscrete random
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Figure 6.5: BBN describing dependencies of distance, jpath Feceive power and data rate.

+++++

Figure 6.6: Probabilistic model of the multi-RAN network.

the ordered set iss "re andFs "re. The PDF of the distance of the households is given
in (6.25). The CDF is obtain by integrating (6.25) over thegaOtoy. S is ordered from
closest station to farthest station, therefore the randamnables representing each distance
are conditionally dependent as shown in the graph in Figu8e Bhe distances evaluated
correspond to transformed path losses using (6.1) bet®8etB and140dB in 0:25dB
steps.

The nodeS;.; is the root of the network shown in Figure 6.5 as it has no fgarérherefore
subjective evidence is used to seed the belie3of using the PDF of the station closest to
the base statiori; , “re. For a set of ordered statistics, the PDF of stakamthe set o is
given by [140]

n 1
frnre nfSAr-<k 1-F3Ar-k 11 Fgire" X (6.42)
Messages propagate from ndflg; to S,.o, whereS,., is the node representing the distance
of the second closest stations in the network. The conditidependency, and hence the

CPT, linking any two stationS,; to S,;, whereOBi @ @n, at distances andv, where
u @v, is given by
fij nu; Ve

o (6.43)

fign u;ve

The joint PDFf;; “u;ve of stationi at a distances and stationj at a distances, where

0Bi @ @n andu @v is

n!
i 1e!7) 1 oiel"n e

1

fij n U Ve s usfs ve Fs us'

“Fs"ve Fs'usel 1'% Fgtve"1Z : (6.44)
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The CPTs used to relate nodes which are functions of distange path loss and receive
power, are identity matrices which map each possible inptibé¢ relevant equation to the
calculated result with a probability dffor all possible values of the input.

6.7.2 Estimating Network Performance

The BBN shown in Figure 6.5 is used in two ways to determineitifgact of station as-
signment. First, the mean GHz transmit powRy, required for each possible assignment
is estimated which is turn is used to determine the througfgoeach assignment.

To determind®;* the minimum required transmit powBE™" to establish a connection with
the farthest statios on the GHz RAN with the lowest data ratecs 0 is considered. The
BBN in Figure 6.5 is solved with node/* set as evidenc®%  Pg's® ™, and the belief of
nodePy* uninitialised. When the BBN converges, the mean of the befi®{* is taken as

the transmit powePy required to associate statisiwith the GHz RAN. This is repeated

The BBN is rerun with no evidence for station receive powertsiith the GHz RAN trans-
mit power, Py, used as evidence for the transmit power for all requiredzevos assign-
ments. Once converged, this provides the PDF of individizian receive powers for the
GHz RAN. The belief of the GHz RAN receive powers can be diyeetaluated to deter-
mine the expected data rate of each station on the RAN. Thef®elf individual station
receive powers for the UHF RAN are calculated from the belefGHz RAN station re-
ceive powers. The GHz RAN receive powers are offset by thie jpas and transmit power

differences such that
beliefd®sZ beliefRZ ; (6.45)
where
PX PX %y K, PYX PXZ ; (6.46)

andK ; is the reference path loss for RAN To determine the beliefs of the station receive
powers when all stations are served by the UHF RAN (), the BBN is con gured for use
with the UHF RAN with the transmit poweR %, set as described in Section 6.3.2.

The median data rate selection for each station is used itoastthe throughput of the
network using the beliefs of station receive powers. Fdimik of RAN a, the median data
rateNf ., is

|
M. argminl; st: Q PnaCO5 ; (6.47)
m 1

M,
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where I—‘}m;a is the probability of themth receive power. The valueis the index of the
median receive power within all possible receive powersMnds the data rate selected for
thelth receive power. Given the median data rates of all staiioesach RAN for a given
transmit power, the throughput of the RANs are estimatedgutie network throughput
model introduced in Section 6.3.4.

6.8 Simulation and Results

This section demonstrates how a station assignment protaenulated in (6.13) can be

optimised for individual station throughput. Furthermtre assignment is dynamically op-
timised based on instantaneous network capacity requirente minimise the total power

consumption. A scenario of a base station serdfgtations is used. Based the WindFi
parameters two networks are used to provide connectivity,

« a UHF RAN atf, 630MHz with 5 MHz bandwidth; and

* aGHz RAN aff;  5:66 GHz with 20 MHz bandwidth.

To provide a realistic simulation the parameters in TabBase used in the model. These
parameters are based on radio and network measurementbsergations.

For a given transmission power the average station assignmpresented in Section 6.8.1
and the average throughput for each RAN is outlined in Se&i8.2. Considering the station
assignment, Section 6.8.3 describes the impact of stasisigrament on station throughput
and base station power consumption, and presents the aptamsignment. Section 6.8.4
describes how the power consumption of the base stationeamrimised by dynamically
changing the station assignment to meet throughput regeinés.

The results presented in this section were calculated tsengrobabilistic method described
in Section 6.5. These results were also validated using thret®ICarlo method described in
Section 6.6. The differences between the calculationgubese two methods are presented
in Section 6.8.5.

6.8.1 Impact of Transmit Power on Station Assignment

Figure 6.7 plots the mean and median number of stations iassdavith the GHz RAN
calculated using (6.30) and (6.32), and the standard dewiatlculated using (6.31), for a
given GHz RAN transmit power. The mean and median statiogm@asent agree closely due
to the low variance in the assignment. The number of staisesciated with the GHz RAN
increases with the transmit power, as expected. If a trarsowier limit of Pg“ ™ 30 dBm
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Parameter Value

n 20
2.39
do 1m
X 3.09 km
fg:fu 5660 MHz, 630 MHz
Kg Ky -47.50 dB, -28.43 dB
Pg ™ " 92 89 85 85 82 78 71, 68 dB
P ~ 103 99 98 95 89 85 78 65 dB
L pata 2312 bits

o o g 1.135e-07,4.545,2.342
0. ul u 3.395e-07, 4.424, 2.555
G ; G 10 dB

Pyt M 30 dBm

P 30 dBm

Table 6.2: Simulation parameters.

is imposed, only a maximum ¢ stations can be served by the GHz RAN, based on the
median number of connected stations.

6.8.2 Impact of Transmit Power on Throughput

Figure 6.8 shows the expected throughput of each RAN for ang8Hz RAN transmit
power, using two different metrics, the ZRHM and the mediBmo metrics are presented to
provide a complete overview of the impact of transmit powetlwoughput.

The GHz RAN ZRHM throughput in Figure 6.8(a) increases to akpat 18 dBm before
decreasing as the transmit power increases. The increas@amit power provides a higher
receive power to connected stations and therefore a high Bi@Shroughput. When the
transmit power exceeds3 dBm, the number of stations associating with the GHz RAN
increases and therefore the capacity of the RAN is now starezhgst more stations, low-
ering the individual GHz RAN throughput. When the transnutvyer exceed87 dBm the
GHz RAN throughput increases again as now the majority oiosta are associated with the
GHz RAN and therefore an increase in transmit power will eaalkstations to connect with
higher MCS, improving the throughput. At low transmit poweitl stations are associated
with the UHF RAN therefore the UHF RAN throughput is at a sated level. As the trans-
mit power increases the UHF RAN throughput increases as stations associate with the
GHz RAN and the UHF RAN capacity is shared between fewermstatipeaking e28 dBm.
When the transmit power excee8® dBmthe throughput drops as the ZRHM accounts for
both thed Mbpsthroughput when no stations are associated with the UHF R#Nze high
throughput associated with few stations connected.
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Figure 6.7: Mean number of stations connected to GHz RAN sfiéimdard deviation, and
median number of stations connected to GHz RAN, for a givamsimit power.

The median, shown in Figure 6.8(b), provides a better estimfstation throughput in this
scenario than the ZRHM as large outliers do not in uence #sult. For each individual
RAN, Figure 6.9 overlays the ZRHM with variance and mediaouighputs for given GHz
RAN transmit powers. The variance of the throughput is varge as the possible through-
put range is very large. For example, in Figure 6.9(a), whenttansmit power i42 dBm
the median GHz throughput B8Mbpswhilst the ZRHM is2 Mbps. At this transmit power,
the receive power is generally too low for stations to cohnethe GHz RAN, therefore
this is why the median throughput@Mbps. But when stations do connect, the throughput
is very high as only a few stations share the capacity. Thezdhe ZRHM at this transmit
power accounts for two scenarios; a throughpud Mbps when no stations are connected,
and a high throughput when few stations are connected. &igivhen the transmit power
exceeds38 dBmthe median number of stations associated with the UHF RANiie and
therefore the median throughput @sMbps but the ZRHM throughput is skewed by the
throughput of a few connected stations.
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Figure 6.8: Individual (a) ZRHM and (b) median RAN througkgand number of connected
stations on the GHz RAN for a given transmit power.
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Figure 6.9: Comparison of median and ZRHM throughputs fpldz and (b) UHF RANS.
The error bars show the variance of the throughput.
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6.8.3 Station Assignment, Throughput and Power Consumptio n

To simplify the interpretation of the network performantieg station allocation is used as
the tunable variable when designing the network. The nurabstations connected to the
GHz RAN is altered by scaling the GHz RAN transmit power. Hwg thean number of
stations connected on the GHz RANthe associated transmit power is used to calculate the
relevant metrics. Figure 6.10 plots the transmit power fgivean number of stations on the
GHz RAN. The GHz RAN radio is un-powered when no stations aremected, hence no
transmit power is plotted on the graph in the case of no cdrstations.

Using the above transmit power, Figure 6.11 shows the statéda throughput for each
RAN for potential station assignments. The at peaks on tdiviidual GHz and UHF
RAN throughputs as  71;2; 18,19 are due to the median throughputs being used. For
the transmission powers of interest the median throughgretshe same, as evident in Fig-
ure 6.8(b). The minimum combined station capacity incredse75%, from 0:48 Mbps
when all stations are served by the UHF RANOQt84 Mbps in case stations are optimally
assigned between RANs. Note that if the constraint of the &K transmission power

to not exceed the maximum permissible powe¥,, 30 dBm, is enforced, then onl9
stations can be connected to the GHz RAN, and the maximum icechithroughput would
be0:76 Mbps, providing an increase 68% compared to when all stations are served by the
UHF RAN.

As discussed in Section 6.4 the optimum station assignnaenibe viewed graphically from
Figure 6.11. The optimum assignment$g,.;S 10which is visible in Figure 6.11 where
the combined minimum throughput peaks. This optimum asségr exceeds the transmit
power limit, therefore the maximum legal assignment is Wigp .S 9. Intuitively given
that the GHz RAN has four times the bandwidth of the UHF RAN; @Hz RAN should
serve more users than the UHF RAN to balance the throughpweba the RANs. These
results disagree with this statement as the optimum nunftetations to serve with GHz is
only 50% of the stations. This is due to the better propagation cherniatics of the UHF
RAN leading to stations being served at a higher data ragetiain those by the GHz RAN
at the same distance. The transmit power of the UHF RAN seheefarthest station at a
reasonable data rate, therefore additional stationsrdlogke base station are served with a
higher data rate. The GHz RAN serves additional statiorthéunfrom the base station at a
comparably lower data rate, leading to the difference.

Figure 6.11 also plots the base station power consumptiogiven stations assignments,
calculated from the mean transmission power required f@ragsignment using the power
consumption model in Section 6.3.5. As the GHz RAN transiwtgr increases to associate
more stations, the power consumption of the base statiorases as shown in Chapter 4.
When no stations are associated with the GHz RAN the GHz reaipbe un-powered.
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Figure 6.10: Mean GHz RAN transmit power required for eaaligh assignment.
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Therefore the base station power consumption only conslistee UHF RAN radio, leading
to the minimum power consumption 4167 W.

6.8.4 GHz RAN Breathing to Minimise Power Consumption

To obtain realistic gures for the time-varying target rate,qe: that drives (6.13), we have
used the downstream traf ¢ model for the Tiree rural broadbaetwork presented in Sec-
tion 5.4 as a network utilisation > 0;1 over a day. The target data rate for optimisation
as discussed in Section 6.4 can be derived from this utdisdty normalising the optimum
data rate for an assignment $&t such that

Rtarget U R h N Opt ® : (6.48)

Figure 6.11 is used to perform the unconstrained optinueadiluded to in Section 6.4 to
decrease the number of stations on the GHz RAN as much ad@ss long afRiager IS
met, thus minimising the power consumption.

Figure 6.12 presents the analysis when using a dynamid taitgerate. Figure 6.12(a) shows
the required capacity and capacity offered when using réiffedynamic and static assign-
ment schemes. In general, the data rate provided by the isptinscheme closely follows

the target data rate from above, thus satisfying the cans@ad minimising transmission

power. Figure 6.12(b) compares the power consumption, evtier optimised scheme ex-
hibits a step up in power when the GHz RAN is required to satis¢ throughput demand

during the peak time of the day. The uctuating optimum statassignment is depicted in
Figure. 6.12(c).

Looking at extreme assignments, when only the UHF RAN is ugedpower consumption
of the network is minimised but it cannot meet the capacigunement during peak times
from 09:00h to 01:00h. Maximising the size of the GHz RAN ggiine highest legal transmit
power provides a substantially higher data rate than usihgtbe UHF RAN. Due to the

transmit power limitations the maximum data rate is notewdd. This is the legal optimum
obtained from Figure 6.11. The power consumption is alsstsubially greater. The illegal
optimum offers the greatest data rate with the highest pocaesumption.

When the assignment is xed to give the maximum throughptéioled from Figure 6.11
the power consumption is constantly high even though tha dse is not required at all
times, but the data rate is the highest possible for allastati Dynamically changing the
assignment, as proposed with the solution to (6.13), opémthe system at each moment
with respect to power consumption, providing reductioril62% compared to using the
xed legal optimum assignment ant:6% compared to using the illegal optimum GHz
transmit power.
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Figure 6.12: Results of solving (6.13) in 3 min. intervalswing: (a) required and offered
capacity, (b) network power consumption, and (c) staticgasnent



6.9. Approximation with Bayesian Belief Network 128

Performance Metric Mean % Error

Mean number of connected stations to GHz RAN 27:2 dB
Standard deviation 126 dB

Median number of connected stations to GHz RAN*  dB

GHz RAN ZRHM throughput 27.0dB
Standard deviation 255 dB

GHz RAN median throughput 336 dB

UHF RAN ZRHM throughput 123 dB
Standard deviation 126 dB

UHF Median throughput 40.8 dB

Table 6.3: Mean percentage errors between probabilisdtdvente Carlo methods for all
GHz RAN tranmsit powers.

6.8.5 Validation with Monte Carlo Method

When comparing the calculated metrics of interest usingptbbabilistic method described
in Section 6.5 and Monte Carlo method described in Sectiénttée resulting errors are
within reasonable bounds, given the number of Monte Canopdas, demonstrating both
methods provide the same result. Table 6.3 reports the nexarmiage errors of the calcu-
lated performance metrics reported in Section 6.8 betweeprobabilistic and Monte Carlo
methods.

6.9 Approximation with Bayesian Belief Network

To solve the optimum station assignment problem in (6.18)calculate the BBN described

in Section 6.7 using Pearl's algorithm and benchmark it egfathe results obtained by the

probabilistic method of Section 6.8. For simulations, thegmeters in Table 6.2 are used to
con gure the BBN and allow comparison with the probabikstethod.

6.9.1 Station Assignment, GHz RAN Transmit Power and Power
Consumption

To determine the impact of station assignments, the BBNgn#f&i 6.5 is used to the estimate
the transmit power required for each possible assignmegiré6.13(a) plots the resulting
mean transmit power with standard deviation after convergéor each assignment. The re-
sults using the probabilistic method are plotted for congoer. The transmit power required
to associate stations on the GHz RAN increases as statietscated further from the base
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Figure 6.13: Comparison of simulation results using BBN prababilistic methods for, (a)
mean GHz RAN transmit power, and (b) corresponding totalgga@nsumption.

station, matching the trend calculated with the probaizlimethod. The difference between
the two methods is due to two factors:

GHz RAN transmit power calculationWhen determining the mean GHz RAN transmit
power required to create each assignment, the BBN methadlatds the transmit power
needed to serve the farthest station at the lowest dataThtge.approach simpli es adding
evidence to the BBN as the receive power of the node of irtéseset to a single value.
The probabilistic method determines the mean transmit ptaven allocation by averaging
across all farthest station data rates. Therefore the GHY RAnsmit power required for
each assignment is higher using the probabilistic method.

Node independencéearl's algorithm assumes the parents of a node are mutndépen-
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dent. When calculating the mean transmit power requireddoh assignment, a dependence
exists between the path loss of the station of interest ammnit power. This dependency
will lead to a convergence error. For example in Figure éetnibdeP %, representing receive
power for statior? has two parents; the path ldsg, and transmit powelP* . These nodes
are not mutually independent as required by the algorithey tre dependent through the
pathPX P2 La1 Dai Da2 Pg%. Aconvergence error thus arises from com-
bining the information of the dependent parents of a corersrg node as if these parents
were independent [145].

The calculated total power consumption for each assignmahiown for both the BBN and
probabilistic methods in Figure 6.13(b). The power constionps a function of the GHz
RAN transmit power but the difference in total power constiorpbetween the two methods
is minimal. At low transmit powers, where the differencerantsmit power between the two
methods is greatest, the power is dominated by the xed cbsteoradio, not the variable
portion associate with the scaling of transmission power.

6.9.2 Station Assignment and Network Throughput

Re-running the BBN with the calculated mean GHz RAN trangoivers as evidence of
P provides individual station receive power beliefs withatk RAN once converged. As
an example of the convergence result, Figure 6.14 plotsabidtant beliefs of UHF RAN
station receive powers when all stations are associatédigtUHF RAN. The BBN models
the stations as independent random variables, thereferBirs of station receive powers
overlap, given a xed transmit power. The vertical dasheg$ mark the lower boundary of
the receive power required for each data rate. The datalmaghtolds are used to determine
the median data rate used by each station in both RANs. Theamedta rates for all stations
are used to calculated the expected average throughputloR#dNs.

Figure 6.15(a) shows the station data throughput for eacN Rk all assignments using
both the BBN and probabilistic methods. The median GHz RAIKN$mit power for each as-
signment differs between the two methods for small assigmsndhe UHF RAN throughput
matches for both methods apart from the assignment whergyke sitation is served on the
UHF RAN. Figure 6.15(b) shows the minimum combined througlgalculated using both
methods. The minimum combined throughput is very similartfoth methods within the
region of interest up to the GHz transmit power limit, as thdividual UHF RAN through-
put matches for the two methods. The differences betweetwihenethods are due to two
reasons:

Network throughput estimationThe BBN method calculates the expected throughput for
each RAN using the median data rate selected for each statidhe averaging is performed
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Figure 6.14: Beliefs oP!* givenP%* 30 dBm after BBN convergence with data rate
boundaries. Th20 ordered PDFs represent tB6 ordered stations. The rightmost PDF is
that of the closest station to the base station.

on the individual station data rates and the average data eak used to determine the
throughput. The probabilistic method differs as the nekwbroughput for all combinations
of station data rates is calculated then averaged base@ @ndhability of each combination.

GHz RAN transmit power As shown in Figure 6.13(a) for small assignments the mean
GHz RAN transmit power is lower using the BBN method when careg to the probabilis-

tic method. Therefore the resultant station receive powatsdata rates and hence RAN
throughput will be lower.

6.9.3 GHz RAN Breathing to Minimise Power Consumption

As described in Section 6.8.4, the throughput estimatioRigure 6.15(a) can be used to
evaluate the power consumption when dynamically scaliegnilimber of associated sta-
tions given a required capacity. Figure 6.16 presents thl/sis of using a dynamic target
data rate with the calculated assignment throughputs frenBBN method. Figure 6.16(a)

shows both the required and offered capacities for diffedgnamic and static assignment
schemes. Figure 6.16(b) compares the power consumptidreagachemes. The uctuat-

ing optimum station assignment is depicted in Figure 6.)16[bis analysis using the BBN

method produces very similar results to that of the prolstlmimethod.
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Table 6.4 compares the resultant power consumption sausigg the results from the BBN
and probabilistic methods. The savings are comparableatieetsimilar minimum com-
bined data rate and power consumption for each assignmém.difference between the
methods for the calculation of energy saved when compahi@dteathing to the legal xed
optimum is due to the transmit power requirements for easigament differing between the
methods. For a given assignment the probabilistic methlattsea higher transmit power,
and therefore consumes more power, than the BBN. This ressorcontributes to the dif-
ference between the methods when calculating the energg $gvbreathing compared to a
xed transmission at the illegal optimum power. Additiolyathe peak minimum combined
throughput differs between the methods, visible in Figul&®).
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Figure 6.16: Results of solving (6.13) with the BBN metho@ imin. intervals showing: (a)
required and offered capacity, (b) network power consuomptand (c) station assignment
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Metric BBN  Probabilistic
Saving over xed legal optimum transmit power  15.6% 16.2%
Saving over xed illegal optimum transmit power 16.1% 16.6%

Table 6.4: Comparison between energy savings through dgrgtation assignment using
results from the BBN and probablistic methods.

6.10 Summary and Discussion

This chapter presented three methods to optimise the stasisignment in a dual RAN sit-
uation, comprising of & GHz and UHF TVWS network, with respect to minimum power
consumption while ful lling transmit power constraints githe minimal achievement of a
target data rate prescribed by a utilisation pattern. Uaipgobabilistic method, the assign-
ment of stations to each RAN was optimised to maximise inldial station data rates. The
probabilistic model created of the network, and the restitbptimisation, was validated us-
ing on a Monte Carlo simulation. A BBN was presented as anratere method to optimize
the network with Pearl's algorithm.

The optimisation was simulated by applying the three methadth parameters obtained
from the analysis and measurement of the Hopscotch netwaikradio equipment pre-
sented in Chapters 4 and 5. These parameters were used te esskealistic results as
possible. Interestingly, the optimum assignment of stetizetween the RANSs differs from
intuitively assigning as many stations as possible to tgadr bandwidth GHz RAN, as the
UHF RAN can serve stations at the edge between both netwsidgasents with higher data
rates. Power consumption was shown to be reduced by dyninglcanging the assignment
based on traf c requirements, providinglé:2% energy consumption saving compared to a
xed transmit power. Minimising the base station power aom@tion is important to reduce
the cost, and increase the accessibility of renewable pahease stations such as WindFi
discussed in Chapter 3.

The results of the Monte Carlo method matched the probébilisethod. The differences
between the results provided by the probabilistic and BBNhiods were discussed and
is was shown that the BBN method provides a good approximaticherefore the BBN
provides a exible alternative to the probabilistic modey, allowing additional conditional
dependences to be introduced into the network for futuréyaisa such as shadow fading
and the impact of terrain.
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Chapter 7
Conclusions and Further Work

This work presented the “Hopscotch” wireless network aslatiem to the rural broadband
problem. Providing broadband internet access to ruratilmeais challenging for a number
of reasons. The long distances between exchanges and btisskmit the effectiveness of
ADSL, the most common broadband access technology. Theespapulation density lim-
its return on investment for high speed solutions commorreggnt in urban and suburban
environments such as ber and 3G/4G wireless. The challentgrrain increases xed in-
frastructure costs and limits the performance of wirelgdgslin traditional frequency bands.
These challenges, and the limitations of existing solgti@s discussed in Chapter 2, have
restricted the roll-out of high speed broadband interneésg to rural communities, reduc-
ing the effectiveness of on-line services and increasiaglibtance penalty that accompanies
living in a rural location.

Hopscotch uses a network of renewable powered base stagomed “WindFi”, connected
by PTP links to deliver internet access to rural communit&®gombination of5 GHz and
TVWS bands are used to create PTMP links between base staiiohhouseholds. The use
of dual frequency bands in a heterogeneous network comkneelsigh bandwidttb GHz
links with the benign propagation characteristics of TVW&$. This allows Hopscotch to
reach more users than existing networks and therefore tovigbée solution to the rural
broadband problem. Hopscotch trials have been running orSwettish islands, Bute and
Tiree since 2010 and 2011 respectively. The main contobstand ndings reported in this
thesis are discussed in detail in the following sections.

7.1 TV “White Space” for Rural Broadband

Chapter 2 reviewed existing rural broadband access nesvaott introduced the Hopscotch
network. One of the main differences between Hopscotch aistireg wireless access net-
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works is the use of the TVWS frequency band in addition to taditional5 GHz bands.

The availability of TVWS bands for uses other than broadsestices provides an excellent
opportunity for rural broadband delivery. Chapter 2 disewsthe numerous advantages of
the UHF band for xed wireless access, in which TVWS residesnpared to the traditional
5 GHz band. The FSPL, diffraction loss and attenuation dueliade are all substantially
less in the TVWS band compared to th&Hz band. Due to the distance of links required
and the challenging terrain, these factors are very sigmitén rural scenarios.

The reduced path loss between transmitter and receiver W3 ¥Wands offer a number of
bene ts when designing a network. More exibility is proved when determining base
station placement due to the increased range. This may &lowed infrastructure such as
mains power or wireline IP-access to be used. The improvaggation properties may also
lead to fewer base stations being required to serve a contyragnilemonstrated in Chapter 2.
Reducing the infrastructure required reduces the maindvda providing internet access to
a rural community; the cost. Therefore the use of TVWS islitteethis scenario, especially
in rural locations where much of the band is presently vacaht reduced path loss also
reduces the transmit power required to maintain a conneatmmpared to the GHz band,
thus minimising interference and reducing power consuompti

Despite the advantages of wireless access in the TVWS bamsddtch transmits over the

5 GHz band for PTP links and some PTMP links. TX&40 MHz bandwidth offered by
COTS IEEE 802.11 baseéal GHz equipment provides a much higher throughput than the
5-8 MHz currently available in TVWS. Therefore tfeGHz band is better suited to links
which require high capacity such as wireless backhaul beEtviase stations if line of sight
exists. The use of both frequency bands within the netwdokvalthe disadvantages of each
individual band to be overcome. This scenario was simulat&hapter 6.

7.2 WindFi Base Station

The WindFi base station is designed to function as an autonsmnit, powered by a combi-

nation of wind and solar energy. A battery bank is used toiges buffer for the generated
energy, allowing for continuous operation on overcast ordaless days. WindFi differs from

existing renewables-powered wireless network infrastmecreviewed in Chapter 2 as PTP
and PTMP links are used instead of mesh links, and two freqyuleands are simultaneously
supported, requiring a larger power generation and stagsfem.

Chapter 3 provided an analysis of typical Hopscotch useschg providing examples from
the Hopscotch network on the island of Tiree. These usescas®ed to drive requirements
for the power system of WindFi. Two radio equipment base doa®5 W and50W were
shown to meet the use-cases. The sizing of the battery baskpjoort these base loads
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was described with the design of the renewable power geoersystem at two locations,
Prestwick and Tiree airports, located close to WindFi togltions. Historical wind and
solar irradiation data was used to show how the differeribaptfor wind turbines and solar
panels can be used to meet the base load requirements regqoieeat when conditions
between locations vary.

The design and retrospective analysis of the “Crow's Nestiewables-powered relay on
Tiree was presented in Chapter 3. Using recorded data, soeearios were studied. The
analysis of low and high wind-speed days enabled an unaelisizof how to interpret the
recorded data. This understanding was applied to a periahwine wind turbine failed
leading to a loss of service. The analysis showed that thepsystem behaved as designed,
with the system failing due to a depleted battery bank theesdewy as the design predicted.

7.3 Radio Power Consumption and Data Rate Selec-
tion Models

To explore energy saving techniques, such as the optirmrsatioposed in Chapter 6, the
power consumption of the radio equipment, the largest coeswf energy in the base sta-
tion, must be understood. A lab based characterisatioregidiver consumption of Ubiquiti
XR7 and SR71 radios used within Hopscotch for connectivitthe UHF andb GHz bands
was carried out to gain this understanding. Chapter 4 desgtthe characterisation of power
consumption given a con gured transmit power and preseatatbdel for each radio. The
power consumption of both radios increase exponentiallly thie con gured transmit power,
therefore a power curve models the relationship.

The data rate selection of the radios was characterised dorea receive power to serve
as a model for estimating network throughput when modeltiath losses. Both the XR7
and SR71 radios exhibited unexpected behaviours. Theghpu using the XR7 dropped
considerably for a narrow path loss range for all data raths. SR71 struggled to maintain
the 12 Mbps data rate for all path losses and therefore was nevematically selected.
Despite these unexpected observations the charactengativided consistent results, and
showed the increased power spectral destiny when recesvsignal in the smalles MHz
bandwidth than th@0 MHz, increased the sensitivity of the receiver.

The models of power consumption and data rate selection sudrgequently used in Chap-
ter 6 to determine the optimum assignment of stations beta@eulti-RAN network through
simulation.
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7.4 Models for Rural Fixed Wireless Scenarios

To enable the accurate simulation of rural wireless neta/oskich as the energy saving
scheme proposed in Chapter 6, three models relevant toutg ef wireless networks in
rural environments were presented in Chapter 5; househstdbdition, large-scale path
loss, and downstream and upstream bandwidth utilisatibes@ models were created using
data recorded between November 2013 and February 2014 ftdal Hopscotch network
on the Scottish island of Tiree, serving od€0subscribers.

The location of network subscribers relative to the bagestsiwas used to create a model of
the distribution of households from a base station at théecefia community. A circularly
symmetric normal distribution was shown to be a good t. Tinisdel provides an alternative
to the uniform distribution of users often used for analysigrban environments.

The radio equipment used within the Tiree network allowezlréteived signal strength to
be recorded. This, along with knowledge of the transmit pcavel antenna gains allowed
a large-scale path loss model, based on the simpli ed patd formula to be tted to the
radio environment on Tiree. A path loss coef cient was detieed by a least square linear
regression to best t the data.

The instantaneous throughputs of all radios within the odt& were recorded evei30
minutes and analysed to create a model of the time-varyimmsiveam and upstream data
usage within the network. The analysed data showed a cleanalipattern where usage
peaked at 21:00 before droppi®§% to a minimum at 05:00. The proposed model was
tested against an available model for urban data and withraaliusage pattern.

7.5 Optimised Multi-Radio Network for Energy Ef -
ciency

The main cost component of a WindFi base station is the reblevggwer generation sys-
tem, therefore techniques to minimise the energy conswmjtie important to the viability
of Hopscotch. The simultaneous use of two RANs within Hopdtoa5 GHz RAN to offer
capacity, and a UHF RAN to provide extended coverage, seatepportunity for energy
saving optimisations. Chapter 6 presented an optimis&iomnimise the energy consump-
tion by altering the assignment of stations between the tAblfRby scaling the GHz RAN
transmit power, whilst maximising the individual statioatd rates.

Through simulation the assignment of stations betweenvibeRANs was obtained which
maximises the individual station throughput for a scenafi@0 stations served by a base
station when using the rural network and radio performanodets created in Chapters 4
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and 5. This optimum assignment differed from the intuitigswanption that due to the GHz
RAN theoretically offering four times the capacity of the BHRAN, the assignment of
stations should match this balance. This is because ssatiothe UHF RAN are served at a
higher data rate than the GHz RAN at the same distance. leigfibre preferable to add an
“easy” station to the UHF RAN than add a station served at adata rate to the GHz RAN,
which will slow the entire RAN.

Chapter 6 additionally proposed a scheme whereby dynamicilaanging the station as-
signment according to the required network utilisationuet the energy consumption of
the network byl6:2% compared to using a xed transmission power. The networkdban
width utilisation model created in Chapter 5 provided theefrfor the optimisation, and the
radio power consumption model creating in Chapter 4 allothegoower consumption to be
estimated.

Three methods were used to perform the optimisations. Agimtibtic method using the
PDFs of station receive powers to estimate network throutgbgrved as the baseline for the
optimisation results. A Monte Carlo method was used to aidhe probabilistic method
by creating an ensemble of sets of stations drawn from theehafchousehold distribution
and averaging the calculated throughputs over the wholeneiie. A BBN was also used
as an alternative method, and provided a good approximédiothe probabilistic method.
The BBN method provides scope for additional conditiongdetelences to be added to the
model in future analysis which is more dif cult with the prabilistic method.

7.6 Further Work

The work covered in this thesis gives rise to a number of sstgmes for future research
work and development:

Trials of Hopscotch have been carried out on the Scottiahds of Bute and Tiree. Currently
the Tiree trial uses only aGHz network, but an overlay UHF network is planned and would
offer an excellent opportunity to study the interaction ln¢ two RAN on a larger scale.
The inherent low-cost and scalability of Hopscotch has geed interest in other countries.
Initial work has been undertaken to design a “SunFi” basgostdor a network in Kenya

or Sudan which would operate using only solar energy. A Hofasctrial in these locations
would provide an excellent opportunity to study the chaastics of a network in a different
climate and culture, including the usage patterns and stelalition of households.

The study of the optimum assignment of users between the W&z RAN presented in
Chapter 6 could be further extended. A study of the implaatiof adding additional RANS,
such as additional TVWS channels would be interesting anttldead to further energy re-
duction opportunities. Extending the simulation to in@ugighbouring base stations would
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allow the interference created by scaling the RAN to be aw®rsid which is relevant in a
practical system. It would be of value to study the impacthef distribution of households
served by the base station on the expected throughput ang/eamsumption. The standard
deviation of the model presented in Chapter 5 describesstr#ition of the community. A
study of the impact of this parameter would be valuable intaadto a study of the results
using a uniform distribution. The BBN presented in Chaptg@r@vides an opportunity to
include additional parameters within the model, as nhodasheaadded easily. An example
of additional variables to study are shadow fading and agandariable representing the
affect of weather on link performance.

An extension to the Tiree or Bute networks would allow thepmsed dual RAN energy
saving scheme of scaling the GHz RAN transmit power to bedestthe eld. This would
allow the energy saving capabilities to be validated andlevoncover implementationissues
such as the behaviour of radios which are “on the edge” antd caasociate with either
network depending on small changes to the receive signéityjuan additional interesting
future study would be methods to make the most of excessyegergrated by the renewable
energy system if an abundance of energy and bandwidth imbl@aand cannot be used, i.e.
the battery bank is fully charged and users do not requirel\waith. One possible use of
this energy and bandwidth would be to locally cache videbab@se station during times of
plenty, such as proposed for cells in [146], to reduce theladth required when the video
must be delivered and resources may not be available. Czlyemother important area of
study is how to optimally handle a power system failure. Basnario could be formulated
as a constrained optimisation to best serve users with a eriergy supply.

Finally a number of the contributions in this thesis couldtbebined to create an enhanced
planning tool for Hopscotch networks. The planning tool Wiozalculate the optimum base
station assignment to serve a community based on a numbectir$. The location of
households along with GIS data would provide the informratexjuired for modelling radio
propagation, e.g. elevation and clutter. The tool would &lks aware of TVWS ability and
therefore be able to design the links and number of sectorsrezl given the bandwidth
available. The tool would be able to calculate the optimusigasnent between the TVWS
and5 GHz RANs to maximise individual throughput and minimise goveonsumption.
Lastly the wind and solar irradiation would be available imesthe power system which
would depend on the local conditions and number of radiosired. The tool could trade
off between expected individual user receive power stfeagt the cost of the base station
power system and could potentially be used to locate areasahopscotch would be most
suitable.
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