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Executive
summary

\\

1 %R? =0ONCP? 30GG; LS
This report sets out to address the following requirements:

1. Confirmation of which geospatial data are important to deciding on the best siting of infrastructure
for 5G deployment at frequencies exceeding 6GHz. A detailed explanation of the work and results
that led to these conclusions.

2. Setting out the learning gained from the project, including the scale of the challenge for 5G network
deployment and evidence of thednefits the tool could deliver for operational 5G deployment.

Thisreport informs aPlanning Guiddor a 5G Planning Suitalso developed under this project.

In the global 5G race, the government has a stated ambition for the UK to be a world leatther

research undertaken in this project confirms that deployment of 5G mmWave solutions will need to take
account of variableghat do not applyN | NI >; S¢ M F ITlig@obsidéedbleder@ifichtionof? M Z
antennae necessary, especially in urban enviroents, and the significant impact on the performance of
the network from obstructing physical objects and weather, are two very important differences. With so
much engagingwork being undertaken across all areas of 5G research, it is not surprising that the
practical issues, supporting frameworks and standards relating to implementation of a 5G network have
been overlooked to date.

This report highlights the significance of appropriate spatial planning to make 5G an affordable
proposition for the UK, inclding high-resolution geospatial data integrated with a range of other
information types (particularly meteorological data) served via a functionaligh planning tool.

41 >; SgM ? MM?HNC; FFS G; HO; F ; Hsite denloyme of HINGtks ar&ss? NB | > M
too costly to be scaled up to theonsiderabledensification of antennae required to deploy 5G

throughout urban areas of the UK, and run the additional risk of not being sufficiently accurate to

account for the higher frequencies used by 5G taectogy. The requirement is therefore to modétom

the desktop as far as possible to minimise @ite investigation) the impact of change in the physical

environment on the performance of the networkoth in theinitial network deployment andits

subsequent management.

This research demonstrates the impact on performance of 5G networks from physical features not
currently considered in network planning, including street furniture and vegetation, and the important
role that weather conditions play. Havinthesedata available and made easily accessible and usable
through a planning tool has been shown as critical aa@ost-effective 5G rollout. The solution
recommended in this report (a combination of data and software) is an essential prerequisite to opEen
higher frequencies for 5G usenot just in the UK, but globallyp meaning that the expertise developed
hereis exportable.

1 Next Generation Mobile Technologies: A 5G strategy for the UK (https://www.gov.uk/government/publicationsgrenerationr-mobile-
technologiesa-5g-strategy-for-the-uk)
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The geospatial data requirements described in this report are consistent with the evolving government
agenda around Smart Citeand Building Information Modelling (Digital Built Britap Connected
Autonomous Vehicles (for example illtrated within the Atlas projec)) and a number of the aspirations
laid out in thelndustrial Strategy green papéerOrdnance Survey is activelyorking across government

to advise on the geospatial infrastructure required to support the delivery of government policy.

Specifying, acquiring, integrating and managingéketypes of data is complex, evidencely the fact
that we have incorporated ove30 datasets to create single 3D view of Bournemouth, agical high-
value UK urban areal o scale this task to the whole urban geography of the UK will require a single
authoritative, consistent set of data specifications and standards supported byeigtated, maintained
and scure datasetsAn important benefit of this approach is that it will support a range of additional
government policies and drivers and maximise return on investment for UK plc, built on a principle of
E=; JNOL? | H=?¢Z OM? G; HS NCG?M

The remainder of this report presents the detailed project work undertaken by a consortium of 5GIC
(University of Surrey)the Met Office and Ordnance Survey.

2 http://digital -built-britain.com/
3 https://www.ordnancesuney.co.uk/about/news/2016/ukgiven-greenlight-driverlesscars.html

4 https://beisgovuk.citizenspace.com/strategy/industriaktrategy/supporting_documents/buildingourindustrialstrategygreenpaper.pdf
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20LID?=N | P?2LPC?Q

The Department of Culture Media and Sport (DCMS) commissioned Ordnanme@s(0S), the University
I @ 3 O3GLUnAdSgtiavt Centre (5GIC) atite Met Office to undertake researdhto the enabling
geospatial data andheir associated granularity (level of detail)sawell asveatherdata for use in cellular
planning of 5G commuication networks in spectrum bands above 6GHz.

Current communication networks operating below 6GHz are conventionally planned using simple block
designs to represent buildings and large areas of vegetation over large cell areas. At mmWave
frequencies,unlike lower frequencies, obstructions can have gsificantimpact on propagation. For
these higher frequencies, base stations may typically be deployed close to ground level as they have a
range of onlyafew hundred metres. These findings represent a lehallenge for 5G deployment.

Because of this, 5G planners must have far more detailed data to plan their netwéiltthermore,
weather considerations, and particularly rainfall, hawsgnificantly more impact on signal propagation
above 6GHz. Understariidg probable rates, timings and durations of rainfall is important emsure
reliable 5G coverage and capacity.

We undertook this research project using the town of Bournemouth as our case study, and working in
close partnership with Bournemouth Boroughdincil (Bournemouth BC). The results of this study
provide insight into the minimum size of physical objects and the weather conditions that impact
coverage which we have demonstrated in a prototype 5G planning tool.

This report also aims to identify tl scale of the 5G challenge and consider the benefits a 5G planning
tool could offer. The work carried out included:

1 Research into the availability and suitability of geospatial datasets from new capture and existing
sources including Bournemouth BC;

1 Geneation of a 3DDigital Modelof Bournemouth representing the built and natural environment;

1 Research into radio propagation phenomena, the use of existing measurement data, and further
practical measurements to inform how geospatial objects impact cellutzwverage dependent on
their size and specification;

1 Simulation to analyse the behaviour of propagation in heavy rainfall conditions which cause
limitations on the cellular range over which propagation can take place. Other effects such as gaseous
absorption ofradio and temperature effects on the system have been taken into consideration;

1 Formulation of a signal propagation model based on measurement data that can be utilised in the
planning tool to determine power received by a mobile device that is tsamtted from a base station,
enabling the impact of geospatial objects and weather to be includiedr removed fom the
analysis;

The effect of the built and natural environmeraf millimetric radio wave @«
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1 Development of a softwardased mmWave demonstrator tool combining the Digitisllodel, weather
data and the propagation modefo demonstrate the impact of physical objects and weather on 5G
signals. The tool shows the coverage range not only in terms of the signal power received from a
particular base station, but also the interfering power that is received from neighbouring base
stations which should be relatively lower;

1 Simulations of the communication link, including signalling methods, intelligent antenna techniques
and the coordinated scheduling of transmissions to mobile devices within a cell. The information
obtained from these simulations enables the ability to determine what data rate in Gbits/s is
delivered to the mobile from a base station and hence determine whether the planned cellular
>?2JFI SG?HN QCFF G??N NB? =1 GGOHC=; NCI # &«PKBCNB®?
received power from the desired base station and the total interfering power from neighbouring base
stations. This can subsequently enable the demonstrator tool to show locations where
communication is insufficient due to the impact of geospatiabjects;

1 Compilation of this report, setting out key findings in respect of the geospatial and weather data
required to enable 5G planning;

1 Compilation of aplanning guidefor a 5G planning suite for national operational use.

This work has clearly ideiified that the natural and built environment has a significant impact on high
frequency signals above 6GHz whichais expected However, this work has shown that the sensitivity of
this impact is remarkable and hasiajor implications for network operators local authorities,
infrastructure asset owners and policy makers. The supporting evidence is further outlined in the
remainder of this document.

The scale of this sensitivity is illustrated in the heat mapHigure2-1 below which shows two base
stations indicated with white polesone in the foreground and the other in the background. The heat
map shows the capacity available at each pixel which is high when close to the base station but
decreases with distancdmportantly, the street signs and lamp posts highlighted in black cause
significant drops in capacity in their shadosv The demonstrator planning tool developed for this project
illustrates this level of geospatial sensitivity as well as the impact oénbes in frequency and weather
conditions.

The demonstrator tool is distinct from commercialkavailable cell planning tools in that it can handle
detailed geospatial information such as the type ofdade d a building or the structure of a streeside
object such as a road sign. This level of data, integrated with a suitable propagation model, ea#ixe
simulation of detailed phenomena such as surface roughness on a buildif@izade or the loss resulting
from the shadow of a road sign.

The effect of the built and natural environmerdf millimetric radio wave a«
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Figure2-1: Heat map of 5G signal capacity

The impact of geospatial objects, weather and soegonomic factors is summarised in the following
table, including an impact on propagation, data requirements and recommendkuither research.

The effect of the built and natural environmerdf millimetric radio wave
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Clasdfication Impact on Propagation or Communication Requirements Data/Research Requirements

Weather Extreme rainfall and sleet can haveraalimpact on the Further research with the backing of measurement data is
communication range and reach at the cell edge. required to verify losses due to extreme rainfall and sleet
Other meteorological facbrs including temperature, snow, gas,  conditions.
fog, or wind have negligible impact on the signal propagation.

Vegetation Vegetation caises substantial propagation problems, especially To obtainan estimate of the propagation loss through
leaves. Measurementsonfirm that this impact is substantial for  vegetation detailed datasets are required containing
all tree types. However, certainty of the precise loss caused information not only about size and position of the plartut
highly dependent on the volume of foliage and can vary by also type i.e. coniferous or deciduous.
season.

Street furniture Street furniture has a significant ipact on propagation. It can be A database of street furniture is highly desiralilecluding
categorised as: detailed characteristicssuch asaccurate position, object
1. Standing objects (e.g. road signs, pillars or lampgsts dimensions, material, structure and information of other

especially with sign attached). Any standing object with a width  objects attached to it including advertising banners, signs ol
exceeding 10cm at 26GHz and 5cm at 90GHz on a street will hi seasonal decoration like hanging baskets or Christmas light

substantial impact o1 coverage. Information about street furniture will enable the accurate
2. Enclosed objects (e.g. bus shelters or telephone boxes). determination of signal loss caused due to obstruction or
Propagation will be subject to penetration losses as well as loss blocking of the line of sight as well as additional loss due to
due to reflections off the structure (known as scattering 10ss). reflections known as scatteringAccurate location of street

furniture objectsis also of vital importance in terms of siting
of base stations as is more cosffective to place antennae
on, for example, a lamypost than a building.

Building fegades Building surfaces e.g. brick, concrete, wood, tinted windows or  Substantial data is required to form a suitable set of
metal vary substantally in terms of the material roughness whick groupings for different building fgades, which have varying

effects mmWave signal propagation. The importance of forms of material type and roughness. These groupings nee
roughness increases with frequency since the rough edges to be identified such that a representative ¢ade of a group
é@ \_., Ordnance
'”\l urvey



become bigger compared to the signal wavelength (which gets type can be modelled onto a building front and give a reliabl
smaller as frequency increases). Thigarticularly important result of the epected reflections off that surface.

where a mobile device does not have a line of sight link with a

base station and the only way a link can be established is to rel

on reflections froma buildingg fislcade.

Fibre connection  The position of fixed fibre network connection points has no Locations of fixed network connection points, though out of

points direct impact on propagation However, base stations without the scope of this work, will be required in the cell planning
access to a connection point will need to be connected with fixe process and the tool will need to establish which base
wireless links, and signal propagation will need to be modelled f stations are connected to fibre and which are not.

these links.
Road and ralil Infrastructure along the road and rail networks has no significan Infrastructure information has been modelled for this within
infrastructure impact on the signal propagation. Howevephysical structures the BournemouthDigital Model. There is scope for
(bridges, road signand gantries) can be usetb mount improvement if attribution is available from other sources.

equipment. Information about those structures will simplify and
improve planning processes and help make small cells
deployment along the networks more efficient.

Population To help predict demand and improve network capacity, reliable Population and footfall data will help network operators
statistics and population statistics and footfall data should be utilisetb ascertain the level of demand for data and calculate the
footfall data complement network planning processes. Information about hov expected revenue from deployment in a given location.

many people reside or work in any area of interest at different

times will both improvethe planning process and help to monitor Footfall data could be harvested directly from small cells

MG; FF =?FFM H?NQI LEM <S FIlge; Ilocations as partof tle 5G rollout, providing important acces:
to the pool of information about user behaviour and demanc
helping shapea more comprehensive network.

The effect of the built and natural environmertf millimetric radio wave qa«
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Traffic flow

Property
information

Traffic information is important because vehicles, as large
metallic objects, have a subantial impact on 5G signals.

Moreover, traffic information can be used to model demand alor

road/rail networks as traffic flows change over time.

Development sites. No urban location remains static after a
mobile network has been deployed. New developments will
change the propagation landscape and any development
structures can obstruct previously cleared lines of sight.

Property type. Residential and commerciarpperties will have
different levels and patterns of demand for data due to the
different nature of users occupying thepie. residential vs
commercial premises.

Listed buildings. Many small cells will have to be attached to
building fagades. Obtaining prmission to mount radio
equipment on listed buildings is notoriously difficult, sthese
data will help exclude them from consideration.

Traffic density dateareimportant, and information on the
prevalence of large vehicles including buses amdrles,
would enable their impact on propagation to be modelled.

Traffic information would also help predict demand from
autonomous vehicles using 5G network, |0T applications an
mobile devices used by road users.

Knowledge of building developments and the planning
process must include consideration of their impact on a
deployed retwork. This will enable 5G infrastructure
adjustments to be made both for the construction phase anc
the resultant built environment.

Detailed address data, including a classification of building

function, will support initial demand analysis.

Listedbuildings datasets will improvehe antenna
deployment planning process at the desktop level.

Table2-1: Summary of the impact of geospatial objects, weather and seemnomic factors, including an impactropropagation, data requirements ad recommended further research.

The findings summarised above show that geospatial data requirements fit into two categodasensions and specifications. The scale of the challenge requires

detailed knowledge of streeobjects in terms of their location, size and specification to reliably determine how they will impact propagation. Additigna

classification of every building fgade at street level is necessary to consider roughness effects on signals. At leassitniess more geospatial detail is required for

mmWave planning than for current cellular planning below 6GHz.

The effect of the built and natural environmeraf millimetric radio wave
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Introduction

3) HNLI >0=NCI H
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This5G project forma deliverable commissioned by the Department for Culture,

Media and Sport (DMCS) 018. A team led by Ordnance Survey @mtkistingof

NB? 5HCP?LMCNS | @ 30LL?S¢M S' ) HHI P; NCI
undertake the project.

3.1.1 Objectives

The objectives of this report are:

1. to confirm the necessity of geospatial data imautdoor built environmentwhen siting
infrastructure for5G deployment at frequencies above 6GHz; and

2. to document the learning gained from the project to demonstrate how the usage of geospatial data
is beneficial to use in the planning of an operationaG deployment.

The report contains several technical terms. For definitions, pleaséer to the Glossary in Annex D

3.1.2 Scope

The scope of the project is:

1 to form a suitable path loss model specific to frequencies above 6GGHz which is applicable to smiall cel
deployment. The frequencies we have investigated aB6GHz, 32GHz, 39GHz and 60GHz;

1 to analyse the impact of geospatial objects on the coverage of 5G signals, evidenced through
available measurements;

1 to form a planning tool example that demonstrates ¢himpact of frequency, geospatial objects and
weather conditions on 5G coverage and capacity;

1 to deliver a document describing the work done on the project (this document).

3.1.3 Study area

4B? MNO>S ;L?; Q; M <; M?> ;LI OH> N®ast iNdlogeH | @ " | OLH
collaboration with BournemouthBC Within the overall study area we also defined three regions for
detailed analysis. The study area and the three rexgs are illustrated inFigure3-1.

The effect of the built and natural environmerdf millimetric radio wave R‘@\ Ordnance
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Figure3-1: Bournemouth study area

The three selected regions contained a variety of local geographic characteristics as set out below.

Central Area (City centre)

Shopping areas

Public parks

Many street furniture iems
Heavy traffic
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1 High movement of people at certain times of day

Talbot Heath (University)

1 Dense residential areas
1 Public areas
1 High movement of people at certain times of day

Hurn (Outer city)

1 Hospital
1 Public areas
1 High movement of people at certaihmes of day

3.1.4 Assumptions

The deployment of 5G mobile networks, due to the shoainge nature of highHrequency signals and
their vulnerability to the surrounding environment will be significantly more challenging than for
previous generations of mobile netorks. Based on the existing knowledge and experience within the
project team, several starting assumptions were made about how highquency signals will behave in
natural and manmade environments.

Impact of Vegetation

At high frequencies, coverage rges are already limited by the laws of physics, and it becomes
particularly important to understand and minimise all factors that might reduce ranges further.

We assumed that attenuation through vegetation, particularly trees and hedgesijes accordingo the
following characteristics

1 Type of tree: there will be different levebf signal loss through coniferous and deciduous trees.

1 Foliage: depending on the time of the year, foliage will have significant (Apdtober) or less
disruptive (NovembesMarch) impact on signal propagation.

1 Dimensions of the tree or plant: height and crown size will determine where best to place antennae to
avoid or reduce blocking line of sight.

Although hedges do not obstruct signal propagation on a macro scale, weiasd that they will havea
significant impact at street level along property boundariesegestrianised areas and parks.

Weather

At high frequenciesweather conditions have a noticeable impact on the signal propagation. We have
assumed that heavy raimnd melting snow (not uncommon ithe UK) cause loss to the radio signals
propagating through them and affect connectivity. Though other weather factors such as temperature,
mist, fog andfalling snow may affect signal propagatiornwe assumed that only ligid water in the air,
such as rain and sleet, will haweesignificant impact on highfrequency signals.

Building fagcades
The effect of the built and natural environmerdf millimetric radio wave a«
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One of the key assumptions to investigate further was how different building frontage materials can

markedly reduce the capability fohigh@L ? KO? H=S MCAH; FM NI ENL; P?F¢@gZ 4]
evidence in the available literature, which notably demonstrates how links can be impacted by reflection

off a building? felcade to a mobile device facing it. This has therefore been factbigto the propagation
analysis.For the purpose of this report, buildings were classified as follows:

Glass &cade (glassn particularreflects infrared)

Metallic fecade

Brick fecade

Facade based on a surface of wooden planks
Vegetation (for exampl@ hedge at the front of a building)

a s wnN ke

It is important to compare these fgades, not only because they are representativetié large majority

of buildings¢ <ON ; FMI <?=; OM? NB?S ;L? MCAHC@C=; HNFS >C
metallic facades are typically smooth, while a fade of wooden planks or vegetation is rough compared

to the wavelengths of higHrequency signals. A brick ade can be considered as rough or smooth

depending on the frequency; if the grooves between bricks &ngje compared to a wavelength, then the

surface can be considered to be rough. This is particularly the case at around 90GHz where a wavelength

is just over 3mm.

Street furniture

As spectrum at higher frequencies has a much shorter range compared teeactmobile bands in use,
greater consideration must be given to clutter and its effect when planning wireless links. Because future
network antennae will be deployed at street level, we assumed that street furniture including bus
shelters, road signs, badlrds, traffic lights, lampposts and seasonal adornments (such Christmas
decorations and hanging baskets) will reduce the capabildfradio signals to travel.

Bus shelters will hava significant impact as they can cause penetration loss to signals, le/inéflected
microwaves from points on a bus shelter in proximity to the mobile device will degrade data throughput.

3.1.5 Constraints

Because we are now exploring the usetb& new highfrequency 5G spectrum, a wide range of
unexpected constraints materialisd and were overcome during the lifetime of this project, including:

Software availability and compatibility

We identified early in the project that there @urrently no single commerciallyavailable software

platform capable ofingestingthe many and aried datasets required to deliver a comprehensive

platform suitable for understanding mmWave propagation for 5G. The work that has been undertaken
heremakes it possible to consider the operational development of such an integrated software solution,
to make it easier and cheaper to deploy in UK.

Image capture and image equipment availability

Due to the variability of the British weather, it was necessary to liaise with international image capture
specialists to refine the quality of point cloud imagefgee Glossary Annex Bg¢yond what today would
be regarded as state of the art. Further issues also arose regarding the availability of mobile mapping
capability which is essential to deploy in certain areas, particularly where aerial imagery is unable to
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capture any data (e.g. under bridges or tree canopies). Moreover, seasonal factors, including the impact
of Christmas decoration clutter and seasonal vegetation factors, required rapid mobilisation to capture
information quickly.

Resources

The project eam adopted an innovative approach that did not simply rely on traditional empirical path
loss models. To deliver more cosfffective and more accurate results we needed to build a team of
leading academic and industry experts from very different backgralsn The resultant interdisciplinary
group, whilst extremely effectivegonsistedof resources which in the UK are currently scarce.

Data issues

A very real constraint was the varying quality, availability and interoperability of existing datasets. This
included, for example, the cost and complexity of obtaining reliable and accurate footfall data at an
affordable price, the variable quality and accuracy of highly variable local authority data assets and the
dearth of fixed network operator assets.

32/ OLJJLI ; =B

The reality for mobile operators seeking to deploy additional network sites today is that they must go
through a hugely expensive, complicated and tim@nsuming process. They require inputs from many
different specialisms including radio plannersacquisition specialists, legal experts, build managers, link
planners and data build technicians. The interactions required between people, process and systems to
achieve siccessfulnetwork deployments isexpensive. The kinds of activities involved begiith a

review of coverage targets, engineering and planning rules and the distillation of these into some form of
nominal plan which is used to compile a list of option sites, after which a mskilled site visit is

necessary to validate these option3his is all before any considerations givento planning approval,
wayleaves, leases, link and power budgets, installation, commissioning and launch.

Nor is this the end of the story because this process only relates to radio assets. Further compdeiss
QB?H @CR?> H?NQILE ; H> | NB?L <; =EB; OF =1 HMC>?L;
E7BIF2M,| =; F | == 72k out the Kih@sNf c@niplEx@y2HAtgcan be involved when
provisioning fixed link backhaul which is notvened in-house.

Therefore, our approach was not to begin by looking at spectrum propagation solutions alone, but by
considering this problem in the round. Operators do not only wish to know about their infrastructure
assets; they want a better understandinof the interrelationships between their assets and those of
other communications infrastructure providers to minimise cost and understand the revenue
implications of their activities.

There is no current single approach which helps operators delivex tthheapest and fastest solution. In
this project, we have identified and incorporated a variety of data sources and embedded them in a
technical demonstrator with a usefriendly interface. We also recognise the importance of keeping

information current. The UK has a dense and highbppulated geography which changes rapidly, and

5 Availableat https://www.ofcom.org.uk/consultations-and-statements/category2/wholesalelocal-accessmarket-review-proposalsPIA
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this is significant for network operators, where they will require advanced planning tools to monitor the
cell planning in a dynamically changing environment.

33S" >?JFI SGAHW =B; FF?H

5G communications will require highlglensified networks with large numberof mobile cells, which

could cover only a few hundred metsedepending on the frequengyubstantially less than conventional
4G cell ranges. There are two reasons for thisst, the limited propagation range of the candidate
frequencies above 6GHz, and secaqitide need to better exploit the available spectrum by distributing
several cells over a large number of users in a dense environment as opposed to handling all ugera fro
single base station.

3.3.1 Base station siting and deployment

The densification and reduction in size of mobile cells requires more locations for base stations. Suitable
locations include lampposts, bus shelters and other street furniture. Base stationseddo be placed at
street level to propagate through the shorter ranges, while conventional 3G and 4G macrocells
propagate with ease over 1km or more. The landlord of suitable 5G base station locations is often a local
authority, which can grant access tmultiple sites. This substantially eases the siting of smedill base
stations in comparison to placing on buildings, where each site requires negotiation with the owner.

The need to deploy more base stations brings increased costs in acquisition ardrsittal, and carries
more political obstacles. Information about the location and specification of potential sites (such as the
height of lampposts and what other objects, for instance road signs, are already attached to it) is
becoming essential for céllar network planning.

3.3.2 Importance of fixed wireless links

In cellular network planning it is important to ensure a reliable link is maintained from the base station

NI ; QCL?F?MM >?PC=?2¢ ; H> @OLNB?LGI L?onfgmmBich«a; M? M
link to a cabinet can be readily obtained. This can be achieved by a fixed-frigdpuency signal link from

one base station to anothewhich isa simple and coseffective method where fibre cannot be readily

installed. The reliability of hese links and the impact of both geospatial objects and weather data are as
important as the link from the base station to wireless devices. These links are comynknbwn as

backhaul.

3.3.3 Meeting the challenge for a planning tool

In forming a planning toolthere are two factors to consider. The first is to use suitable radio propagation
models which willnot only determine the power received by the antenna of a wireless device when the
base station is transmitting towards it, but also the power from otherdmstations causing interference.
This will determine the distances over which there is a minimum signal strength that is suitably higher
than the interfering signals. The second factor is capacity; it is important to ensure that demand can be
met in termsof bit rate of data throughput from the base station to the mobile which can only be
achieved when the signal is suitably stronger than the interference.
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3.3.4 Propagation models and coverage

Topredict the received power at a distance from a transmitted soare¢he radio propagation needs to

be accurately modelled. This is achieved by taking physical parameters such as frequency, distance,
base station height and antenna characteristics to formulate the ratio of transmitted to received power,
otherwise known & the path loss. Additionally, we need to understand not just how the received power
decays over distance when there is a line of sight between the transmitter and receiver or how a signal
penetrates through objects when there is no line of sight, but alemwv electromagnetic rays reflect off
surrounding objects, as illustrated ifrigure3-2. These objects can also cause shadowing attenuation
such as the propagation through vegetation illustrated by the dotted lifrethe figure It is important to
understand these characteristics as they not only affect the path loss but &b cause this path loss to
become dependent on frequency, such that there will not be a constant path loss within a wide
bandwidth used at fequencies above 6GHz. Thpsenomenonis known as frequency selective fading.

Figure3-2: lllustration of reflection from surrounding objects

3.3.5 Deploying a cellular coveragelan

Currently no software exists tingestthe many datasets requiredby this project, so we identified the
need for a bespoke proebf-concept interface within which to test the 5G propagation model and
investigate theeffect that various environmentaldctors have on the planning of a 5G network.

We undertook a usecentred design process consisting of industry consultation workshops, user
requirements specificatiors and interface design which led to a proaif-concept build. The primary
purpose of theproof-of-concept was to put the mathematical propagation model into a usitendly
environment to view its effectiveness and compare the model to readrld signal measurements. We
also took the opportunity to gain insigtginto the value of the geospatiledata and signal model, and
how existing processes and practices within the network planniinglustry might be affected by dense,
small-cell network design.
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3.3.5.1 Industry consultation

As part of the usecentred design process we consulted with manufactureasd telco providers
including conducting two workshops with industrexpert network planners from Telefonica and Argiva
to understand their realworld processes and gain insight into how current maesgale planning
processes might be affected by smadkll network planning.

The workshops casistedof open discussion and the building of a procefiew describing the procedure
used to plan and sigroff a network plan illustrated inFigure3-3. Attendees were asketb think of the
planning process from the point of view of planning a future 5G network amdonsider the changes and
adaptations that may result from planning the network with greater densityof cells and at higher
frequencies.

Network planners placd considerable expectation on a future 5G planning tool to ensure that it would
minimise any further work or tuning of the network beyond deployment. To quote diredttym them:

E &1 L -cél Getwerks like 5G, the more we can get right in the offiagmssed
NI CH NB? @C?F>¢ NB? <?NN?LC¢g

The antenna density required for a functioning 5G network, and the sensitivity of antenna range and
placement, means that the more accurate the picture created by an offimsed planning tool, the more

costs may be aved in physically checking and building the final netwoi®iventhe number of siteghat
will be needed, this cost saving could be significant.

The following all contribute to increasing the fidelity and reliability of any dense network plan, and
therefore reduce the potential costs incurred during the planning stage:

1 accuracy of geospatial environment information;
1 accuracy of signal propagation model;

1 areliable and comprehensive understanding of the location of assets where antennae can or might
be placd;

1 areliable and comprehensive understanding of location of assets that include backhaul or power
connections;

1 a costestimate of each placement.

@. Ordnance
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Review N Multi skilled N Seek planning : Install
coverage targets : site visit : approval : & commission

Review . Agreed . Agree HOT &

engineering rules : candidate : 3" party wayleaves Bring site live

Review . Panoramic

: . Agree lease . Optimise site
planning rules . approval .

Produce : Approve : : Manage site
anominal plan . option list . . BAU operation

Produce :
option list : prior approval

Link & power Finish

Figure3-3: Lifecycle of a 5G coverage plan, derivednfroconsultation with the mobile industry. See full diagram in Annex C

3.3.5.2 Planning tool design

From the industry expertise gathered at the workshops we identified that the proftoncept should

<I NB MBI Q NB? @C>?FCNS | @ NBCH >NMMNC=2¢ JINOL@OH=S MCI &
areas of planning. The aim of the proaff-concept was not to design a fullfledged piece of planning

software, but rather to demonstrate how the data and signal model could be incorporated into future

planning oftware.

The thin slice of functionality identified was:

Setting up a project and project defaults, including allowing the plaer to define what they deem to
be; H E; ==2?2JN; <F? MCAH; F¢g7*

Showing where network equipment could be located;

Allowing the placenent of networkequipment;

$CMIF; SCHA ;mmiVEven€twdek signal pruhagatio®

Running a report to get a picture of detailed signal coverage;

Visualising signal coverage which clearly defines the edges of acceptable signal strength;

=

Understanding how bad weather might affecsignal coverage;
Showing how clutterincluding street furniture and vegetation can affect signal propagation;
Providing an indication of cost of the proposed plan.

= =a =4 -4 A -a -a A

3.3.5.3 Use of 3D in the planning process

Largerscale networks, whee signal propagation is less sensitive to clutter, are often planned to an
acceptable level of fidelity on a-Bimensional stage. 5G networks, with their density and sensitivity

@ Ordnance
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requirements, benefit from a higHidelity 3-dimensional view so that a planer can more easily
understand the relationship between the signal and the environment. For example, switching to 3D helps
a planner predict whether a smalcale object (such as a lamgost or pole) will cause a signal shadow.

3.3.5.4 Using an interface framework

/| L>H; H=? 3OLP?S¢M 5M?L %RJ ?L C¥vdsedin desigpingi$ecanCitl; F $? M
applications that utilise geospatial data whicinclude map interactions and workflow functionality.

They reviewed the results of the industry consultatiovorkshops and designed initial versions of the

mapping interface which they tested and reviewed with the wider team. Once it was clear that the

designs were fulfilling the needs of the proaf-concept, these initial designs were accepted for final

designand build.

3.3.5.5 Future improvements to the network planning process

Severalpain-pointsgand opportunities were identified during the industry consultation and proof-
concept build process.

More accurate and comprehensigeospatialdata reduce costs laten the
planning process

41 B; P? =IH@C>?H=? NB; N ; JLIJIM?> H?NQ LE;, N;Fg H =
which in this context meanshey areaccurate, compehensive, detailed and recent. Thisill be explored

further in this document.Exsting network planning processes place the burden of accuracy later in the
planning process by using site visits or further research.

In the industry consultation workshops, network planners were keen to understand how much data
could be frontloaded into any future planning tool. For example, knowing at least some legal ownership
information about a potential antenna site ugront would influence how confident the planner wathat

the proposed sitecould be used. The types of data for which they woukklito see an increase in fidelity
within a 5G network planning tool are:

1 The location and type of assets whetkey know they can placetheir equipment costeffectivelype.g.
the assetghey own, or someonedhey have a relationship with owns;

1 Asset owneship details;
1 Backhaul asset locations;
1 The lay of the land; accurate surface and clutter modelling.

Knowing the future reduces cost

When planning a new network or monitoring an existing network, psarning of upcoming building
developments, building woks or other knowable changes to the built environment would highlight risks
to the network before they occur.

Local authorities (and others) could be incentivised to provide reliable asset information

The effect of the built and natural environmerdf millimetric radio wave
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E! MM? NM¢g ; L? JF; =2 M QB ?acéd. Netdik?ptamhers highligh@d tke? HN =; H <
businesses often ask how much their assets are worth to a networking company. And network planners
will need a greater number of asset optionghere antennae can be placedor compact 5G networks.

Proof of line of #e is costly

OF; HH? LM BCABF CABNPCABINBE N EZNQ?2AHD ;I HAN FHOH?? ; H> < ; =
site task. The addition of backhaul locations within a higlidelity Digital Modelof the landscape would

enable microwave links for backhduo be planned with greater confidence. To enable this, the location

around backhaul sites should be included within the initidlgital-twin survey.

Backhaul location data can be inaccurate

Network planners have low confidence in the accuracy and comlpensiveness of backhaul location

data. In their experience, potential backhaul links can be inaccurate and difficult to obtain from
companies that own the backhaul network. Again, considering the density of the antennae and backhaul
links required to impement a 5G network, the cost of rollout can be reduced given better backhaul data
to use during the planning process.

3441 | FM

3.4.1 5GIC equipment

The 5GIC has previously undertaken measurements of path loss and frequency selective fading
characteristics in smaltell environments using transmitter and receiver equipment. Stadé-the-art
channel sounding equipment, illustrated ifrigure3-4, was used to characterise path loss and frequency
selective fading at 26GHz, 32GFRROGHz and 60GHz, which were of interest when conducting the
measurements at the time and provide a suitably wide frequency range with which to inform the
accuracy of the path loss prediction models used in this study.

5-50m

Figure3-4: lllustration of channel sounding equipment used for path loss and frequency selective fading measurements
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Measurements carried out using channel sounding were able to determine the path loss and frequency
selective fading due taeflections off buildings and the ground. A vector network analyser was employed
to measure the effect of geospatial objects such as lamp posts and bus shelters illustrateayire3-5.
These measurements were o@ed out to measure the extra path loss and frequensglective fading

that results from the presence of such objects.

Figure3-5: lllustration of measurements carried out to measure extra path losgldrequency selective fading from geospatial
objects such as lamp posts and bus shelters

3.4.2 Weather

The proposednmWavefrequency bands will have an increased vulnerability to signal degradation due
to weather elements compared to previous generations of mtebhetworks. This is because, at these
frequencies, the wavelength of the electromagnetic (EM) radiation is comparable with the dimensions of
intervening raindrops and other atmospheric phenomena known as hydrometeors which results in the
increased absorpibn and/or scattering of the EM wave.

The magnitude of this signal attenuation will increase with the path length of thensigand therefore

the weather canbe a limiting factor for the maximum separation of 5G assets, in particular in those areas
wherelarger building separations may have otherwise allowed fosparse network. A balance must be
struck between reducing the frequency and severity of weather impacts on network performance and
the significant cost of increasing network density to reduceighevel of exposure.

A common approach to the assessment of environmental exposure of infrastructure is to estimate the
return period of a highimpact weather event (e.g. a 1 in 8@ar flooding event). It is premature to
attempt this for 5G networks beguse the response of a wide cellular coverage area to rainfall which is
spatially distributed over the networks unknown at this pointHowever, it is useful to:

@ Ordnance
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1. understand the likely magnitude of the impact of weather elements on the different frequency
bands;

2. prepare realistic representations of spatially varying weather and the associated signal attenuation
NI E=B; FF?HA?¢ =; H>C>; N? H?NQILE >?MCAHM <?2@l L?

3.4.2.1 Outline methOdOIOQy 2= Met Office ‘ @_‘,{‘;L‘;’;‘“""‘ WEATHER RADAR COVERAGE OF THE UK

sumpedty RERE | @ mmimmona:

As part of its role as the UK National
Meteorological Servicethe Met Office produces
analyses of UK rainfall at a spatial resolution of
2km over the UK every 5 minutes. These are
derived primarily from operational radar data, _ Druim &, Starraig =9
supplemented where necessary with satellite . Hil of Ducwick
data. These data are archived allowing access '
recent historical real weather events. The
resolution of 2km is chosen for practical reasons
as the effective resolution of the radar & High Moorsley
measurement varies as a function of distance fron L5 .

Munduff Hill
Holeheade  *

Hameldon Hill
.

Dublin +
.

the radars themselves. The UK is served by 15 ingham
radarssupplementedby others in Ireland and the i e
Channel Islands ashownin Figure3-6. % B s

® Thurnham

Cobbacombe Cross | *
. ;

Dean Hill

Predannack
.
o
Channel Islandsx g
.

+Operated by Met Eireann
* Operated by Jersey Met

——
—————» Improving quality

The radar network covers over 99% of the UK

Figure3-6: Theweather radar network. Darker colours indicat
higher quality, more gramar observations
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As the 2km rainfall values represent average values over a relatively large area(4trare will
inevitably be subgrid scale variability ofain rate at the smaller length scales associated with the
expected separation of 5G anteneg10-100s of metres). A method to introduce this variability was
identified and implemented, allowing the production of plausible 100m resolution rainfall datasétsm
the 2km archive.

Several recent case studies were identified where heavy rain was experienced in Bournemouth and
3QCH>1 HZ %; =B UFPPG L;CH L;N? EJCR?F¢ Q; M =1 HP?LN?
proposed 5G frequency bands. Thesult was high resolutiorspatial datasets of meteorological

parameters together with 5G attenuation values which were passed to project partners at 5GIC to be
assimilated into detailed propagation models.

The project has therefore been successful inesgnting the impact of weather at
the street scale required for the planning of 5G networks.

3.4.2.2 ldentification of case studies

The primary weather challenge to 5G will be from rainfall. While cloud liquid water at ground level (i.e.
mist/fog) will interact with EM radiation at these frequencies, its attenuation impact is lower than would
be expected from more frequenthpccurring moderate amounts of rainfall. For that reason, a network
designed to operate in the presence of typical UK rainfall will be resili@ith respect to cloud at the
surface and therefore we excluded fog case studies from the project.

2; CH@, FF CH NB? 5+ =; H <? =; N?AILCM?> ; M EMNL; NCa@
large features such as low pressure systemdéd> @L | HNMa | L E=1 HP?=NCP?¢ oGl
to local atmospheric instability caused by heating of the surface or the impact of local terrain features).

The former tends to be more protracted in time and more common in the autumn and wimbenths,

the latter more shortlived but often delivering more intense rainfall and more common inetlspring and
summer.In certain summer situations=s | HP? =NCI H G; S <?=1 G? GI L? |1 LA; HC
=l HP?=NCP? MSMN?GM¢ | Lof more pavbmtgnt and very ie&/HpkecipitatibnA ? L ; L ?
which may also result in flash surface flooding.

For this study, separate convective events were identified for the Bournemouth and Swindon study

:L?; MZ &I L NB? MNL; NC@I LG 20t6Magusefl ®rboth Ia@ationsl Kaddagh o U 3
case study, three time steps at hourly intervals were used to demonstrate how rainfall attenuation might
change with time. In addition, a severe convective event over the SE of England from the early hours of

23> *OH? UfUs oKE2?@?L?H>0G $; S¢o @eoanBdadzonvettive > ? Gl
event. Table3-1lists the dates and time steps used.

Location Date Times Type
Bournemouth 2015/07/03 2100, 22002300 Convective
London 2016/06/23 0100 Convective
Swindon 2016/06/24 1400, 1500, 1600 Convective
Bournemouth 2016/11/19 2100, 2200, 2300 Stratiform
Swindon 2016/11/19 2100, 2200, 2300 Stratiform
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Table3-1: Location, date and times for the selected weather cases

3.4.2.3 Generation of spatial rainfall datasets

The starting point for the generation of the 100m spatial rainfall dataset was the Met Office archive of

2km rain rate values. As these fields effectively repent mean rain rate values at this scale, we would

expect that at the smaller scale of 200m both higher and lower rain rates will be found. To represent this
variability, for each single 2km grid box, a more granular2@20 grid (i.e. 400 elements) wasoduced,

OMCHA NB? M; G? E>1 QHM=; FCHA¢ JLCH=CJF?M NB; N ; JJF
larger scale wind flows.

Turbulent wind flow structures exist over a wide range of scales in the atmosphere, from the planetary
~10,000km scia to the 1km scale, and even down further to the millimetre scale. These fluctuations in

QCH> P?FI =CNS¢ QB?H PC?Q?> ; M EMJ?=NL; ¢ CH NB? @L
EFM=; FCHA F; QMgT NSJC=; FFS¢lalBtl? de@eadhg lenpth &, as>? =L ?; M
described by the Kolmogoroitheory.

2, CH@, FF CHN?HMCNS CM ; FKEJ; MMCP? NL; =2?L | @ NOL<OF
atmospheric eddies but has no effect on the turbulence itself. As a resu¢an also have scaling

behaviour, as demonstrated recently at scales down to ~1m by Lovejoy and Scher{zee scaling

exponent for a given rain image (in our case a 2km rainfall rate analysis) was estimated empirically and
extrapolated to 100m scalg, enabling the blendingCH | @ MSHNB?NC= MNLO=NOL? NI
image with realistic variability; this is best demonstrated Byigure3-7. We validated this downscaling

approach against radar data fronslose to a radar installation where the radar pixels were of a typical

size of 75m.

6 Kolmogorov, A.N., 1941. The local structure oftiulence in incompressible viscous fluid for very large Reynolds numbers. In Dokl. Akad. Nauk
SSSR, 30(4), pp. 3@D5.

" Lovejoy, S. and Schertzer, D., 2008. Turbulence, raindrops and the 11/2 number density law. New Journal of Physics,0f®J).7p.
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Figure3-7: Creating a 100m rainfall map from a 2km analysis for the [top row] Storm Angus Bournemouth and
[bottom row] London case study. The area shown is approxilydi@0km and 200km in each direction for each ce
respectively. Figures (a) and (c) show oagRkm data; (b) and (d) demonstrate the impact of down scaling to 1C
Note that the >16mm/h colour band contains a small number of pixels >200mm/hr

In addition to the 100m rainfall values, associated values of temperature, humidity and wind speed (in
both EW and NS directions) were also generated. Fdreise additional parameters downscaling was not
necessary Instead, the 2km data were simply mapped onto their associated 100m pixels.

All the downscaled and remapped fields wepeeparedin fully selfdescribed, geereferenced netCDF
format files.
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’!ﬁ%‘tiﬁ Survey



Introduction

3.4.2.4 Generdion of associated attenuation parameters

As they traverse the atmosphere between antennae, radio frequency signals interact with both gaseous
constituents (primarily oxygen and water vapour) and weather elements such as rain, snow and cloud
liquid water. The strength of this interaction varies significantly across the range of potential 5G
frequencies and it is essential to factor this in to any propagation model.

The attenuation problem becomes particularly complex at 5G wavelengths because the sizé® of

hydrometeors are comparable to the EM signal waves themselves. In this instance, small changes in the

sizes and internal composition of the individual hydrometeors may have a large impact on the efficiency

with which they remove power from signal by abrption (where the signal energy is dissipated in the
hydrometeor itself) and scattering (where the signal is redistributed in many directions, predominantly

away fram the receiving antenna)The sum of the absorption and scattering contributions is knowsa

F? RNCH=NCI H¢g¢Z 4B? MOGG; NCIH | @ ?RNCH=NCIH ?@@?=NM

It is necessary to make simplifying assumptions to make the problem of estimating 5G attenuation
tractable. These assumptions and their implications araramarised inTable3-2.

Assumption Impact

Hydrometeors are all For the case studies in this study, this is a valid assumption. More generally

liquid phase (i.e. no it is wellunderstood that liquid hydromeeors will have a greater extinction

ice) efficiency than their fully frozen equivalents (hail or snow). Rainfall therefore
offers a very useful worstase to challenge the network. The key exception
is in marginal neaifreezing conditions when melting snowfe? M a8 MF ?
FCE?¢ P?LS F; LA? L;CH >LIJM ;N S
just prior to their collapse, which has the potential to significantly increase
the amount of attenuation. The limitation of this assumption and its
relevanceto the conclusions of thestudy are discussed in Section 5

All raindrops are Real raindrops become oblate (squashed in the vertical) as they fall,

spherical this being more apparent for larger raindrops associated with higher rain
rates. The result ishtat the attenuation of horizontally polarised EM waves
is greater than for vertical polarisations. The study does not capture this
second order effect, rather it looks at the primary issue of the magnitude
of signal attenuation. This does not affect theonclusionof the study given
in Section 5

The refractive index of  The refractive index of water is important because it determines the degree

water doesnot change  which it refracts on interaction of the EM wave with the raindromrRkhese

with temperature case studies, we have chosen a representative value that is reasonable for
the case studies. The sensitivity to this agaption is discussed in Section.5

The rain droplet size 5G extinction efficiency is a very sensitive (and Aorear) function of the

distribution (number ratio of the wavelength of the EM wave to the rain droplet size. Therefore,
density with size) can  the total extinction from a volume of air@ntaining large numbers of

be described hydrometeors is very strongly dependent on the assumed size distribution
accuratdy by simple (and also the wavelength under consideration). The study has used two
parameterisations with  very different size distribution assumptions to understand the uncertainty
respect to rain rate in the results due to this This is discussed in Section 5

@. Ordnance
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Table3-2: Simplifying assumptions made in this study

Given these assumptions, we can convert any rain rate to an equivalent 5G attenuation value using well
established models for single particle extinction and integrating the impacts over the assumed drop size
distribution. In particular, the impact of a single spherical raindrop on an incident EM wave can be
calculated accurately usingMie® theory, which hasbeen coded by many researchers. It is, however, very
inefficient to perform this calculation explicitly every time. For that reason, an existing Met Office
capability nthe HavemannTaylor Fast Radiative Transfer Code @FRTCpwas repurposed for this

project.

HT-FTRC was originally developed to enable the rapid calculation of hypeectral infrared radiances

from vertical profiles of temperature, humidity and cloud using a principal component analysis
approach. (This was necessary to enable the exfation of the new generation of satellite and airborne
hyperspectral instruments used for atmospheric research and operational weather forecasting). The key
feature of the capability is that it enables offline training of the model so that near reale calculations

may be done with high integrity, but many orders of magnitude faster than would otherwise be possible.

For the 5G project, HFRTC was trained using approximately 25,000 vertical profiles of weather
parameters from numerical weather predictio models (further supplemented by cases of more extreme
rainfall rates) so that extinction parameters at any arbitrary frequency across the 5G spectrum could be
calculated for any rain rate. The result was that for any set of values of temperature, huynat rain

rate both the gaseous and raielated extinctions could be calculated at the frequencies of interest.

The extinction parameters were calculated for each of the 5 frequency bands of interest, with each band
represented by a low, middle and higinequency. These are given ifable 3-3.

Low (GHz) Middle (GHz) High (GHz)
Band 1 24.25 25.75 27.25
Band 2 31.80 32.60 33.40
Band 3 40.50 42.00 43.50
Band 4 66.00 71.00 76.00
Band 5 81.00 83.50 86.00

Table3-3: Frequencies for which extinction parameters were calculated

The calculated attenuation parameters were the extinction coefficieni:kand the absorption coefficient
Kabs . kexx may be understood as fédws:

The amount of signal lost by extinction along a given path is proportional to the intensity of the signal
itself and to the length of the path. The constant of proportionality is the extinction coefficiegt kSo, if
the extinction coefficient ikex =0.01 m'then, along a path of 1 metre, 1% of the initial radiation is lost.
The absorption coefficient ksis simply the component of & that is due to absorption loss (the
remainder being due to scattering).

The values of & and kiswere dso included in the netCDF files that contained the rainfall information.

8 Mie, G. (1908), Beitrage zur Optik triber Medien, speziell kolloidaler Metalldsungen. Ann. Phys., 38@5370i:10.1002/andp.19083300302
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Key results fronthe Met Office component of this repodre presented irSection 5

3.4.3 Software platforms

For this project Ordnance Survey builtZ3Dgeospatial dataset or Digital Malel, of Bournemouth A full
market analysis of the wide range of software packages was out of scope for this prdjeetfollowing
commercially-available software packages were used in this work.

Skyline TerraExplorer Pro

The project required software tat would enable us to attribute and movgeospatialdata within a 3D
environment, including point clouds, mesh models, raster data and vector data, as well as enabling us to
capture new data for telecom boxes, street furniture, lamp posts and bus sheltgrshe terrestrial point
cloud and aerial mesh models.

We adopted Skyline software to build thRigital Modelas it can integrate, display and analyse multiple
data sources within an expansive 3D world model. It can integrate attribution information abi@ature
data into a mesh model, allowing any 3D environment to be easily understood in a very intuitive way,
providing a useful platform for assessing liraf-sight visibility for 5G antenna placement.

Safe Software FME

We used a variety of FME workbémas at various stages of the project, primarily to interrogate the data,
attribute point clouds and create 3D objects. The primary benefit of using FME was to automate
processes and create a replicable working environment.

Esri ArcMap, ArcScene and ArcPro

ArcMap software was used to capture, attribute, manipulate, process and visualise a broad variety of
raster and vector geospatial datasets.

In addition, Esri ArcScene and ArcPro were used to view and analyse data in a 3D environment.

Global Mapper, QReader, Sure (nFrames) Trimble Trident and Trimble Realworks

These software packages were used to work within a point cloud environment, specifically for:

accessing data within native survey formats;
classifying mobile mapping point cloud data;
classifying aerial point cloud data;

extracting features from aerial point cloud data;

= = =4 -4 -9

generating and visualising.

ContextCapture

Software from Bentley, used for 3D mesh creation from imagery.

Maplnfo, QGIS

The effect of the built and natural environmerdf millimetric radio wave
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We used Maplinfo and QGIS software to evaluate and prepatea provided by Bournemouth BC in a
variety of formats.

Further information about the use of these software packages is presented in Annexes A and B.

3.4.4 Unity

This software was used to build the 5G planning tool. Unity is a cqgssform 3D game engine ah
development environment. It is designed to enable rapid prototyping, but also sufficiently scalable to
build production-ready software. Using a game engine provides much functionality relevant to the tool,
including rendering of 3D environments, physiagg#eractions and user interface development. The cress
platform feature is also advantageous as it allows the software to be targeted for a number of platforms
including Windows, Mac and HTML5 which will enable the facility to run both through client sofvand
web-based applications

The effect of the built and natural environmerdf millimetric radio wave
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2D mapping has proved adequate for planning networks at low frequencies where the geospatial
landscape has limited impact on signals, but the new high frequency spectrum igigpalarly sensitive to
small changes in geospatial features and requires a better understanding of the environment.

3D mapping isnow coming of age. Since the advent of LIDAR and digital photogrammetry, the potential
to generate rich 3D content modellinthe real world has begun to be realised. These capabilities have
matured over the last decade and are still evolving.

To generate a 3D environment suitable for 5G planning meant modelling the urban environment at new
levels of granularity and this necedsited adopting new approaches to data extraction. To this end,
research teams learned new techniques for automating the extraction of 3D data where possible and
undertook manual extraction when automation was not viable.

The generation of théigital Modé of Bournemouth is the resulta 3D model which is rich in attribution
and has a sufficient level of detail to represent objects that may interfere with mmWave 5G signals.

42%; N; @l L FOKENCHA- INB?2F

4.2.1 Published data
Addressing data

Within the project we usedAddressBase Premium a comprehensive register of addresses in Great
Britain. It contains data from multiple sources including local authorities, Ordnance Survey, Royal Mail
and the Valuation Office Agency.

The data contain a hierarchical addresclassification, at the highest level distinguishing commercial and
residential addresses, and also categorising commercial usaga example is shown ifigure4-1.
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8 Attributes information

Bournemouth International
DPA Centre, Exeter Road,
Bournemouth, BH2 5BH
Bournemouth International
LPI Centre, Exeter Road,
Bournemouth, BH2 5BH
Bingo Hall/Cinema/
CLASS_DESC Conference/Exhibition Centre/

Theatre/Concert Hall
VOA_NDR_RE 3412625000
PRIMARY_DE Miscellaneous
WARD_CODE E05002129

0OS_TOPO_TO 0sgb1000012813265
LOCAL_CUST 1250

LOCAL_CU_1 Bournemouth
CALCULATED 11166.727396

IMB_VALUE 33.07
CAPACITY 10000
RATEABLE_

VALUE 11250

Figure4-1: AddressBase Premium record of the Bournemouth International Centre; as an event venue, it represents periodic
high demand for mobile services

AddressBase Premium also contains nquostal address records, including electricity substationshich
may prove valuable when planning 5G infrastructutieigure4-2 below illustrates substation locations in
apart of Bournemouth.

Antennae

Masts

Electricity
substations
& power plant

Figure4-2: Overview of the loation of existing mast infrastructure and electricity substations in central Bournemouth
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Population data

We used théNational Population Database from Health and Safety Laboratory. The Residential layer
provides valuable information, referenced to AddssBase Premium, about statisticallgstimated
populations at their usual place of residence based four different scenarios:

Usual resident or night time population;
Night time nonterm time;
Day time term time population;

1
1
1
1

Thesedata provide planners with intelligence to help model demand more accuratdfjgure4-3
illustrates the information available within the Residentidyer.

Day time nonterm time population.

Attributes information

Flat 5, Ryder Court, 15, Mansel
Close, Poole, BH12 5HS

Flat 5, Ryder Court, 15, Mansel
Close, Poole, BH12 5HS
PARENT_UPR 100041231714

Self Contained Flat (Includes
Maisonette/Apartment)
VOA_CT_REC 300119172

WARD_CODE E05010535

DPA

LPI

CLASS_DESC

TOPO_TO 0sgb1000012800751
P 2.50000000000
PNT 1.88000000000
DPTT 1.68000000000

DPNT 1.24000000000

Figure4-3: TheDigital Modelattributed with AddressBase Premium and National Population Database Residential Layer

5G is a key enabling technology for a future smart digital economy. Mobile phones, tabledsmart
home appliances, plus 10T dewés, Connected Autonomous Vehicles and other pieces of smart
infrastructure will all make extensive use of this technology.

Deploying 5G network capability where devices are not affordable to the majority of the population will
not bring adequate return orinvestment to network operators. For this reason, we enhanced the
demonstrator with the Englistindices of Deprivation data published by the Office of National Statistics.
Government will require data of this kind to assess where policy interventions feyeeded to

minimise social exclusion.

This dataset is based on 37 separate indicators, organised across seven distinct domains of deprivation
which are combined, using appropriate weights, to calculate the Index of Multiple Deprivation.
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Road data

OSMasterMap Highways Network was used for street information. It includes asset management
information which identifies the authority responsible for maintaining a road, how a road should be
restored following street works and whether there are any conditmthat the local highway authority

has associated to a road. It supports data sharing for compliance with the New Roads and Street Works
Act, enabling mobile network operators to share information via the USRN (Unique Street Reference
Number) with contracors and highways authorities to manage the impact of road closures from their
desktop.

Flood zone data

As fixed assets will play an important role in 5G rollout, operational and maintenance costs must be
minimised to maximise operational efficiency. Thefore, protecting and securing assets against physical
damage will be highly important for network operators and local authorities. We used Flood Zone data
from the Environmental Agency in the demonstrator. This enables network operators to reduce the risk
of damage to their networks. The Flood Zone dataset, illustrated-igure4-4, depicts the extent of land

at risk of flooding when flood defences are not considered.

Figure4-4: Flood Zone polygons in central Bournemouth

Built and natural environment data

We used OS MasterMap Topography Layer; a detailed, maintained model of the built and natural
landscape of Great Britain. It models the real world at metsvelresolution and includes height values
for buildings. Itisalsoused to reference the more detailed geography from point clouds and other data
sources together.

In addition to Ordnance Survey and local authoritigsontent, we used the Listed Buildingsathset from
Historic England to assist desktepased network planning. When a building is recognised as being of
MJ?=C; F ; L=BCN?=NOL; F IL BCMNILC= CHN?L?MN CN CM
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one of three grades which denettheir level of importance, Grade | being the highest and Grade Il the
lowest. The listed buildings in central Bournemouth are illustratedigure4-5.

Attributes information

St. Peters Church, Hinto Road,
Bournemouth, BH1 2EE
St. Peters Church, Hinto Road,
Bournemouth, BH1 2EE

CLASS_DESC Church

LOCAL_CUST 1250

LOCAL_CU_1 Bournemouth

TOID 0sgb1000012814490
LISTENTRY 1153014.00000000000
LOCATION Bournemouth, BH1
GRADE ik
LISTDATE 1952/05/05

DPA

LPI

Figure4-5: An example of listed buildings in central Bournemouth

This information is valuable for planning the placement of access points, many of which will have to be
attached to the building fgades. The process of applying for the permissions required is time
consuming and costly. Knowing where listed buildings are located will help network planners to
estimate the probability of gaining approval at alternative site locations.

4.2.2 Bournemouth data preparation project

To meet the requirements for highly accurate 2fata within urban and suburban environments, OS
undertook bespoke data capture in the Bournemouth study area.

During this project, some of the boundaries of aerial imagery exploitation have been explored. Image
capture resolution is a limiting factor, @is the identification of features located in areas of deep shadow.
An alternative solution is required, and in this regard mobile mapping technologies have shown
significant potential.

Point clouds from aerial imagery are valuable for both 3D visualisatand data processing, notably for
the classification of ground points, buildings, vegetation and particularly tree models, which has added
considerable value to the overall 3D model.

Generating a 3D mesh model from imagery is a relatively new techaiduemploys the principle of
analysing many images of a scene taken from slightly different viewpoints and automatically detecting
pixels corresponding to the same physical point.

The data preparation project was allocated into five activities splitinPhase 1 and Phase 2, with the
objectives listed below.

Phase 1 (Data Preparation):

The effect of the built and natural environmeraf millimetric radio wave ~
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1 To prepare data in a known and consistent format for use in a 3D environment with all relevant
attribution maintained from the available data;

1 To extract highways asseénformation from Bournemouth BC;
1 Create accurategeospatial datasetdor each selected region, including metadata;

1 To understand what different types of attribution characteristics we could extract successfully and
what we cannot.

Phase 2 (Data Acquisitip:

1 To extract a point cloud and classify it using the Bournemouth BC data;

1 To enhance the Bournemouth BC data by moving feature records into their correct position within the
point cloud;

1 To automate as many of the manual processes employed so they caedsdly replicated in the
future.

The overall project methodology is illustrated iRigure4-6.

Data
enhancement

Data
management

Mining of data from Data Data quality
Bournemouth BC conversion checking

PHASE 1 PHASE 1 PHASE 1 PHASE 2 PHASE 2

Figure4-6: Bournemouth data capture project methodology

4.2.3 Bournemouth data

The characteristics of higlirequency radio, with its short range, will significantly affect the chosen
location for access points and antennae. A smedll infrastructure network has to be designed with
greater resolution and accuracy, and manyteioptions need to be available for network planners to
assess for suitability before they can roll out or enhance a network. To reducesc@stisting

infrastructure mustbe utilised as far as possible, and knowing in advance what is available around the
deployment area will significantly improve that process by keeping planning costs to the minimum.

Objects captured were:

1 lamp posts, telegraph poles and traffic lights where antennae could be installed to provide street
level network coverage;

1 telco calinets, which indicate location of the fixed assets (dark fibre) in relation to street furniture
used to locate small cells;

1 CCTV infrastructure; in many cases this is connected with fibre optic cables, and moreover CCTV
cameras can provide line of sightformation which may help to deploy small cells more effectively;
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1 electricity network infrastructure to provide information on the nearest source of power.

As one of the requirements is to provide mobile coverage along major road and rail networks, we
modelled physical roadside structures such as bridges, road signs and gantrigg(re4-7). Accurate
information about the location, size, shape and material of these structures will simplify and improve the
planning process and furthermore help network operators to mount equipment on existing structures
more efficiently and safely.

Antennae

Masts

CCTV ducts

Supply point location
Ancillary cable location
Ducting merged

High voltage cable
Joints

Link box

Low voltage cable & service

Electricity substations & power plant

Green box
Telecoms box
Lamp posts
Benches

Bus shelters
Traffic regulations
Bollards central

Street sign

Figure4-7: An example of network utilities and street furniture modelled within tiagital Model

Bournemouth BC provided further datasets to enhance the model and to enable quality checks against
data captured during the survey. Specifically, the data included:

traffic and parking regulations (traffic lights, street lighting, traffic sigj

street furniture (bus stops, bus shelters, lamp posts, Christmas decorations);
telecom boxes and infrastructure;

electricity networks;

tree preservation order data;

walls;

= = =4 -4 -4 -a A

planning records relating to existing mobile and other transmission towers andsts, fences and
CCTV cameras.

Further information on this subject is provided in Annex A.

43(1 Q AL; NBGR; N; >H? ?> NI < 7?9

First, it is important to understand that aerial photography will offer a specific degree of resolution
depending on flying haght and how the imagery is capturedbyNADIRor Oblique. Similarly, mobile
mapping can be undertaken at different scan resolutions. Combining these two capture methods allows
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us to be build a 3D environment at a level of granularity suitable for implemegtin the model.
Selecting different levels of resolution for each method of capture will allow us to define acceptable
granularity for analysis.

The data granularity, or detail, of a 3D model will have an impact on the modelled viewshed of a 5G
signaldepending on its frequency and associated propagation factors. For example, a simple 3D mesh

Gl >?F CM I HFS ; <F? NI >?2GIHMNL; N? ; ENIJ >1QH¢ L?
cloud typically contains fine detail and can yield prise results. Other key parameters are the cost of

acquisition and the ability to contain relevant attribution.

The following examples of viewshed analysis show how models built on various data sources perform for
an antenna placed on a lamp postwithaRi? H EFI | E¢ >CL?=NCI H¢ JCN=Bg¢ BI
view.

1. OS MasterMap Topography Layer with building heights, street asset data, digital terrain model (DTM)

These datasets can only offer a simple assessment of the scEigpife4-8). The data do not include
complex vegetation or street furniture and therefore may not be suitable for modelling the propagation
of high frequency signals.

i

|sxeman

Figure4-8: An exanple of viewshed analysis based on OSMM Topography Layer, digital terrain model and building height
attributes. The red colour shows the area where line of sight is blocked by the objects. Green indicates clear line of sight.

2. Digital surface model (DSM)

ADSM will, according to its resolution, depict all aboggound features including buildings and
vegetation, and is frequently viewed in conjunction with imagery or raster mappifgg(re4-9). A DSM
offers a 2.5Dather than 3D representationAs it is usually generated froIADIRaerial imagery
obscured features, for instance below canopies, are not represented.

@ Ordnance
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Figure4-9: An example of viewshed analysis based @ digital surface model. The red colour shows the area where line of sight
is blocked. Green indicates clear line of sight

3. Mesh model

Like the DSM, the mesh model®hln here is generated from NAD#rial imagery but can include minor
overhangs as itd a 3D rather than a 2.5D mod&iigure4-10).

Figure4-10: An example of viewshed analysis based on a mesh model. The red colour shows the area where lin¢ isf sigh
blocked. Green indicates clear line of sight

-
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4. Oblique mesh

A mesh model generated from oblique imagery has a wider effective field of view thvabBIRmagery
and therefore can generate a more consistent 3D modéb(re4-11).

Figure4-11: An example of viewshed analysis based on an oblique mesh model. The red colour shows the area where line of
sight is blocked. Green indicates clear line of sight

5. Point doud

Using the samé&NADIRmagery as used in the DSM and mesh examples, a point cloud can be used to
model a scene from a toglown perspective Figure4-12). The limitations here are common to all data
generated fom NADIRaerial imagery, although the visualisation result is not affected by the draping
effect of the DSM or mesh where an elevated feature is connected to the ground surface.
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Figure4-12 An example ofiewshed analysis based on a point cloud model. The red colour shows the area where line of sight is
blocked. Green indicates clear line of sight

6. Terrestrial Point Cloud

Point cloud data based on mobile mapping provide a higher level of strs@te detdl. The scene is more
granular as the datare captured close to ground leveHigure4-13). Theyenable the analysis of
additional features and allow consideration of impacts to a viewshed, for instance from stfaeniture
and vegetation. However, the point will also represent other transient features, such as vehicles and
pedestrians, which are not required.

Figure4-13: An example of viewshed analysis basedaterrestrial point cloud model. The red colour shows the area where line
of sight is blocked. Green indicates clear line of sight
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The software packages used in this process had various data format limitations. However, tthigati
prove to be a significant obstacle, and in all cases we were able to accept and produce data in the
required format.

The data collection task demands a considerable amount of effort and planning, and the effort required
to process raw collected dat into a usable state can be substantidlhis is especially true if the datare

to be maintained for use beyond just 5Ghe street asset data supplied by Bournemouth BGre&een
highly valuable, but we found thathey contained many omissions and hae some significant positional
accuracy problems. For more information on this, see Annex A. In particular, the unavailability of
telecoms infrastructure meant that new methods of data identification and capture were required.

I'M [/ 3¢M =1 HP ? HM@prddesdes atebd@seédNr? steM@ aerial imagery, we quickly
discovered that this posed limitations in developing a 3D model. Although stereo image capture

methods are adequate for the extracting data to current OS data specifications, much of the data
required for 5G planning require further levels of detail. It is nearly impossible to capture features under
vegetation and building canopies or in areas of deep shadow. The 10cm resolution of the stereo imagery
is such that features with dimensions of letisan 30cm are difficult to accurately identify and extract. For
this reason, it was decided to employ terrestrial mobile mapping data sources to assist the capture of
street-side features.

Our mobile mapping data wre collected using 3DLM's StreetMappprototype, Leica Pegsus 2 and
Trimble MX8 systems.

The 3DLM StreetMapper survey was carried out in an extensive area both on and off the highway
including some park and pedestrian areas. The datamprocessed in conjunction with ground control
points, thoroughly tested for accuracy against independent instrumentattpntrolled data andare
considered good benchmaiukfor subsequent data capture in the Bournemouth area.

The Pegasus 2 and MXsurveys were restricted to the highways only, but both lude associated
imagery. The advantages are that the resultant point cloud dataveamagery embedded and can be
used as a 3D picture for easy identification of features. Both datasets are positioned via tHeard
positioning/navigation systems and thexfore offer a lower level of confidence in positional accuracy.

One factor which should be considered when employing mobile mapping data in understanding the

MNL??N M=?H? CM NB; N | @ OHQ; HN?> E=FONN? hoghatMO=B

access to available software to achieve the removal of all clutter in the terrestrial point cloud.

45%$; N; JLI =?2MMCHA G?NBI >1 FI AS

During this project we have assessed many datasets from various sources for their value in building the
BournemouthDigtal Model We have sought novel approaches in using these data and developed new
methods of data extraction. Data spanning aerial imagery, point clouds and highways inventory data
have all been restructured into a single, coherent dataset.

We have assessl data extraction tasks for their potential to be automated, and those that could not be
automated have been streamlined. Efficiencies in the use of new approaches to software and data have
been considered throughout and in this sectiofin more detail inAnnexes A and B, recommendations

are made on where further research could improve processes and eliminate unnecessary procedures.
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The results of the data capture, extraction and modelling processes show howDiggtal Modelhas been
generated, where isues have been encountered and in some cases solved to produce a 3D model that
meets requirements. We have also reached conclusions on how planning processes for data capture can
be improved and how future efficiencies might be realised.

ContextCapture s@NQ; L? @LI G "?HNF?S ONCFCM?M <I| NB ; =1 GJO
a#05s ; M Q?FF ;M NB? '"L;JBC=M OLI =?2MMCHA 5HCN 8'0
for extracting a 3D model from imagery. Processing the Bournemaddita block on a singldicence

workstation with a suitable configuration took around 8 days. However, once the initial mesh model is

created, output data for an entire block can be generated in a matter of hours, depending on the

required densities and leels of detalil.

The mobile mapping systems were chosen as being good examples of their type. Other systems are
available that will generate both imagery and point clouds at a street level and technology in this field is
progressing at a rapid rate

The esult is a dense 3D mesh model which represents surfaces with textures at a very high level of detail.
Accuracy thresholds can be considered at factor of 3 times the original image pixel size; in this example,
the measured point in the mesh is accurate wadthin 30cm of an independently measured control point,
against a source image pixel size of 10dangure4-14shows an example of a mesh model created from
oblique imagery with oblique camera positions.

Figure4-14: An example of photo centres for oblique camera positions used to generate 3D mesh model with ContextCapture

There are clouebased software solutions available which can generate mesh data of similarligyaal he
benefit of cloud processing is speet\here a block of imagery may take a week or more to process on a
single workstation, the same process on cloud servers can be completed in a matter of hours. However,
the process of uploading large images tbe cloud may negate this benefit.

Image acquisition parameters have a crucial bearing on suitability for creating a 3D model. The available
aerial imagery of Bournemouth was captured at a resolution of 10cm, comprising nearly 500 images and
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with high redundancy (overlap) both along the flight strip and between flight strips (f&gure4-15).
Redundancy is important factor in determining the value of imagery for extracting 3D data.
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Camera type: XP9353
Focal Length: 100.50mm
Photos taken: 521
HEIGHT: 5800ft Ordnance Survey
GSD: 10cm
FORE/AFT OVERLAP: 80/60%

Figure4-15: Flight plan for capture of Bournemouth aerial imagery
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Figure4-16below sets out the overall data extraction process.
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Figure4-16: Data generation methods
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1 We experienced complications with data being broken up during conversion from TAB format; some
of the data sets were split into several shapefiles, which was impractical.

1 The posiional accuracy and attribution of some datasetsereincomplete and required manual
rectification, a highly timeconsuming process. For instance, all 4667 lamp postaels needed to be
repositioned, some by as much as six metres.

1 Some Bournemouth BC datets were incomplete and there was a lack of consistent attribution in the
data provided For instance, only 40% of the available data records for lamp posts contained
attribution.

1 A significant length of time was spent improving Bournemouth BC data accyra

1 Mono imagery proved to be inadequate to identify streside features; stereo imagery is required.

1 3D editing processing time can be lengthy when repositioning features in a point cloud environment
and requires highspecification hardware.

1 Automation was limited. Some of the data records from Bournemouth BC had random positional
errors which made automation difficult and required manual intervention.

In summary, the development of the 3Digital Modelhas proved very valuable in identifying which tools
and techniques are best to apply and where there are opportunities to automate or seek out alternative
solutions. It also brings to light the importance of sourcing reliable and consistent data which may prove
=B; FF? HACHA ; =LI MM .NB? 5+¢M FIl =; F ; ONBI LCNC?M
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We believe that automatioof manual methodgould today yieldabour and
processingost savings of around 60%.

This has been taken into account in our calculations when forming the NatidPlainning Guide
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The development of the meteorological component of the tool provided useful insights into the relative
importance of different weather elements on future 5G networks. The nature of the interaction of
electromagnetic (EM) radiation with atmospherioastituents at these frequencies is complex, primarily
because the wavelengths involved are on the same scale as the sizes of the hydrometeors themselves.
This means that there is a very strong sensitivity to the details of individual particle composiod

shape as well as the assumptions made about the variation of hydrometeor number density with size.

Before drawing the key conclusions of the study on weather in the final part of this section, we found
that rainfall is the only significant hydrometeowith any measurable impact on propagation for 5G small
cells. Other mitigating factors due to weather are discussed firimely gaseous absorptions from air
and fog and the impact of extreme temperatures.

514?2GJ?L; NOL? ?2@@?=NM

Where there is extreme tengrature in a radio communication system, the receiver will always be

subject to receiving background noisén fact,by the laws of physics there is natural background noise in

the environment which corresponds to temperature. In warm weather conditionsstbbackground noise

will therefore increase. The receiver will increase in temperature due to radiation from the sun. The
L?=?CP?LéM N?GJ?L; NOL? QCFF ; FMI =; OM? CN NI ; >>
arrives at the receiver. Throdgstudying the data sheets of amplifiers available in bands above 6GHz, the
volume of noise added by the receiver does not change by a significant quantity as temperature changes.

Considering both changes in background noise and noise added by the receaither at the base

station or the mobile devicethe difference this makes tgignal quality is not measurable. The main
reason for thissthat the interference that the device will receive from other base stations in
neighbouring cells is substanti®y higher compared to the noise. Any changes in the noise, which are
small in any case, are negligible in comparison to the interference which has a more substantial impact
on signal quality and will be discussed in Sectién

52' ; M?1 OM ; <MI LIJNCIH ?2@@?=NM

The effect of gas and moisture absorptions at frequencies above 6&tdknown and information is

widely available in the literatureFigure5-1 shows the position of the central frequencies on a spectrum

of gaseousattenuation, that is, with no cloud or precipitation present. At these frequencies, the primary
sources of gaseous attenuation are water vapour and oxygen. The candidate 5G frequencies lie largely
QCNBCH EQCH>1 QMg <?NQ??H NBGEHYARAas the higheM dttenudiohBlueA B  H |
its position closer to the centre of the oxygen absorption maximum. In additidaple5-1 shows the

percentage loss to gaseous absorption over different path lengths ickeaf the frequency bands where

it is foundthat the percentage of power is less than 1% in the majority of frequencies and distanoes

the worst-case at 66GHa4t does not rise beyond 10%. Therefqr@ny impact of absorption is negligible.
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Figure5-1: The position of the central frequencies of the 5G bands used in this study. The figure shows the attenuation due to

the absorption of energy by gaseous water vapour (blue line) and oxygen (greer),thet total also shown (dotted). The

vertical axis uses a logarithmic scale representing the fact that the absorption varies with frequency over several orders of

G; AHCNO>?¢ 4B? JI MCNCI HCHA | @ N Bi.2.loB€r absorptibp) Mle@CNBCH E; NGI MIJB?L

Frequency Power lost at Power lost at Power lost at
(GH) 50m range 100m range 200m range
(%) (%) (%)

24.25 0.15 0.30 0.59

25.75 0.12 0.23 0.46

27.25 0.10 0.20 0.39

31.8 0.09 0.18 0.35

32.6 0.09 0.18 0.36

334 0.09 0.18 0.36

40.5 0.14 0.27 0.54

42.0 0.15 0.30 0.60

43.5 0.17 0.34 0.68
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Frequency Power lost at Power lost at Power lost at
(GH) 50m range 100m range 200m range
(%) (%) (%)

66.0 2.45 4.85 9.46

71.0 1.57 3.11 6.12

76.0 1.07 2.13 4.22

81.0 0.34 0.67 1.34

83.5 0.33 0.67 1.31

86.0 0.34 0.67 1.34

Table5-1: The percentage loss du® the absorption by water vapour and the other atmospheric gases, predominantly oxygen,
over three different paths of 50m, 100m and 200m. The values are for the US Standard Atmo¥phere

53! H; FSMCM | @ L; CH@; FF ; NN?HO; NCI H

This section provides the main conddions of the study in which rainfall and sleet are found to be the
sole contributing factors. Each conclusion is emphasised in bold followed by explanatory text. Before
covering the conclusions, the concept of extinction of radio waves is explained andtithted inFigure
5-2.

The extinction causes attenuation of radio waves with the result that they are weaker titery would
propagate through free space where no rainfall is present. The attenuation takes pia¢eo forms the
first due to absorption where the radio is attenuated due to losing energy as haat] the second case
due toattenuation from scattering where some radio waves are reflected or refracted in different
directions. Either waythis resultsin attenuation.

10
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Figure5-2: The extinction of radiation by rain droplets is due to two processaissorption and scattering. On the left of the
figure the process of the absorption by raindrops is depidt& which the radiation is turnedinto heat. Scattering by raindrops
(on the right) also results in a loss of radiation from the incoming beam as the radiation is being redirected in othetidirec

The occurrence of heavy rain in the UK has the pateantsignificantly attenuate 5G
signal strength, even over the relatively short path lengths envisaged due-afdine
sight constraints. The impact is most severe at the higher frequencies (71 and
83GH2z).

The primary parameter to describe attenuation the extinction coefficient k. For the purposes of
JL?M?HN; NCI'H CH NBCM L?JILN¢g Q? B; P? =lodd&v@rlaN? > NB
UF F G J:; N BiguRe53sHoisBtge @00m loss for tHewest and highest frequency bands for the

stratiform case (Storm Angus) and the more extreme London case.
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Figure5-3: Percentage power loss over 100m for the [top Row] Bournemouth Storm Angusaia&s 25GHz & (b) 83GHz and for
[bottom Row] London case at (¢) 25GHz & (d) 83GHz. These are the same cases as discussed earlier in this report. Note the
physical dimensions of the London case (~200x200km) are twice that of the Bournemouth case (~1RO%1&® the colour

scale has been changed to accommodate the much larger areas of higher attenuation in the more severe London case.

An alternative representation of this uses cumulative distribution graptégure5-4 compares the
percentage signal loss for the same caseskigure5-3 (one line for each plot).

-
» Ordnance

The effect of the built and natural environmeraf millimetric radio wave Q@g
¥ Survey

FinalReport © OS 2018
54






