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Abstract

Radio propagation modetseused tdacilitate theplanning of wireless networks.
Over the decadesyith the evolvementrom 2G to 5G technologgnd the use of higher
frequency bangl there isan emergingdemandfor more accurey from the propagation
model.Althoughit is well acknowledgedhat determinist modelsare moredesirablefor
meeting theequirementtherestill lacks an efficient solution especiallywhen the usage
is forthefull 3D coveragerediction which is necessary fitile 5G heterogeneous network
(HetNe) planning.

This studystars with the investigation ofcurrentpropagation models and their
principlesin the literatureto understand the challenges in providiag accurateand
efficientsolutionfor theradio prediction in 3DThentwo propagation modeisith desired
speed using different techniquegre comparedide by side tstudy themethodthat is
more suitable fothe problem of interestt is learnt thathe raylaunching method should
be thebetter candidate for iggoodbalance irefficiencyand accuracy.

However, in the literature, the existing rdgunching methods are stilot
presentingspeed fast enough f8G network planningdue to the higllensity of cells and
the complexity otthe HetNet environmentSome adoptionsf hardware acderationare
showing potential,but the presented speed boossti much less than thadvertised
improvement from hardware manufacterd hereforea prototyping raylaunching model
with hardware accelerationfisstly implemented in thisesearchto studythe possibility
of using hardware acceleratitor providing an efficient solution.The prototyping model

doesdemonstrataconsiderabl@erformance boo$ty using suitable acceleration methods,



but thefinal speed is still not enough for tmeed It is learnt that theore limitation for
providing the desiredolution is from the algorithm compléy of 3D ray-launching.
Thereforgamtherpropagation moddiased on tub&unching iscreatedo reduce
the algorithm complexityTo overcome thé&nown challenges in tubtaunching e.g. tube
intersection test and tubshopping an innovative ray splitting method sroposedto
approximatehe tube shapand adapthe calculation resolutiof.hen, theimplementation
and validation of this modelrepresented in differenhdoor and outdooscenariosThe
results prove that thebelaunchingpropagation model dogsovide the desiredccuracy,
efficiency and versatilityjor 5G network planning.
In the end penefiting from the agaive characteristicthe above model is further
extended ta multiresolutionpropagation model for providingutdoorto-indoor (O21)
and indootto-outdoor (120) calulation. Based on the mechanism, the proposed model
provides aseamlesdransition across the boundary between the outdoor and indoor
environmentausing a deterministic approacivhile the existingnodels in the literature
usenondeterministidransitions with rdaunching behaviours on tiheundaryln an O2|
scenario, the muliesolution model is shown with efficient simulation and a good match

with the measurement.
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1 Introduction

1.1 ResearchBackground

Radio propagationmodek are widely used to predicate thestrength of
electromagnetic (EMijield within a modelled environmenDepending on the scogehe
result can be used to understand tharacteristics 0EM component®r can be used to
pre-evaluate thevireless linkbudgetbetween the transmitter aaghoint-of-interest Pd).
Dueto the limitation of computationaapability, a goodtradeoff between thescope of
the environmentand thecomplexity of themodel algorithns has to be investigated
carefully. Ideally, the methods solvingMa x we | | 0 s carebg usedriavaccsirate
estimation of thevavephase polarization an@ttenuationHowever,a detailed modelling
of the environmentand a large amount otomputational burdeare neededor small
scopeql1], e.g.for tens of metersThus, suchan approach is not feasibler wireless
network planimg, whichcouldneed thesvaluatiorof radio links betweem fewkilometres.
To cope with thescaleissue empirical modeldased omnalytial study and measurement
of typical scenariosare developed tgrovide adequateestimation based on limited
environmenmodellingfor communication channels oviemg distancep?].

While for themediumrangefrom a fewhundredmeters to dew kilometres a
tradeoff approach igpromising which provides an estimationmore accuratehan the
empirical model whilestill need lesscompuing time andenvironmentinformationthan
Ma x we | | 0 s soleeq. Tha tdeployment oheterogeneous networks (HetNéas
brought moreattentionto suchanapproachas thenetwork quality within gew hundred
meters isbecoming the major concern for small ceMith the introduction of 5G,

especially the use omillimetre wave (mmWave) which is very sensitive tothe



surrounding environmerj8], the mediumscope radianodelis becomingnecessaryor
pre-evaluaing the networkplan before deployment.

The deterministionodels provide accurateptions foraddressg the medium
scoperadio prediction Someexamples are theay-tracing ray-launchingand differential
equation solver likdinite-difference timedomain (FDTD) method4]. The raytracing
algorithms predict EM waves propagations with given positions of both transmitters and
the receivers. The rays satisfyiggometricaloptics (GO) rules for the givepositions are
generated by various techniques. As for thelaayching ajjorithms, the rays are not
traced specifically for exact receiver positions. Instead, the rays are propagated from a
transmitter and all the reflections, diffractions, and scattehaghappeed during the
transmission are counteth some literature, # ray-tracing is referredo asthe image
method, and the ralaunching is referredo asthe brute forcemethoddue totheir ray
generation strategies

These methodsan achieve satisfactogccuracy close to the measuremgit
However, thecalculation burden could still be significafior scenaris with a radius of
thousand meters at high resolutiBased orthe basiconceptderived formsare proposed
to improve the calculatioefficiency or simplifythe modelling approachiSomemethods
usea hybrid approacto offloadpart of thecomplex cé&ulation totheempirical nethods
Somemethodseduce theaccountedlimension from 3D to 2.5D/25pecifically or the
ray-based approachespmemethodsuse different shapas model tle wave, e.gtriangle
tubeand square tubé].

However,theabovemethods ar@aot suitable forthe preevaluation of theaetwork

plan.On the one handp evaluateghe networka full 3D volumeradio predictionwithin



the rangef interestis neededncluding the vertical variatiaimhe demandor result along
the & dimensioncomesfrom the need forindoor coveragerovided from outdoobase
stations Many ray-based methods, especially +@gicing,focuson the resultn a limited
set of pointsthus their computational burden is much less thandimg onall the points
in the considered 3BnvironmentThen theperformance would be less a concern in such
case On the other handa method may notcalewell for the calculation ofmany
transmittersOne of the ky trendsof 5G deployment ishe dense small cell, e.gensof
small cells could bplaced witlin asquarekilometre[6]. This meanshetime consumption
of onepropagation modetould beincreasedy tensof timesto provide theevaluation of
a small areaNot to mention thevaluatiomeed to be repeated few timesn atrial-and
error process tdind out abetter network planThus,there is a demanidr a propagation

model providinghigh speedull 3D volumecalculation.

1.2 Statement of the Problem

The full 3D volumecalculationshould provideradio prediction at eah location
within a range of interesThe calculationalonga dimension would have a significant
impact on the degree aomplexity. Depending on theatio of the z range over the
resolution, theomplexity could be increaséy tens otimes for themethodghatput the
focus on the street levet even a few poist This is especially the case fineray-tracing
method which isargeting at pointo-point. Based on the number @fy-object interactions
counted ina method,the raytracing complexity increases exponentially while the ray

launchingcomplexity increases linearly].



On the other handay-launchingapproachesre discretmaturally Thus the idea
of collection spher¢8] is developed to sample thiscrete raysnto a continuousesult
within agivenresolution One example of the collection sphecan bereferredto asa3D
grid whichis compaedof uniform collection voxelsTherefore full estimaed coverage
can beprovidedas long asheray-launchingmethodcan guaantee that all the voxetsan
be reached.

However, there is a chanoédoublecountingthe raysespecially for the collection
voxel close to the transmittevhere the rays are dense and cauid up going through the
same voxel8]. Also, for the raysreflectedon the samgolygon from the transmitter,
doublecountingshould be avoided.he handling of the issue becosmemplexaftermore

interactions.

Figurel-1 Angular dispersion increases the gap between rays after reflection

Another issue arises #%e separation between neighbour rapsild continuously
increase due to reflectipsince thaay travéling distance i€xtendegdas shown irFigure
1-1. Unavoidably,the separationould become larger than thellection voxel andead to
gaps in the sampleesult Without the consideration ofangular dispersigna method
would notbesuitable for thegiven3D volume calculationAngulardispersion is thenain
challenge of thestudied problemasit representshe dependencyf complexity on the

number of interactiondNeglecing the problem wouldecouple the dependency.



To solve thepractical angular dispersiomproblem, the tubetracing methodis
developed to model trmntinuous wavey tubes with volume instead of discrete rajs
10]. However, this approachrings up the newchallenges oftube splitting and hit
detectionFirstly, on hittingan objecpatrtially, an incidenttubeneeds to be split into a few
subtubes, among which one will bthe actuatubecovering the full hitand the ressub
tubes will be freefrom the hit. Secondly,as thetube propagate further or bounaeback
from areflection, theubesize could becomio large thaean object can btilly contained
within atube so that théiit detectiormay be missed.

Another approachsolving the angular dispersiomproblem is to usehe FDTD
method, whichdoesnot have the problem intrinsicallgs itdoes noimodel the rays but
insteadsdvesthe timed e pendent Ma x w ealdisci@tegride Hpwewdr, ithe n s
FDTD method rquires the grid sampling of thescenario in advan¢eso it israsterbased
instead ofvectorbasedThe raster model has its limitation of resng fine detailsin the
close distance, e.g.is hard tarepresent two parallel wadlwith 0.5m distance given a 1m
raster resolutionAlso, the edge of windows and doarannotbe accurately regesented.

Therefore, an effective solution tahe problems arising in the 3D volume
calculation would face enormous challenges frommodelling and computational
complexity. Specifically, the goal ofsucha radio propagation modethould be able to
calculate ong¢ransmitterfor a coverage radgof 1 klometrein adense urban areithin
minutes Sucha requirement is necessary basedstate-of-the-art propagatiormodel®
performancg11-13], and the fact thaensof small cells need to @anned irsuch area.

Meanwhile,for the planning of HetNethesupportfor O21 and 120calculation is

necessary as welkundamentallythe challenge of O2l is due tihat different levels of



scenario detail are provided for the outdoor and indoes. Therefore, the desired
calculation resolutionare alsalifferent. A solution providing an efficient transitiaiong
the boundarypetween th@utdoor and indoor scenasis needed.

This researctdevotedtself to develop avectorbasecdhigh-performancedD radio
propagationmodel providing the desired performance whisgldressing thearising
problens discussed abouike angular dispersioanddoublecounting The limitationof
existing methods and tingootential inprovidingthe 3D volumecalculationarestudied If
the limitation is due tohe lack of computing powett, is reasonable to rexam thedeal
solution withanup-to-date computing device and hardware accelerafibana proposed
adaptivetubelaunchingmethodis implementedin the end, theerformarme and accuy

of themodelareevaluated

1.3 Significance of the Study

One of the keyeaturedor 5G is the introduction dheultra-densenetwork(UDN),
e.g. small cells witha coverage rdius around 100m will be massively ardknsely
deployed to meet thexplosive demand of data traffjt4]. Careful planning has to be
made to determine the exact locatsofor the massivenumber ofthe small cells, to
minimizetheir interference anthaximize their performandéus efficiency.The CAPEX
for the full rollout of 5G inBritain is estimated a£12 billion in [15]. Therefore, any
saungs in the network deployment will baignificanty magified by thetotal volume.
Meanwhile,due to the use of mmWave, tB& coverage would be very sensitive to the

surrounding environmei8].



Thus it can berecognizedthat there isa strong demand foa capable radio
propagation modeto help thedesign, planing and evaluation oflensesmall cell
networks.The propagatiormodel shauld haveenough accuracio provide reognizable
improvementfor the network planningover traditionalexperienceguided approacts or
otherexistingradio models For reference, theost ofa 3Gnetwork could be reducda
about 20%40%with simulationassisted planninfi.6].

Yet asdiscussedn Section1.2and Sectior2.2, the challenges & mediumrange
radiomodelare not well addressed byisting methoddgrirstly, some of the methodsiss
the consideration giroblemdike angular dispersiarsecondly, someethods have naz
simplification ascompensation to theomputing efficiencythus the scarification of the
accuracy. Lastlysome methods argying to solve thechallengesby innovating the
modeling method like tubelaunching but new challengeswhich a r e praktically
addressedrise at the same time.

Also, for the application in O2I and I126cenariosmanysolutions are still based
on empiricaimethodg17-20], due to the mixed complexifyom both scenariodVhile for
theother proposed O2leterministianodels they arecomposeaf hybrid approacksthat
introducea discontinuedransitionalong the boundary between the outdoor and indoor
scenarig. Sucha transition could lo® the respecbf the actual ossite structureas
discussedn Section2.2.3

Thus there is agap in the researdweaproviding apracticaldeterministicradio
modelmatching the industrial demand aaddressing the knowromputing challenges.

The goal of this study is tdevelopa feasible solutiorio theproblemwhile maintainng



competitiveefficiency and accracy. So, the industry could be provided withraodern

radiopropagation moddielping andmproving network planning.

1.4 Scope and Delimitation

Firstly, the study aimsto the mediumrangeradio prediction e.g. froma few
hundred meters to a few kilometr&his range bears thenproved environmentnodel
detail over the long hauTherefore, the variation dfieenvironmentn small scale matter
espeially for themmWave used in 5G which gensitive in providing the coveragén
the other handhecomplexityraisedfrom 3D volume calculationeed to be handled with
respect to the detaiblso, the cost of thegeographic informatiosystem(GIS) data rises
with its resolution Therefore,a balance in theequired model information,computing
efficiency and acuracy is expected for the medinamge.

Secondly,the study aim to provide a deterministi@dio model| instead of an
empiricalmode| which generalizs the statistics from measuremesin different typical
environmentsresulting inbeingsensitive to thechange of scarios[5]. Such dependency
problemis enlargedy theimprovedenvironment dtailsand thecorsideration ofariation
in small scopesOn the other handhedeterministianethodprovidesa universalapproach
for the calculation in differeriypes of scenario§ hus,asignificantadvantages provided
in saving thdime neededor tuninganempirical modefor scenariosNot to mention the
determnistic modelcan provide satisfactory accuradgse to the meauremenfl].

Thirdly, the focus of the study is tamprove the efficiency ofa deterministic
method.The wireless channel modellingas been a hot research topic over the decades.

There exist mature theoriesor modelling the rdio usingempirical, deterministic and



hybrid methodsThe identified gap is inapplying themethods ir3D volume calculation
with the significant rising of complexity. Especiallythe calculation speedis becoming
critical for efficient estimation angblanning ofa dense small cell networRhere are
methodsreducing the complexity bgffloading thecalculation alonghe zdimension to
empirical approacheg21] or simply performa transition from 3D ta2.5D/2D [22].
However, thesesimplifications would inevitablylose certain shadowing andsisibility
information especially forthe mmWave whichis approxmatingthe behaviour of light.
Thus,this studyaims to persisa deterministicoasedapproach in full 3D volume.

Lastly, theproposed method in this study wouldb@sed on narrow bantdieally,
the 5G could usebandwidthbeyonda hundredmegahertzfor which there will bethe
frequencyselectiveeffect However,ray-based methodare having difficulty providing
wideband calculatiorjl]. To provide the wideband consideratimne appoach is to
perform multiple rus of the samescenario at different frequencies, i.e. samible
wideband into narrowbandlso, an extension ora ray-basedmethod withan empirical
approach could besedto approximate the frequency selecteféect. After all, the focus

of this studywill be based o theray methodor narrowband.

1.5 Structure of the Thesis

The following Chapter2 will give the literature reviewfor the up-to-date
propagationmodels Both the empirical and deterministic model will be introduced.
Althoughthe main focus of this study is deterministicdrh stochastic methodould be
useful for compensahng and extendng the limit of a deterministic methodin the

meantime, th@rinciplesfor theray-basednethodswill be given as well.



Then ChapteB will focus on thestudy ofa preferrednethodfor the aimed 3D
volume calculatioramong thedeterministiccandidatesFirstly, the complexity of ray-
tracing and raytaunching methods will bestimated fothe problem domainThen aray-
launching model and #&ansmissiodine matrix (TLM) like model, which areboth
presentindhigh calculation speedreintegrated into a building modelling tool toowide
asideby-sidecomparisorof their efficiency and accuracy.

Thereafter, Chaptet will start the prototyping of &O-baseday-launching engine
powered by hardware acceleratidine goal isto investigatethe feasibilityof using the
hardware acceleration and moderocesersto overcome theaised complexity from the
3D volume calculatiorThe actual computing complexityottleneck and other challenges
will be understood through the implementation amdulation of the prototyping model.

Based on theprior experience and conclusion, Chapfewill proposea tube
launching method based @entral ray splittingwhich aims toaddress the complexity
problemidentified inthe prototyping modelmplementation of the method with improved
module designs will be provided to evaluate the performanceValidation ajainst
measurements in differestenarioswill be given in the endio prove theaccuacy and
versatility of the moel.

Then inChapter6, the extensionof the tubelaunching method will bgiven to
support the O2l and 120 calculation based ona deterministic approach.The
implementation and simulation of the model will be gihanwell to demonstrate the
efficiency and cagbility of theproposed method in hybrid environments.

In the end,the summary of this studgnd the identified future work will be

concluded in Chapté.
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2 Review of Related Literature

This chapter introduces the statethe-art radio propagatiopredictionmethods
In general, existing propagationethodsapplied to analyse communication gties, and
simulate the performance of networks can be categorized into two kindse eepirical
models and the deterministicmodels [6]. The deterministicmodels generag relative
pathloss ancthannel impulse response (CIR) high accuracy, but the computational
complexity is relatively high. Thempirical ones are targeting to find a good traef
between the accuracy and computational burden. Therefore, in this chapséenpihieal
radio propagatiormodels are firstly introduced followed by the deterministic radio

propagatiormodels The dscussion will be cocluded at the end of the chapter

2.1 Empirical Radio PropagationModels

In this section, the concepts and problemsropiricalradio propagatiorodels
are introducedl’ he empiricamodelscanalsobecategorzed intostochastienodels which
characterise thecatteers in the channeby certaintypes of stochastic distributioand
map-basedmodels which approximate the actual environment by sirfigdl structures.
The stochasticnodelsare applicable to simulate the fast thwearying channelsbecause
of their good tradeoff between accuracy and computational bur[®3j, while the map

based modelprovideefficient pathloss calculation ovearious ranges and scenarios.

2.1.1 Stochastic Modsl
The stochastic modgtio notexplicitly model thestructure of the environmerd,g.
buildings and wallsbut assumehe distribution ofscatteers around the transmitter and

receiver Depending on thgeometrical representation of the scatgrthe stochastic
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modelscan befurtherseparated intgeometrybased stochastic models (GBSafjdnon
geometrical stochastic models (NGSM)
2.1.1.1 Geometrybased Stochastic Model

The GBSM modelled th€IR based on the geometrical location of scatterers. The
channel model apms the fundamental laws of specular reflection, diffraction, and
scattering oEM waves for the positions of the scatterers to compute theff@iR which
the statistical properties of the channel can be obtained, such as the angle of arrival (AoA),

angle of departure (AoDgndtime delayetc

Figure2-1 The three typical GBSMs: (a) omag model; (b) twering model; (c)

elliptical model

The oftenused GBSMsnclude the onering, tworing, and elliptical scattering
models. For some 3D scenarios, the cylinder scattering model hdsalsapplied24].
The ore-ring model is suitabldéor descriling the environment in which the receiver is
surrounded bysomescatterers. The twong model assumes that the scatterers exist
surrounding both the transmitter and the receiver. Therefore, the transmitter and the
recever will be set in the middle of the ring. The enag and twering mode$ are
frequency nonselective, so these two models are often used in the narrowban{2gjstem

On theother hand, the elliptical model is used to model the wideband channel. The
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elliptical modelsplacescatterer®n a set of ellipses with varying focal lengths whose foci
correspond to the tr ans nd6lt Tymcal GBSMaareshotvih e r e c
in Figure2-1. For 3D applicationthe cylinder scattering model ised, in whiclone of

the transmitters and receivers will be set with the elevation angle and height value. The
sketch of the cylinder scattering model is showRigure2-2. At thescatterer placement

step, these typical shaped scattering models are called rsbalaed GBSM. In contrast,

there aeirregularshaped GBSMvhich provides better adaptivity to trenvironmentvith

the cost olkmore complex setuj27, 28}

R e

Figure2-2 The 3D cylinder GBSM.

2.1.1.2 Nonrgeometrical Stochastic Models

In terms of theNGSMs, theydo not assume the physical propagation environment,
but canstill describe physicglarameters, such as AoD, AoA, and delay stoctwistioy
following PDF of the scatterers' properties. Comparing GBSM and NGSM, NG®¥§l us
measurement to get the statistical properties of the parameter in the channelwhielel
GBSM can use measurementreference model to get the parameterth@channel26].
In [29], an NGSM for capturingindoor channelCIR is proposed Later, the authors
extendedhe method to capture the MIMO channel paramd&93F The NGSM is also

applied in some standard channel models, famgle the IEEE 802.11 TGn modg81].
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As concluded in[32], the NGSM is challenging to access the accurate channel
parameter when ignoring all the physical environment characteristic#, tan easily
capture the rapid blockage effect by mobile velsicle other obstackof the wireless
channeldue to thathe appearance of these blages is dynamic rather than static in the

scenario

2.1.2 Map-basecEmpirical Models

Themapbased empirical models do partially considerdhesite environmenby
simplified forms.Thereforethey provide betteadaptiveness to the taal scenariothan
the stochastic modelsvhile still maintaingood efficiencyIn outdoorenvironmers, the
knife-edge modeis widely adopted tprovide the estimation of the shadowing effect after
diffraction. The fundamental concept is to approximate a diffraction obstacle, e.g. a hill or
a tall building, as a knifedgeshape The single knifeedge model is proposed j&3].
Then the derived forms wittouble edge§34] and multiple edgef35] are proposed to
adapt scenarios in urban asesith many buildings. Alspdifferent shapes witltloser
approximation to obstadare used, but they are not widely adopted due to the complexity
[36]. The knifeedge methods have high efficiency in providihgresult for the complex
diffraction problem and are proved with good accuracy over long[RauB8] Standard
channel modelg39] and hybrid modelf21, 40]have adopted the method to simulate the
effect of rooftop diffractionSome deternmistic modes also use th&nife-edge methotb
reduce the calculation complexiby diffraction[21].

However, as an empirical methalde knifeedge has its limitation in scenariwih
more environmental detail$he approximation of knifedge shape is less accurate as the

range becomes shorter, since the relative scale of butthages increas¢36]. On the
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other hand, although the kniézlge provides the result ardimension, it has the limitation
in mixed environments with O2I transition.

In indoor environment,another widely use@ppoach is themulti-wall mode|
which accounts the penetration through wakplicitly. A frequentlyused example is the
COST231 multiwall model[41], for which the pathlosBrmula is given as

00 0N pHEHAGEN B 0D, (2-1)
where0 1 is the reference pathloss measuaied distanceQ | ¢ is thepathloss exponent
factor which is 2 for 1.9GH:Qis the distance between ttransmitter and receiver and
0 Nis the loss factor for th'&h wall. In [42], the basicmulti-wall conceptis extended to
corsider the floor specificallyo form a multiwall-andfloor model.Other variations work
on moreexplicit expression of th0 i factor, for examplethe differentwall thicknesses
with the same material nsidered ij43].

A closeaccuracybetween the muhkwall model and rayracing model igpresented
with the measirementat 865MHz in [44]. However,the multiwall approachdoesnot
consider theeffect ofdiffraction and reflectionit is less applicable fdnigher frequencies

especially the mmWave which woultcur sevee penetration loss.

2.1.3 Standard Channel Modgl

Based on théundamentamodelling mechanisgintroduced abovestandardized
models are developedith measurement tuningt different frequencies, ranges and
scenariogy research projects and associatidigy act as general guidanfoe wireless
network planning.These models can b#assified ino the ones witbut and with the
expression of physicastructure between the transmitteand receiver.For the prior

categorythe examples ataeStanford University InterinfiSUI) model[45], the COST231
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Hata model[41], the HATA-OKUMURA model [46] and theECC-33 model[47]. In
general, their fomulas are composely a set of termseflecting the variation imange,
frequency transmitter antenna height and receiver antenna hdigbtcomposition and
factors of the formula@ould changefor differentscenariotypes e.g. urban or rural, as a
rough expressionof the environment.In adlition, the SUlI model contains the
categorization of terrain.

Since ngphysicalstructure iexpresseth these formulaghey providehigh-speed
calculation As a result,tese models can always provide a refsuleverylocation in the
scenariowhich may not be validn [48], theyare valdatedagainstdrive tessin different
environmers, while in urban areatheRMSESs areshown in the range from 10dB tod®.
Also, ther MEs are shown to be above 10ilBm measuremerior fixed wireless access
[49]. From theresult comparison plan [48], the majordifferencehappengrom 200m to
1000m.Thismay bebecause¢hat, before 200m, the chanmeindition is close to LOSand
after 1000mthe impact ofenvironmendl variation is less significantvhile in between,
theon-site structurs dominatethe signal condition

To adaptthe mitigation to4G and5G, the receny published standard modedse
introducingmoreexplicit expression for thphysicalstructuredo forma hybrid approach
with the stochastic method andapbased methodlhe examples are tHdETIS model
[20], the 3GPP channel model (3GPP TR38.9[®0] andthe IEEE 802.11ay modgb1].

METIS is one of the first modglproposing hybrid approaches for channel
estimation.In the mapbasedpart, t usessimplified shapese.g.cuboids,to approximate
the physical structures ircategorizedscenariaypes In addition to the general typebe

stadium andpenair festivalare specifiedfor which geanetrical structure areirregular
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comparedto the urbanor indoor scenaris. Then the raytracing method with the
consideration ofliffraction, specular reflection, diffuse scatteramgdblockingis used on
the established scenariodompute thgathloss and shadowing (largeale) Specifically,
the diffraction issimulated usinghe knifeedge methodwhile the fading and other
calculations (smalscale) are computed by the stochastic mottak hybrid approach is
shown with agood tradeoff between accuracy and computational burf@nThe 3GPP
hybrid model adoptasimilar approaclirom the METIS, while it introducgthemodelling
of atmospheriabsorption at 587GHz.Butthe 3GPRharameterizefewerscenariaypes,
which areurban macro cell, rurathacro cell, indoor office and street canyon.

ThelEEE 802.11ay modeimbedsoth themapbased andtochastianethods into
a raybasedapproach by specifying 3 types of rg$&]. TheD-ray modelsthe LOS and
ground reflection in a magbased mannerThen in a stochasticapproach,the Rray
represets the reflections fromundetermined surroundingsd the Fray regresens the
reflections from moving objects like vehicles.

From the implementations and the tretitk modern channel models are bringing
more consideration ofhe explicit environmentas a support for the 5G system, duégo
increased sensitivity to the ite scenario However,these magbasedmodels, are still
basedon simplifiedscenario structuress atradeoff to the modelling complexity and

computingefficiency.

2.2 Deterministic Radio PropagationModels

The deterministic modelsimulate the actugEM wave behaviour apropagates

through thedetailed modelled scenarionlike theempirical models which areased on
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stochastic assumption and measurement tuning for categorized scenEn®s.
deterministic models can predict both time and spatial propagation parameters more
accuratelythan empirical modelsFor the relatively high accuracy of simulations, the
determinisic propagation models are currently widely used in radio propagation modelling
software. However, thieigh complexity of thedeterministianodels leadto increased time
consumption anthardware requirementsuchas memory andlock frequency Thus, to
address théottleneclkof speedsome stdieshave put efforts on simifying the modelling
method. In this section, le differential equatiorsolvers ray-tracing and rajfaunching

basedstudieswill be discussed.

2.2.1 Differential Equation Solvers

FDTD wasinitially developed by Yee in 1963]based on Maxwel | 6s
By solvingthe equations irthe time domain using finitdifference approximationghe
methodis versatlie in different scenariofAlso, FDTD isaccuratg54] andaccountgor the
effect ofrefraction, reflection and diffractiofrrom then on, the methodhas been widely
usedto simulate the EMpropagations in small scopes.

With theera of mobile communication attte needfor network planning, attempts
had been maatoapply the FDTD irindoor and urban scenarid$owever,dueto its large
memory consumption anchlculation time simplification has to be madér example
reducing the dimension to 2[55]. A different appoach is to combine the AID with a
ray-tracing methodn which the raytracingis used to provide longange calculatiowhile
FDTD is used talealwith the complex environment the close rang¢56].

The complexity of FDTD is boundo its grid resolution, whichs cappedby the

modelled wavelengthEvery voxel in the grid needs to bellocated in mmory and
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processed independentlyhus, the usage of FDTD inarge scenarios especially urban
outdoor israther limited[57]. Studies have to lower theodelledfrequencyfor a longer
wavelengthto make the calculation feasiljie8]. Anotherimpact to the speed due to the
calculation inthe time domain, thathousands of iterationsoud be needd to propagate
through the voxels.

Recently the introduction of hardware acceleration hasadrthe attentiorof its
application on FDTDAN implementatiorsimulated iran urbarenvironment hashown a
speed increase of around 100 tirf&%. However the calculation is still based on 2D, and
a frequency of 15MHz is used cope with memorgonsumptionNot to mention that the
availability of GPU memorys more citical than CPU memoryAnotherimplemenéation
in [58] presenteda similar improvemenbf around 100 timewvith femtocellsimulation
butalower frequency is still used.

Anothertime-domain numerical solutias introducedn [60] based offLM. From
the similarity between wave propagation and transmission line theory, the TLM methods
approximate the range of interest into a mesh of transmission lines to simulate the EM
fields in different dinensions.Its difference with FO'D is more about the modelling
approaches, i.e. a physical tsamssion line modeleraus amathematical model based on
differencing[61].

While part of thdimitation isdue to the many iterations needethiatime domain,

a frequency dmain method igroposed in62] by transposinghe parflow algorithm
which is similar to TLM, into the frequency domain parflow methd&DPF) Its
implementation has shawthe potentialin indoor radio estimation asthe calculation

within the range of a building finished in 45912]. Although a 30minpre-processing

19



stage isneeded before the calculation, it is lesssauefor network planningince there-

processingachecan be reused falfferent antenna placemeant the same scenario.

2.2.2 Raytracingbasedeterministic Model

The raytracingapproachuses the ray model toepresenthe radio propagation in
spaceThis is a effective approximation for high frequenciespecially for 5Gince the
behaviour of EMwave is approximating thelight. The transmitted EM waves are
represented by rays from the transmitter to receivers with the following assunjf8pns

1 The trajectaesof the rays are straight lines in anhogeneous medium.
1 The rays follow the laws of the propagation mechanisms, includd$)

reflection, penetratioanddiffraction.

1 The rays carry energy, which is modelled by radiation through infinitesimally
small tubes.

With the concept of the rays, tHeM waves can then be classified by their
propagation mechanisms including LOS, reflectr@fractionanddiffraction. For the ray
propagating in @omplex scenaridche mechanisms mentioned abowk bemodelled by
GOwhen the ray meets obstacles in ¢ém@ironment.

Thereflection and refraction happevhen a surface is hiTheLaw of Reflection
and Snell's Law are used to determinedinection ofthe newy generated reflection ray
andrefraction ray. In addition, tHeM field strength needs to be computeith the incident
polarization andcorrespondingreflection and transmission coefficisntwhich are
provided by he Fresnel formulgd$4, 65] When a raypropagates from air to the medium

with a higher refractive index than air, thefiéld transmission coefficient and reflection
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coefiicient for transverse electric (TE) and transverse magnetic (TM) polarisaiien

given by

_€cosg- 4 g -sirf

Cre cosg +./ e -sirf
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whereg denotes the incident angle.

If a ray meetaroundthe edge of an obstactbediffraction will betriggered. The
uniform theory of diffraction (UTD]66] is commonly used on the computation for the
diffraction scenario$67], from which the diffractedaysareforming a coneircling the
edgewith the diffracted anglequals to théncident angleas shown irFigure 2-3. The
diffraction is expensive to model, as its complexitysimilar to modelling aother
transmitterin the scenarioTherefore, someay-tracing modelsomit the modelling of
diffraction behaiour [58], andsome other magls use empiricahpproaches to account for

diffraction [21].
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Figure2-3 Diffracted paths from an incident ray hitting the edge

After all, the accuracy of the rayacing method requires the thorough geometrical
and EM description of the scenaf&8], which means that the more complicated the target
environment is, the moreomputingtime and computer memory are required. In the
literature, this problem is addressed from batspectives of accuracy and computational
speed.

For indoor scenarios, when the transmitter and the receiver are placed close to
complex lossy structures with finite dimensions, such as generic structural components and
furniture, the scattered fieldse hard tde obtained by ragracing. As mentioned in the
previous section, a practical solution to improve the accuracy of thea@gg techniques
is thecombimationwith the FDTD method. When it comes to the area close to the complex
discontinuities FDTD is employed while the most area in the region is computed by ray
tracing. The derivations under the hybrid method significantlyimprove the accuracy
of prediction while maintaining an acceptable occupation of the computational resources
[56].

To improve the computational speed of-tegcing, the algathms for determining
thetrajectory of the rays from the transmitter to receféiciently have been developed
in the literatureFundamentallyF e r mat 6 s pr i n [5]iisukeeto dedide thee a s t

path for a ray from the transmitter to the receivne imagng method[69, 7Q is
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commonly used in rayracing to find out thérajectoryof the rays. It generates the images

of the ray at all planes and then considers these images as the secondary sources for the
subsequent points of reflection. A more efficient method hasdisemssedi[71], named
thevisibility tree. It establishes the visible tree recursively following the basic geometrical
principles within a predefined maximum order obpagation paths considered in the-ray
tracing model. With this algorithm, all the objects each levelin the treeare directly
visible fromthe transmitterfrom the previous level. Thefere, all the propagation paths
from the original transmitter to eackceptionpoint through reflection and diffraction, are
fully defined before computations. Then, the computationalconsti be reduced with the
preparedvisible tree[72]. Furthermore, the extension has been madf/ 3 74]to
accommodate the application in the 3D environment. A ray tube tree is constructed
recursivelythrough interactionso obtain the ray paths in 3D space. With the conversion
from 2D to 3D, ground reflections and the finite heights of obstacles, like tgsldn the

urban environment, are appropriately addressed.

The raytracing algorithm provides relatilehigh prediction accuracy on EM wave
propagations. It has been widely employed in different fields such as indoor localization
[64] and network deployment optimizatiowith the combination ofoptimization
algorithms such as particle swarm optimization (PSQJ%hand genetic algorithm (GA)
in [76]. Although, theray-tracingbased algorithms are applicable for simulating all CIRs
in the entire 3D scenariausually only a selection oflocations are computed Its
performance could be @itical issueif the number of selected locations is larduot to

mention thestudied problem which is to providee full 3D volume calculation.

2.2.3 Raylaunchingbased Deterministic Model
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The ay-launchingmethodalso referred to as bruferce raytracing, shoa and
bounce a large number of rays from the transmitter exhaustif@lyall the possible
reception laations[77]. While its basic assumptions and propagation principles are the
same as rajracing algorithmsthe major difference between rigunching and ragyracing
is that if rays are traced specifically to predetermined positibrthe receiver.In ray-
launching the given environmenwill be discretized into unit sectiongpresenting the
possible reception locationand for a traced ray, its computed figldl be updated and
stored onewery location itgoesthrough[78]. Like the ray-tracing method the works
related taray-launchingarealso focugg ontheimprovemenbof accuracy or speed

In order to improveccuracy, the extension or compensation models are developed
in the literature. The measured data in urban sceiarigsed to calibrate the predictions
in [79]; the influence by human bodies is considered to facilitate a differential description
of the timevariant scenario in the indoor environmenida]; A directive diffuse scattering
model is included in the ragunching models and compared with the simulations and the
measurement in a 5.4 GHz indoor environmen8ij; A hybrid method combining ray
tracing and rayjjaunchingis usedin [82], where the image method is employed to adjust
the ray trajectory for the known transmitter and receiver positions with respect to a certain
reflection surface.

As an important research area, @ifint types of acceleration strategies for the ray
launching method are developed to achieve better computation efficiency. As the initial
step for the rayaunching, the discretization of the environment impacts the computation
significantly. Conventiondy, the environment is divided uniformlinto a grid with

constantvoxel size. The transmitters, receivers, and obstacles in the scanarsorted
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into specificvoxels thenthe rays propagate througtegrid. A fast algorithm is proposed

in [83] to decide the interceptions of rays and thd.gViththealgorithm, the interceptions

can be simply decided by two operaspran addition and a comparison. However,
transmitters, receivers and obstacles are practigadigruniformly distributed. The
computational speed could be degraded when employing the uniform division algorithm,
therefore the bounding volume hierarchy (BVH) method, which divides the environment
into units with different sizesis used for scenaridiscretization[84]. The selection of
partitioning lines of the environment is significatitereforehe algorithms such as surface
area heuristic (SAH) are developed to address this problef85in Moreover, the
triangular gridwhich divides the buildings into a mesh of trianglesshg 2D projections
introducel in [86]. By dividing the regions of interest intleetriangular grid, it is easier to
identify the trajectory of the rays since the number of possible choices for a ray to enter the
next triangles only 2.

Another perspective to speed up the computation is dimensionality reduction from
3D to 2D for a propagation environment. For example, the triangular grid in the 2D ground
plane can be used to recover the 3D ray pathsaktiown height of the transmitter and
receiver Furthermore, the propagation environment can also be described in 2.5D format,
which means that the obstacles in the environment are described Ipydfeztions on the
ground and their heightSuch simplification of the modehelps the reduction ofthe
computational burden. It shows relatively high accuracy when applying in the urban
scenarios since the 2.5D format of the environment stdininclude comprehensive
information. In[87], a cubeoriented ray launching algorithm (CORLA) is applied in field

strength prediction based on a 2.5D environment model which offers the precision of the
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ray-launching algothm with a comparable time consumption to empirical models. This
format of the simplification is also extended into the indoor scenari¢@4in78] and
compared with th@rediction results obtained by the 3D model and empirical matel.
prediction results are still acceptable, and the computation speed is improved by a large
scale compared with the 3D model. The other type of algorithms for dimensionality
reduction propsed in22, 88, 89] also shovwgoodaccuracy in predictions with improved
efficiency. The maintained accuracy from dimensionaligguctionis mainly due to that
only the result ora specificheight, e.g. the ground level or floor level, amcerned on
the applicatiosso far.Suchanassumption could be less applicatdemmWavewhich is
sensitive to thenvironmentandO2l scenariowhich highly depends on the variation on
the & level. Also, irregular scenarios like stadium canrdig be expressed in(¥2.5D
format.

On the other hand, the computatboomplexity can be reduced by simplifying the
ray modellingmechanismsSome methods introduce a hard limit to drop a ray if a
maximumnumber of interactiasis reached, af the signalstrengthon the rays becoming
lower than a threshold, 78, 90] Depending on the actual setting, gplification could
be valid since the uncertainty @ ray increases with the number of interacti@xso, for
very weak raystheir represeed signal strengths may be below thess#tenty of a
receiver,thus they can be droppedspecifically, for the diffraction,due to the high
complexity, it is also approximated in the literature. Simplified expressions of the four
characterization factors of the diffraction coefficient are obtained by polynomial-curve
fitting procedure through the least square criteriorf9ih]. Moreover, for flat-roofed

buildings, the diffraction coefficients are expressed by an array for the prediction of the
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multiple diffractions generated from finitely conducting buildings [92]. The
mathematical approximations of the UTD coefficients are also explorg@3jn The
practical behaviours for different diffraction formulations are conclud¢@din With the
specific propagation scenarios and the approximations made on mathematical
formulations, the propagation mechanisms could belgietpwith atolerable sacrifice of
the accuracy, which facilitates the engineering usage of the theoretical models.

With the development dfletNet the raylaunching techniques are also applied to
characterize wireless system performance for 120 ands@gtarios. Compared with the
pure indoor or outdoor environment, the 120 and O2I scenarios are more complicated since
not only characteristics of both indoor and outdoor scenarios should be considered but the
penetration loss caused by the external sirest of the buildingss also important
Therefore, the computation burden increases significantly due to the variation of the
propagation environmeuetais and expected result resolutimn the previous works, the
simulationincluding both indoor and outdoscenarioss normally modelled by hybrid
method where different grid sizes or model methodologies are usgh]Jnndoor rays
are modelled by the 2D FDTD while the outdoor rays are modelled by the 3D ray launching
algorithm. In[96], a full 3D joint indoor to outdoor ray launching algorithm with different
resolutions for indoor andutdoor environments is proposed. The combination of the ray
launching algorithm with other compensat methods to address the penetration loss
caused by the building structures are also commonly seen in the literature, such as the
physical optics (PO) mad in [97].

However,theseO2I approaches are in general trying to estabtistv radiating

sourceon the boundarpetween outdoor and indoor scenaridsie to the fact ofising
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hybrid methodsAs a result, the transition between scenarios besdimeontinuedThus
it could be difficult torepresent the actual shadowrwndition in the environmepnivhich
may be critical for mmWavél hereforea seamlesapproachduring the transitionvould
be more suitable.

Meanwhile hardware acceleration @lso starting tobe applied in rayased
propagation methods&ignificant improvement of the computatioffi@ency is achieved
in [98, 99] by using GPU acceleration f8D beam tracingThe acceleratiormethod is
also extended into 3 [100-103], but theyall limited the results on a few fixed reception
spheres, therefore had no consideration of angular dispefBios could make the
implementation less complex but still sufficient for the validation against measurements,
which is also a collection of fixed points. These methods are not suitable for the 3D volume
calculation in this study. A tubeased method in fich the tube model has a volume is
proposed if9]. Thus, the tube is continuous whi cl
naturally. However, its GPU implementation takes more than 100s to calculate a single
office with a dimasion ofp1® p & . Such speed doesnéoét ma
acceleration performandd04]. It could be the impact of additional complexity from
modelling the tube. Amodel with a closer match to the advertised performance is
developed irf105], in which the speed is 30MRaysksit it is rastetbased. After allthe
application ofhardware acceleratiom a ray-launching model is still under desired

providing thefull 3D volume predictiorand thesolution toangular dispersian
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2.3 Summary

In this chapter, therinciples ad studies for the enmcal and deterministic
propagation modelare discussedd comparison between them terms of complexity,
accuracy and required geometrical detail is giveRigure 2-4. In general, the empirical
models are fast in calculatiandeasy in implementatiorwhile acceptable accurady
provided But they aremeasurement and scenario depend€&he tuningprocessof an
empirical model formany specific scenarios coultk tedious.On the other hand, the
deterministic models are vetda and more accurate. Buhey suffer from more

computational burden amdquiredetailedgeometricainformation.

Deterministic

model

Accuracy
Geometrical detail

\4

Complexity
Figure2-4 Comparison between empirical and deterministic models

However, rather thancompditors, these two approachesould serve as
compensators to each othkike the introduction oempiricalhybrid modes, there is a
trend of movingowards moraleterministicsimulatiors in the empirical approachAlso,

some deterministic models aoéfloadingpart of the calculation to enrcal method, for
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example the knifeedge Actually, for some the wavdehaviours like scattering and
reflection on dynamimbjects, it is impracticalo model themin a fully deterministic
manneydue to the complexityVhile these phenoena can besimulatednuch easier using
empirical method Therefore,a future tend could behybrid modelsdividing the
consideration ofargescalecomponents andmallscalecomponentsnto deterministic
and empiricabpproaches.

Yet for the lage-scale componentshe current deterministienodelsstill lack an
efficient solution for th@roblem studiedin this thesisyhich is to providdull 3D volume
radio prediction in mediumange scenar Somecandidatesdo consider theangular
dispersion withfast calculation, but they a&b/2.5D based or rasterizgd1, 12] Some
other candidates provided promising speed using hardware acceleration, fmatbtben
of angular dispersion ignored This studyaimsto develop a efficientsolutiontowards

the problenby a deterministic approach.
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3 CompareRay-tracing, Raylaunching andMR-FDPFfor

Medium-Range3D VolumeRadioPrediction

This chapter aimgo find the preferreddeterministicapproachfor the studied
problem,which is to providehe full 3D volumeradio predictionwithin medium range.
The candidates are thigree main streamseg. ray-tracing ray-launching andlifferential
equationsolvers for which the MRFDPF will beused due to itpresentedpeed thathe
2D coverage calculation for building with sip mat ¢ & can be finished in 8.1
secondfgl2]. Firstly, the complexity of theray-tracingmethod will e evaluatedh the 3D
volume problem domairandcomparedagainst the standard rgunching methodThen
the identified high-performanceray-launching mode| which is the intelligent ray
launching algorithmIRLA) [106], will be compared againghe MR-FDPF model by
integrating bothnto a gereral building modelling toaBuildNet [107]. Thereforea side
by-side compesonwill be available for theeomputing speed, memory consumption and
result accuracyin the endthe preferreanethodwill be drawnand usedor thesulsequent

study:.

3.1 Speed Comparison between Ray-tracing and Raylaunching by Algorithm
Complexity
Raytracing and Raylaunching are both ray-based modelling methods, the
fundamentadifference beveenthemis theray casting strategyi.e. theray-tracingtraces
ray back from thePd to the transmitterwhile the ray-launchingdoes a brte force

launchingof massive ray$rom thetransmitter.Ray-tracingis a pointto-point method
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which indicates that its notsuitablefor solving the 3D volum@roblem[106]. Also, its
computation complexitis exponential to the number of iraetions, wile it is linear for

the raylaunching[7, 108] However,this conct si on di d n écomplexayofs i d e r
solving the angular dispersiamray-launching which should be significan®incetheray-

tracing method doesot havethis problem it is fair to repeatthe comparison with ray

launching addressirthe angular dipersion.

3.1.1 Complexity in3D Free Space

By sampling thenteresting space intagrid with uniformvoxels,the 3D volume
calculationcan be represented@®vidingthe pathlossf eachvoxel in the gridAs shown
in Figure3-1, the voxel is unifornif 'C "C "Qwhich can be regarded as thg collection
resolution.Also, givenboth methods are rdyaseda relativealgorithm complexity can be
represented bthetotal number of rayaeeded to be cast in each methbaerefore their

complexity in a free space environment camléduced
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Figure3-1 An example o& 3D grid.
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Forray-tracing each voxel can be regarded as &ahal needs to kieaced back to
the transmtter. Thus thetotal number oheeadrays isequal to the total number of voxels
which is

boe 0O 0O O (3-1)
whereM, Nand Dare thenumber of voxels ow, yandzdimensiors.

For raylaunchingthe full grid can be covereas long asray is cast to each voxel
on the boundariB7]. Therefore, the total number of rayseded igqual to the number of
voxels on the grid surface, which is

oot 0 0 ¢ ¢ 0O U ¢ ©O ¢ (3-2)
Assumethegrid is a square cubewhere 0 = 0 'O & then the conlpxities of these
two methods become

00t G NUOG QIKO B (3-3)
00 @ p@ YN UG wWia® Hb (3-4)
Therefore,the complexity ofray-tracing is one power higher than the rajaunching

methodin free space

3.1.2 Complexity in Space with Single Wall

The complexity increases withteractions, i.ethe number of walls in the space.
Starting with a single wall foray-tracing the setupeffectively creates a mirrored
trarsmitteragainsthewall. Thereforejn additionto the free space cashe samawumber
of rays have to be cast to the mirrorednsmitter To simplify the comparison of
complexity,the followingscenario will always assumesquare cube gridn this casethe

total number of rays become
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006G ¢
(3-9)
NDO G o wia® B

For the case of ralaunching,instead of mirroring the transmitter, the wall will
mirror the spaceDepending on the location of the wall, tim&rored space couldave an
overlap with the original spach the end theoriginal space combined withe mirrored
space will form theotal spacevhich denotes thproblem complexity.

The size othetotal space depends on the location of the wall. In case theswall
right in the middle of the original space, then therored space will fullyoverlap the
original spacethus the total spacegeals the original space. In case the walbn the
bounday surface of original space, then tmé&rored space will have no overlap with the
original spacethus the size of totalpace will bedouble the size of original spagdessume

the wall is located on theozplane witha digancedto thecentreof thespacewheremn

‘Q ¢¥¢, then the size dbtal space can be represented as
YA p — Y04 Q (3-6)

where"Y'Q4i&xhesize of the original space.

Therefore, thaaskof ray-launching becomesastinga ray to each voxel on the
boundary of the total spacBhen thetotal number oheededays can be approximated by

0OFQND @u pQ Y p£
aq (3-7)
NO G Qiao b

It can be seen that the wall will increase the total number of rays for both methods,

but the magnitude of complexity doesnoét
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which has a limited impacThe complexy dependency othe number of walls wil be

discussed next.

3.1.3 Complexity in Space witbenseWalls

To consider the impact ofalls, the worscase ishedense urbaacenarioin which
the building blocks have a high densifyo helpthe analysis ofthe complexity in sucl
scenarigit is reasoable to assume unifotyndistributed wals within the scenario.
3.1.3.1 Raytracing

For theray-tracing given K'walls in total, each of the walWill createa mirrored
transmitter.Thus, there will beK'mirrored level 1 transmittersvherelevel 1 denotes that
they are mirrored onc&@heneach level 1 transmitter can be mirrored again by theitest
1 walls, andthis will give K(K-1) level 2 transmitterdviany methods limit thenaximum
number of interaction$l], which effectively is the number of levels in this caSe, for

level A, i.e.the NVth interaction the number of mirrored transmitters will be
06¢ OGR o ¢ (3-8)

Then the total number afansmittes for Ninteractions will be

~

b6 O p 066 ah (3-9)

In the end by combiningequation(3-5) with equation(3-9), The total number of rays
needed foray-tracingis

bocd O & Bo~ O (3-10)
From equatior§3-8), it can be observeatiat thenumber of rays is dominated by tthember

of transmitters in thé/t/ interaction.So,the complexity of the method can be deduced by
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6666 Vi & 0 ¢
(3-11)

ND Go

Equation (3-11) proves that the conmgxity of ray-tracing has an exponential
dependency on the number of interactions with bsehich is the number of wall$he
conclusion meets the result[if]. In addition, the equation also shows thatdbmplexity
has a dependency on thember of voxels ithe grid.

| t 6s wor t hpracted for thelevel hnairtorthek-Zwa l | s alb® n 6 t
visible through the mirror, as the wall size is not infinite. However, there igrino
knowledge about the visibility condition between walls. Some methods propgsed
processingtageto reveal the \ibility [72], so as to reduce tmeimber of walls that need
to be mirroredStill, thiswill, on the one handpnsumecomputing power during thare-
processingon the other hand only reduce the base fkmA-xin equation(3-11), which
does change the magnitude of the complexity.
3.1.3.2 Raylaunching

For ray-launching, thenumber of rays is decided by tkarface areaf the total
expandesgpaceas discussed iBection3.1.2 When there are many walls in the spake, t
worst casas thatthe space will béully mirroredin each directionin this casefor one
mirror, the total space becosasquare cubwith alength ofoa Then each mirrored wall
in thepi @nirrored space cao the mirror agairbut only the entities in theame mirrored
space carbe mirrored The worstcasewill expand thetotal space bragainon each

direction, and results imsquare cube withlength ofvalt 6 s wo r t hthemwnber n g
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of mirror actionss effectively the number of interactior3o, for the At/ interactionand
theworst casethesize of total space will be
Y QA O ¢cO p G (3-12
Therefore by using equatioit3-4), the number of rays needed for #layinching is decided
by thenumber of voxels on the boundary, which is
06&0 ec0 p G pigl pa Y (3-13
And the compexity of ray-launchingcould be approximated as
0O6&0 NO U G (3-14)

By comparing equatio(B-14) with equation(3-11), it is clear that rayaunching
does have much lesesmplexity than theay-tracingfor solving the3D volumeproblem.
In the meantime, there are two findings watitbcussion

Firstly, for ray-launching, the compkity has a dependen@n the number of
interactiors 0 by 0 , rather than linear agvenin [7]. As mentioned earlier, this is diio
thatt he angul ar di s poensideredwhenpcondiigtheconchwsaosoh 6 t
linear.This isalso reflectinghat solving the angular dispersionivimtroduceasignificant
among ofcomplexity.

Secondlyequation(3-14) is indicating thathe complexity of rajtaunchinghas no
dependency on the number of walldhichis against théntuition at first thoughtlt is due
to thattheray-wall intersectiorp r 0 b | econsidesed i6 thdeduction aboveActually,
the raycast in raylaunching method needohave a intersection test agaheach wall in
the scenarioWhile for ray-tracing such problemis less complex as eadahirrored
transmitter knows the wall it is mirrored frordowever,many space indexing methods

simplify the intersectionproblem significatly, like uniformed gridand BVH [84]. The
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additional complexity intoduced bythe intersection test will beevaluated inthe next
chapter witha chosen space indexing method.

After all, although thecomplexity of raylaunching in higher than anticipated in
literature[7], due to the angular dispersioroplem It is still much lescomplex than the
ray-tracingmethod.Therefore, the rajaunchingshouldbe thepreferredmethodover the

ray-tracingfor providingthe 3Dvolumepredictionin this study.

3.2 A Side-by-sideComparisonbetweenthe MR-FDPF M odeland the IRLA Model
The MRFDPFmodel is a diférential equation solvém thefrequency domain, and
the IRLA model is aray-launching model in 3D rasterize@énvironment. A brief
introduction of both models given in Sectior2.2 While both havepresentedast 3D
volumeradio predictiorfor the small cellwithin minutesthe purpose of this sectios to
understandheir advantages and disadvantages from each athértheirfitness to the
mediumrange3D volume calculationTherefore, they arategrated into a 3building

modelling toolto give a sidéby-side comparison fahe accuracy and speed.

3.2.1 Algorithm for MR-FDPF Model

The original TLMmethod @proximates the scenario into a mesh grnidvhichthe
link between two neighbour nodes camtadelled as &ransmission line circuiThus,for
a 2D modeleach nodavill be linked to its neighboursy 4 circuits,and fora 3D mode]
it will be 6 circuits.Then the EM fielccouldbetransmitted, reflected and sdrbed by the
circuits acording to the transmission line thed®09]. Thereafterthe scenario anthe

physical structure can beppoximated into the circuits with corresponding TL
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componentsin the end, the propagation of tBM field in the transmission line network

can be simulatenh iterations over time.

X b.4

> | iy o

e it
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f;.GT_}i. 19|,

Figure3-2 The inward and outward flow on a node in the Parflow method

Similar to the TLM, the Parflow method models tbkectric field as flows
propagang between nodsn a grid.A 2D representation of tHeows on a mdeis shown
in Figure3-2, wherethe field is divided inta} flows on the directianW, E, S, N, and™M

is a stationaryfflow representing different mediumghen theoutwardand inwardflows
can be given 2'®@ ®FHEEN  and’O  NMFOFYOFN | Thus, the time
domainfield equationat location rcan be written as

‘@il +1 JOi Qo "Pif (3-19
where"?i o denotes the inward contribution from a soureed+ i is the local

scattering matrixThen by applying a Fourier Transform, tberresponding frequeney
domain equation can be given as

LCRUE S B0 T B Y (3-16)
wheret i t C . By solving theequationusing series expansiothe MR-
FDPF modetomputes thelectric fieldon each poinat a given resolutiorThe majority

of the complexityis for the computing of the scattering matrix.

3.2.2 Algorithm for IRLA Model
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The IRLA asa raylaunching modealsoincludesa few additionaimechanisms
including rasterization,3D to 2.5D projectionand gap filling. These mechanisms are
introduced to reduce tregorithmcomplexity andsolve the angular dispersion.

During the rasterization stagéhe characteristics of thentities within the
environment are sampledtinvoxels in a uniformed griccach voxelis assumed to be
homogeneouandwould only represent onentity, e.g. one wallTherefore the problem
of ray polygon intersection test can be sawgddoing the raygrid traversal And the
sampling of theay into pathloss result can be performed at the same time. According to
[90], around90% of the computing time is spent on ihiersection testhus the save from
rasterizatiorwould be significant. Howevesuch simplificationwould beat the cost of
losingaccuracyasthe originalvectordataaresampledand someentities may need toe
discardedf multiple entities appear in the same voxel.

Then during theray propagation simulatiothe 2.5D projectiomwill cast aray in
3D coordinatesnto the horizontal 2D planafter the first interactiofil1]. Thereafter, all
the interadions including diffraction will happennly on the 2D planeSuchprojecion
will again reduce thecomplexity significantly byone dimensionbut at the cost of
accuracysnce all thesubsequent interactierthat could happen in 3D are neglectatch
simplification could be lessraissue inanindoor scenari@sa floor is bounded byhe
groundand ceiling thus thatpropagation of rayis more likely on the horizontal level
egecially when it is far from the transmitter.

TheIRLA does provide a solution for the angular dispersionntsrpolating the
gap béween separated rajEl0]. After a reflection|f the gap between two neighbour rays

becomedarger than a resolutiothen interpolated rays will be addedbetween them to
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fill the gap.Thus,all the gaps will bdilled by the interpolation, and sincled operation is
performed in 2Dthe correspondingomplexitywill be much less than a 3D solution.

In the end the IRLA has presented the result with no angular disperdign
interpolation.Meanwhile the simplification provided by rasterizatiand 2.5D projection
will reduce the rayaunching complexity significanthgoits calculation of smalicell can
be finished withina minute.Therefore,the speed ofiRLA is shown tobe suitable for

providing 3D volume radio prediction.

3.2.3 Measurement Campaign

The used scenario isne floor in an indoor buildingwith a dimension of
T @ o ®A od,andthe floor plan is given Figure3-3. Theexternal walls of the
building aremade of concrete and tlmternal rooms are separated by watiadefrom
bricks.In addition the doors and windows are d&aof wood and glass respectiveBath
models supyl default materials fothe above types, but it lsard to determine the exact
property valuesThus,calibration by the measurement is needed.

The measurement data aredlection of receivedsignal levels orthe locations
marked by the red dots Figure 3-3. The R&S®FSHhandheld spectrum analyqad 1]
holding aound 1.5mheight is used to measure tthata.An EIRP of 20dBm is used and
the frequency is set to 3.4GHz to avaiderference with Wi signal in the office
environmentThe measwed bandwidth is 300kHz and tlsensitivity of the analyser is
141dBm/Hz. Therefordhe sensitivitywith the bandwidth &n be given as

PT . PTEDT Pt P a (3-17)
Thus the measurement pointsieasured with signals belov86dBm are discarded to

separateoise.
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Figure3-3 Floor plan of the indoor office with measurement locations

3.2.4 Calibration Mechanismnd Result

The material database used by a propagation model could be calibrated against
measurements, as the material property may not miaéchetll scenario. The IRLA has
supplied the calibration function usitige Simulated Annealing (SA) algorithm. The SA
can avoid local optimization for nonlinear problems. However, theRDRF does not
come with calibration originally, thus GA12] is implementedo provide the function.

The GA is a generalized optimization method which models the procedure of
genetic evolvement through generations. For each geera set of solutions will be
formed, which is represented by chromosomes. Specifically, for theFDF¥, the
refraction index and attenuation coefficient of each material are combined as a
chromosome. Thereafter, the chromosomes are evaluated byess filumction, which
calculates the root mean square error (RMSE) between the prediction result and the
measurement. Then the chromosomes with better fitness values are allowed to produce the

next generation. The evolvement will be stopped once a predeim@ednumber of
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iterations is achieved. As the time consumption of-MPPF is majorly on the pre
processing of the scenario, the processed data can be cached and reused for the fitness

function evaluation. Thus, the calculation of many generations coud&hbible in speed.

Before Calibration

T
—— IRLA
——— MR-FPDF
Measurement

Signal Level(dBm)

100 I I ’ ! I I I
0 5 10 15 20 25 30 35 40 45 50
Measurement Index

After Calibration

Signal Level(dBm)

I I I I 1 I
5 10 15 20 25 30 35 40 45 50
Measurement Index

Figure3-4 Calculation results comparison before and after calibration

The calculated signal levebefore and after calibration for both modateshown
in Figure3-4, with respect to the measured valu&4th calibration, the RMSBf IRLA is

reduced fronl0.46dB t05.38dB, and for MRFDPEF it is reduced from.83dB to 6.3dB.

3.2.5 SpeedPerformance and Result Accuracy Comparison
The calculation is y@eatedor both modelsatdifferent resolutionsyhichare 0.1m,

0.2m, 0.3m and 0.5m\nd the results as received signal strength using 0.1m resolution is

43



shown inFigure 3-5, where thecorresponding measurement points are shown as the
coloureddots as wellGiven the samecenario, the resolution will determine thember

of voxelswhichwill directly affect thecomplexity especiallywhenboth models are raster
based.Using a PC withintel i7-3610QM CPU anBGB RAM, the time and memory
consumptions at different resolution are listedlable 3-1. From the comparisorit is
shown that thepeed of MRFDPF isfasterthan IRLA at all resolutionsespecially athe
highresolution 0.1mHowever, thdRLA always consumes less memory thR-FDPF,
around a ratio of halBut it should benentioned that thMR-FDPF is a 2D model while

thelRLA is a 2.5D model.

0.1m 0.2m 0.3m 0.5m

Time (IRLA) 9mind4sec 43sec 8sec 3sec

Time (MR-FDPF) 38sec 8sec 4sec 2sec
Memory (IRLA) 1.02GB 205MB 94MB 42MB
Memory(MR-FDPF) | 1.9GB 448MB 20IMB 82MB

Table3-1 Time and memory consumptiefor both models at different resolutions

The RMSE values for both models are comparedable 3-2. In overall, the
accuracy increases witiigher resolutions for both models. The IRLA is having less RMSE
than MRFDPF at all resolutions. This could be the improved accuracy from a 2.5D model
overa 2D model. Specifically, when the resolutibacomesvorse than 0.3m, the drop of
accuracy for MRFDPF is rapid. This is due the limitation of differential equation solver
that the resolution is limited by the wavelength. For-MIBRPF, the resolution is suggested

to be smaller tha_T@ [12], where_ is the wavelength.

0.1m 0.2m 0.3m 0.5m
5.1dB 5.4dB 5.8dB 6.9dB

RMSE (IRLA)
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RMSE (MRFDPF) | 6.5dB 6.8dB 8.6dB 11.5dB
Table3-2 RMSE for both models at different resolutions

m
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~ Coverage by MR-FDPF

Figure3-5 Calculation result by IRLA vs MEEDPF at 0.1m

3.2.6 Discussion andonclusion orthe comparison

In overall both models are showiraglvantages in different aspedibe MR-FDPF
is much fastethan IRLA at high resolutiong his makes it more suitable fordoor fine
calculationsHowever,its accuracy at 0.1m is still low#ran IRLA at 0.3mTakingtheir
time wnsumption into consideratiotine IRLA isactuallyfasterif it is to provide thesame

acairacy regardless of used resoluti@n the other handhe accuracyof MR-FDPF
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decreasesastly with the drop ofthe resolution due to itsrestriction bythe wavelength
This would limit its application inurban cell coverage predictiom which such small
resolutionwould be difficult to handlememorywise and speedise.Not to mentiorthe
modelling of 5G mmWave woulthtroducemore severeestriction. Therefore the ray
launching approach is showing its advantage in 8Blume calculation, du¢o less
dependency on the wavelengihd less complexity whesxtendng to 2.5D/3D.

Althoughthe IRLA is showinggood accuracy in indoor scenaiitg,simplifications
may not be directly applicable in outdoor scenarios, especiallgdh® 2D projecton.
The modeldoesadopt a kibrid approachusingthe knife-edge diffraction methotbr the
large urbarscenarid11], but as discussed Bection2.1.], thisempirical approacks less
accuratefor small to medium rangeélso, the impact of terrain elevationsanplified in
theknife-edge methodwith the application olnmWavein small cell, the corresponding
coveragequality would be more sensitive to tlexactgeometrical conditionsAlso, the
usage of rasterized environment would haJanitation in resolvingdense environment
entities For exampleif two walls appeal imne resolution which could be 5m for outdoor
thenone wall will be discarded.

Therefore,although IR.A has presented itspeedcapability and its accuracy in
indoor, like manyproposed methods, it puts the effort in siffytig themodeling method
and detaillt is still desired to develop a fyllGO-based deterministic model, thavisctor

based and capable pifoviding fast 3D coverage prediction.
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4 A GO-Based RaylaunchingModel (GORL) with

Hardware Acceleration

In this chapter, @aay-launchingmodelwill be built with hardware acceleratido
investigate thefficiency andsolve theangular dispersioproblem as discussed in previous
chapters.ldedly, the principle ofthe ray-launching metod is based on classiGO.
However evenray-launching turns out to be thmeferredmethodamong the 3 main
streams asoncludedn Chapter3, the complexiy is still hard tohandle As discussed in
Section2.2.3 lots of researchput efforts onsimplifying the raylaunching strategies.
Comproniseto accuracyas to be given asdrawbackSomemethods alsdo notconsider
the problem of angular dispersiarsulting in not applicable f@D volume prediction

In the meantimehardware acceleratiois beconmg mature and efficienin
processingay-basedasks.On the onéhand,various gaming engines afendamentally
ray-tracingenginesOn the other hand, the hardware manufacsstart to provideoublic
APIs tohelpthe usage afraphic cargpowerin other computing domain€urrently, there
are two wellstandarazed platforms,CUDA (Compute Unified Devicérchitecturg and
OpenCL (Open Computing Languagslvidia also providedhe generalizeday-tracing
engine OptiX, which can procesap to a few hudred million rays per secorid04].
Therefore, this studwill try to solve the challengeis a ray-launchingmodel by using
hardware acceleration, instead wfaking compromiss, given the computing power
indicated above.

This study is distinguished from existing literature by the selection of techniques

and target, which is to provide fast 3D coverage prediction using Jeased approaches,
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as concluded at the end of ChapseMore specifically, the prediction of a small cell
coverage should be finished within minutes in an urban area. To the best knowledge of the
author, the existing studies using the sambrtiggies showed performance no close to the
target. In the early days, the calculation of received rays at a single receiver location could
take 15 minutes in a simplified scenario where buildings are represented by Hi#{es
A recent study using G®Oased 3D rayaunching spent 36 hours to calculate an indoor
office with an area of 91fj114]. Another simulation performed in outdoor with one base
station spent 70 minutes and 720 minutes in two different scefibtigls The propagation
models with performance closer to the target are only achieved by certain simplifications,
for example, the IRLA introduced in Chapger

Despite the speed of the existing 4aynching models, the performance target
could be possible with the joining of hardware acceleration as discussed above. However,
as concluded at the end of Secti®2.3 most of the current adoptions of hardware
acceleration in literature are limited to a few reception spheres, i.e. they draciay
based. While for the ralpunching based onef8] and[116] are not showing expected
performance boost from hardware acceleration,[408] is rastetbased.The knowledge
barrier between high performance computing (HPC) and wireless communication could be
the reason for some limited implementations and performantesliterature. There also
seems a tradeff between the algorithm cormgity and the delivere@erformance boost
from hardware acceleration.

Meanwhile, another uniqueness of this study is the cloiGpenCL acceleration
platform for a fair comparisohe existing publications using hardware acceleration for

ray-based proggation models arall found to bebased on the CUDA platfornthe only
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one found OpenCL adoption is based on empirical mdd&lg. However, as introduced

in Section4.1, CUDA is limitedto be used on Nvidia GPU card. Thus the comparison for

a pure performance improvement from hardware acceleration is not fair caigthal not

accelerated program has to be run on the CPU which is a different device. Also, the device

limitation of CUDA could be less preferred for industrial usage, since not every machine

has an Nvidia GPU card, while OpenCL has much wider device support. The choice of

CUDA in existing literaturenay bedue to its ease of use when implementing the program.
Therefore this study will start witha GO-basedray-launchingmodelpowered by

the OpenCL hardware acceleratiodirstly to understand thepeedboost that can be

delivered from handare, therto exam the feasibility of saiwg the 3D radioprediction

problemby theapproach.

4.1 |Introduction and Choice of the Hadware Acceleration Platforms: CUDA vs.
OpenCL
Currently,the power of hardware acceleration can be provided by two platforms

CUDA and OpenCLCUDA is amassive paralletomputing platform provided byvidia
[118]. Unlike the generalizedentral processingnit (CPU) which is good gbrocessing
many complex logic switches, th@raphics processing uniGPU) maximizes its
performanceat a largenumberof similar operations witliewerlogic switchesThis was
originally designed tamprove the graphicenderingefficiency, which is a problem of
rendemg many pixels in parallelA brief comparison between the CPU and GPU
architectures is shown iRigure 4-1. The CPU containsa large control blockvhich is

responsible for logic switcheggethe with afew algorithm logic units (ALUWhich is
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responsible foperforming the actual calculation instructio® the other hand, the GPU

maximize itscalculation powemwith massive ALUswith the tradeoff of fewer control

units.
Control AU ALU =I [ [ 1T [T L]
T =

|
=
[ |
=

CPU GPU

Figure4-1 CPU vs GPU Architectuf219]

Therefore, the GPU ardecture looks mucimoresuitable for theay-launchings
algorithms,which is a problem of processing massive rays in parddevever,if the
model of ray beconszomplexwith quite a few logic switches involvedédsuitability of
suchan algorithm maystart toshift to the CPU sideThis could be the reasamhy the
hardvare acceleration performance is not ideal when the ray model is congslex
discussed at the beginning of this chapiesolution to suckanissueis to simplify the ray
calculationtasks given to thacceleration platform while keey the complexity logic
handled on the CPU sid&.detailedsolution will bedescribed later in this chapter.

In the meatime, the OpenCL, maintained by thaon-profit Khronos Groupis
anothemparallel computinglatform providingvery simlar APIs and feature® the CUDA
[120]. Themajor difference isheindependencyf OpenCL, i.e. CUDA prograntan only
run on Nvidia devices, whil®penCLprogramcan beexecuted in various types of devices
including CPU, GPU, digital signal procesgDSP)andfield-programmable gate arrays

(FPGA) [121]. Figure 4-2 and Figure 4-3 show very similar architectures between the
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CUDA and OpenCLThe major difference is thgresence of texture memory in CUDA,
which isused for storing readnly daa in GPUs while since the OpenCL isupporting

various devices apart from GBlthere is no texture memanmodelled.

g~ Device \
Multiprocessor 0 Multiprocessor 1 Multiprocessor m
[roses | [Fomen]  [reowen] | | [Foowen] [Foomen]  [Feomes] [Fowsers | [Fegsens ] [oames |
SP, | SPy ---(SPH] (SPJ SES }l SPH} [SPOTSH l SPn}
[N N N N J

| Shared Memory | | Shared Memory | | Shared Memory |

Constant/Texture
Cache Memory

Constant/Texture Constant/Texture
Cache Memory Cache Memory

y 3 3

'

| Constant/Texture Cache Memory |

s

\ 4 v

Global Memory Constant/Texture Memory

Device Memory

Figure4-2 CUDA GPU Architecturd122]

Performanceavise, althoughmany experiments arghowing afasterspeed from
CUDA than from OpenCL generally with a ratio of 130%, the actual efficiencies of these
two platforms are similar under fair comparis¢h®3]. On the other hana, few tools are
porting the programs between OpenCL and CUDA due to similar APIs aniteatares

[120, 124]
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Figure4-3 OpenCL GPU Architecturgl22]

Therefore, thistudy chooseOpenCLdue to is openness in device selection, and
similar performance to theWDA. This choice will givean advantagér comparing the
CPU implementation anithe OpenCL implementation on the same CPU dewviceveal
the fair improvement fromhardware acceleration, which is not possible with CUDA as
only GPU is supportedilso, the comparison with other existing ragingines which are

not powered byardware acceleration can befpemed on the saméPU device.

4.1.1 OpenCLProgram Execution Mechanisms

Despite thaletailed guide t®@penCL APIs, th®©penCL program can lsplit into
two parts from theéop, which arethe hostprogramand the kernelThe hostis generally
the same as oth€@PU programsvhich can daany desiregobsusingvarious languages.
The kerrel is ascriptedfunctionthat is going to benassive paralleled helanguage used

by the script is a subset oflanguageaogether with the APIs provided from the OpenCL
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library [125]. After all, theprogram will start with the host running on BPU asa general
program The host isesponsibldor scheduling and offloading some of its calculation sask
to the kernel which will be finished on the OpenCL device&n example of the

relationships among the program, host, kernel and OpenCL device is shélgargy-4.

Program

foo()
bar()
baz()
quxo

Host

Command Comext
queue \/ %\/

Kernels

| foo() | ! bar() baz() qux()
1 |
\ /
N 7/ L
3 4
Device 0 Device 1 Device 2 Device 3

Figure4-4 Kernels distributed fronthe host onto OpenCL devicg¢$26]

Specifically,for the execution ofeach kernel from the hos,pipeline is givern
Figure4-5. Firstly, the chosen device needs to be initialingth theresourcerepared for
OpenCLjobs The kernel scriptneeds to be compiled into executable birgtryhe same
time. Then based on #demand of kernel taskje correspondingontext data needs to be
pre-allocated on the device memonyncluding all the input andutput of the kernel
function. When everything is prepared, the actual context @dtédbe mapped from the
host memory to the prallocated device nmory, followed by the execution of the kernel

task.Once donethe host will @wnload the output of the kernel from ttievice memory
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bad to the hosmmemory.In the endtheallocated resource on the OpenCL device will be

released.
For each kernel
Initialization of Transfer data from
. Allocate memory Prepare
OpenCL driver in target device F» hosttotarget kernel aras
(platforms,devices,etc) 9 device 9
. ]
Transfer data from Release target :
Kernel execution —»| target device [ device : ﬁf;&:?feggjpcg;
to host memaory resources

Figure4-5 OpenCL kernel execution pipelif&27]

4.2 The Application of GO with the Designof the Ray Model
The GO provide the raybased modsl with a mechanism to simulate the

propagation ofEM wave like lights. It includes a few lightbehavioursincluding
propagatiorstraight in homogenous mediuspecular rection andrefraction[128]. It
doesndt diffraatianWhich if wesuallysimulated by othemethoddike knife-edge
or UTD. While for some indoor propagation models, therddfion is not modelleds a
matter of simplification and thakeflection is dominating theontribution [58]. Some
outdoor models also usen empirical approach fosimulating diffraction to reduce
complexity [11, 21] For the model developed in this chaptethe diffraction is not
consideredas thanain purpose ishe prototydng of ahardwareaccelerated rajlaunching
model to understand th@otential from hardwaracceleratiorand difficulty in solving
angular dispersiohesimulationof diffraction will beaddedn thenext chapterfor the

rest of the thesjshemodeldeveloped in this chaptarill be denoted as GORL.

4.2.1 Propagation an8Biree Space Loss
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A radio rayemitted from theransmitter traviding in the space can bmodelled
with an origin andadirection
> - H (4-1)
where=sis the locatiorof thetransmitter®is the normalizedectorfor direction,andois
thetravelled distance in meter.
Then free space losepresents the lodsetweenisotropicradiatos in free space

[129], which is given as

0 — (4-2)

(4-3)

In total, thereceived powein decibelsaftertravellingt meters in the free spawgll be
0 0 © 0 0 Qo (4-4)

where0 s the received powgd is the transmitted powe™Q s thetransmission gain,
"0 is the reception gairit should be noted thiO will be always giveras0dB in this
study.As theholding ofthe handset is unpredictabfeom the mobile usethe reception
antenna will be simpli&d as an isotropic antenfiéhenthe computation part iaquation
(4-4) will be left with"™® 0 Q0. For the GORL implemented in this chaptean
isotropictransmssionantenna willalsobe assumedT herefore the concern of GORL will

be left withd Q0.

4.2.2 TheModelling of Transmission and Reflection
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AccordingtoS n e | | §128], thedight direction will be behwhen traasmiting
throughthe areawith a changing index ofefraction which is the same for EM waves.
Givenahomogenousvall with front and back surfaseén parallel,theray exiting thewall
will be in the same direction as the incident ray, but wighift. The GORL negled the
shift throughwall, and sinplify the refraction intaa transmission, i.e. thexiting ray will
bein line with the incident rayThis isdue to the limiteduilding informationin urban
scenariosthatit is hardand cosyto acquire the thicknedsr each walin practice[2].

For reflection, gven a specular surfacthe incident ray and reflected ray will be
on the same plan&he incident anig will be equal to theeflected angleTo perform the
reflection in vector, firstly mirror théncident rayorigin direction againsthte reflection
plane Giventhenormal of thereflectionplane represented as

> - o , (4-5)
wherem— is a point on the planand® is the normalizedrectorof the plane
normal. Then the mirro=m0f the incident ray origimmis

- o ¢H fo (4-6)
where
O mr — 4-7)

Denotem as thehitting point of theincidentray on the surfacehen the eflected ray

will be
> = o (4-8)
where
- - | }
> fim w—E (4-9)
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Apart from the GO modelling dhe ray during a reflection, the corresponding EM
propertiesand interaction losarebe conductetty theformulas supplied in Sectio2.2.2
The material databasmeasuredin the WIFEEB projectD1.1 [130] gives the EM

properties for typical building materials at different frequencies.

4.2.3 Ray Model

To carry the necessaipformation required above in the prograra, Unified
Modelling Language(UML) representation of the ray model class diagram is given in
Figure4-6. ThetypeRayWithPayload is composed by Rayand aRayPayload. The typeRay
represerd the geometrical part of the ray model, whiblas two field, the origin and
Direct i on, which are both of typ®&ector3F . All the restof theray datarequired by the
programare stored a®RayPayload. It should be noted that the separationaopure
geometrical typeRay is for the efficiency of the OpenCL kerneSince 90% of the
calculation § spent in the ray intersection t§30], the kernel iddesigned tmnly offload
the intersection calculatiolherefore,the minimal information required by the kernel
function should be providedto save thedevice memory and time used for
uploadingdownloading kernel context.

On the RayPayload, the countes of interactions are alsostored as
NumberOfTransmission andNumberOfReflection . This is to apply derminationof the ray
once a manum number of interactions achieved, as strategy used in other models as

well [1, 90, 106] By default, thehresholds are 5 for transmission aaflection.
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Ray

1 +0rigin: Vector3F

'1/ +Direction: Vector3F
RayWithPayload
\ RayPayload

+MNumberOfTransmission: int
+MNumberOfReflection: int
+PreviousInteractionLoss: float
+PreviousTravelledDistance: float
+Polarization: Vector3F

Figure4-6 Raymodel in UML diagram

4.3 Environment Modelling

The complexenvironment can beomposeaf the basic unit, polyggrwhich is a
collection of vertice®n the same plan&imilar to the raythe polygon model is split into
thegeometrical part and ttalditional payload part, as showrHigure4-7. Theseparation
of thegeometrical part is for thieernel efficiencyasit needs to be uploaded to the kernel
buffer. The PolygonPayload stores the reference toMaterial by itsMaterialld . This is
due to thatmany polygonsnay be of the same materi@hena particulaMaterial instance
can be fetched tbugh the central storageateri alRepository by calling the method
GetMaterialByld(id) . It should be noted that t@ORL is a narrovband model, thuthe

material properties are supplied toparticular frequency once at a time.
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Polygeon
1 +Wertices: Vector3F[*]

1
PolygonWithPayload /

1 PolygonPayload
+Materialld: int
+Polygonld: int

MaterialRepository 1+ Material
p——| +Materialld: int
+GetMaterialByld(id): Material +Permittivity

Figure4-7 Polygon model and material repository

In the end, theon-site physical structures.g.terrain, external walls,grounds,
plasterboardswindows and doors etc, can all be representedsing the same type
PolygonWithPayload , which is associated with a materi@ne special case is therrain
which canbetreated withinfinite thicknessTherefore it can be approximated tspecial
material withaninfinite loss to suppress the transsiis, aghe signal under thierrain is
of no interestlt is worth mentioningthattheterrain data are usually provided byratard
GISformat Theimport andmodelling of terrain will beeonsidered ithenext chapter, but

not in GORL.

4.4 The GORL Modules and Processing Pipeline

The GORL is composedf four modules which arethe four circles shown irthe
data flow diagram irFigure4-8. The Initial Ray Generator is responsible for coniregt
the antenna information provideg the client to initial pending rayShenthelntersection

Processowill detect the hit or miss of the pending rays on sbenariopolygons.Once
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the hit is detected, the pressed ray will beampled into pathloss resutis voxels in the
Ray Collectorln the end, the finished rays will passed to the New Ray Generatdnere
the new rays from transmission and reflection willgemerated and déeback into the
pending raysThe green loomlenotes theirculationfrom theintersection tacollection,

and to new ray generatiowhich is the core thread of the GORL.

Environment Informatiop———» Polygon
Repository

Antenna Infomatiord IS 52 MNew rays» Pending Intersectio
Generator, Rays Processoy

Main Thread

New rays

Ray hit detected

Processed

L Ray «
Collector __ _Rays

Rays
. Material

" Repository

Material Informatior

Figure4-8 GORL modulesdata flow diagram

Specifically, for thelntersection Processor and Ray Collector, tiypes of
implementationsre povided.Oneschedules the corresponditagk to beperformed on
OpenCL kernelsAnotheroneis a replicatef the function butmplementean CPUhost.
Thereforea straightforwarccomparisorfor theboost providedy OpenCLis available by

switching the implementatiorier these two modules

4.5 Intersection Detection and Triangulation
The intersection test is tlkey task in the propagation modelowever,it is rarely

discussed irthe literature forray-basedradio model.Most of thestudies described the
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mechanism based on polygomsit in compute graphic, the triangle is the mostised
primitive ratherthanthe polygon, due to its simigity, safety andversatility[131]. On the
one handthe polygonwith more than 3verticesmay have theircoordinates not on the
sameplane due to floating error adata error.Such error would causenexpected
behaviour in the kerneDn the other handhe triangle is flexible shape thall the other
primitives can be approximated witiherefore,the GORL usestriangle as the basic
element for ray intersection tesflany ray-triangle intersection methods are proposed in
the literature According toa benchmarkcomparisonn [131], the methodshownwith the
best performance in GPid created by Mdllef132], whichis the used method in GORL.

The basi c i methad ibffornih® dcboedinaiessysterny two sides
of thetriangle,and a third axisrom thevertex between the two sides the origin ofthe
testedray. Then the hitposition can be solvely transforming the ray equation into the
triangle coordinateThe advantage of this method is that intermediate data nedd be
cachedwhich is efficient for thdimited memory orthekernel

Meanwhile,since triandes are useth the kernelthe conversion from polygon to
trianglesis needed in thprogram The triangulation i@nother research topic on its own.
For this study, thepeed of triangulation is less a concertoag as the polygon is parsed
correctly. This is due to th#éte triangulation is @are-processingtage of thescenarioOn
the one handheprocessed triarigs can be reused for the retheantennas in the same
scenario.On the other hand, thime spenton triangulation can be extracted from the
analysisas it is not thedcus ofthe study After all, an opersource libraryPolyPartition
[133] is selectedwhich supportsconvex partitioning and triangulatioasing the ear

clipping method134].
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4.6 Spatial Indexing Acceleration

Anotherissue of the rayaunchingmethod is thecomplexity ofdetermining the
closestintersection for a rayn a complex environmengiven all thetrianglescould be
candidates, as discussed in sect®h.3.2 The solution is by exploiting the spatial
correlationamong thetriangles and narrow davn the searchingscopebased on the
geometrical properties of the rajhereare many mature adeeation structures used in
graphicdncludingBVH, uniform grid andoctreg etc [135]. The fundamental mechanisms
behind these structures candagegorized into two types. The BVH likpproachuseshe
bound of the triangls and forns nodeswhich can becomposedby afew neighbour
boundsTherefore, oné&riangle can only appear in one leaf notleis avoids the repetitive
testing on the same trianglEhe uniform grid like approachdivides the space intoubes,
in which the presence of trianglescalculated and cache@herefore, one triangle can
appear in multipleubesandmay be tested multiple timeBut the topology ofhe wiform
grid is better a@gned with the ray propagation paththe cubes have migte levelsand
different size, then the structure becomasree.

Comprehensive comparison amongsiructures is presented[it36], where the
BVH was shown thiave the togfficiency, with more than 80%elativespeed to théastest
methodwhile only consumes about 10%f the memory used by thiastestmethod.
Therefore this studyusesBVH as theacceleration structureA widely used BVH
implementationis given in [137] where a binaryBVH with axis-aligned bounding
boxes(AABB) is used.

The BVH is a binary tree like struse as $iown in Figure 4-9. Each node

represents auboidvolume aligned by theaxis, given AABB applied.An intermediate
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nodewill be composedf two subnodesdividing the parent volumelhe bottom of the
tree lays the leaf nodesyhich containsseveraltriangles in acuboid. The B/H has a
definition of maximum dpth, which is the number of layers theee can have, and
definition of maximum leaf size, which is thi&eshold oftriangles courgdin a leaf node

to terminate th@ode division.
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— { N2 N3

N5 O% N3
[ <o Na Ns¢ INs N7
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Na 07 .
01 [ ) L g L - L
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Or O2 03 02 0Os Os O7 Os

N1

Figure4-9 BVH tree structurg¢138]

To build the BVH, startingwith the full scenari@s the base nodfrstly, compute
the cuboid and identify théongest dimensionSecondly sort all the/N trianglesby their
centresalong the longest dimensiomhirdly, form two child nodeswith oneby the first
half of sortedtrianglesand another by theecond halfThen repeat the process for the two
child nodes. The generation wilbme to a stop once theaximum depth is reached, or the
currentnode is lavinganumber oftriangles equaio or less than thgivenleaf node size.
Ideally, the BVH should be defined big enough itwlude all the triangles without
triggering the maximum depth conditidn.this case, foa BVH with Dlevels theplanned

maximum number of triangs is
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00 00 QA0 (4-10)
where"Y'Q~ Qs theleaf node sizeand0 6 ¢ s the total number of leaf nodesich
is given as
06 ¢ C (4-11)
To travel hrough the BVHthe deptHfirst search(DFS)algorithm is usegi.e. the
tree will be visited byone branch to the leabde firstly beforeexploitedhorizontally. A
typicd implementation of the DFS g@brithm is by arecursive functioni.e. a function
calling itself in its body.However,it should be noted thahe recursive function is not
supported in OpenCL kerngl25]. Therefore, a stackvhich is a first in last oudlata
structurejs used to achieve the DF& pseudocodeepresentation of the traversal function
is given inCode Snippet-1, and the full kernel code of the BVH traversal is given in
Appendix] GORL OpenCL KernelsThereare two kinds of itersection tests performed
in the function. Onés theray triangle intersection e st , f or whi sisedM® | | er
as introduced in sectighb5. The other is theay box intersection teftr the bound otach

intermediate node
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function BVHTraversal(Node, Ray)
let S be a stack
S.push(Node)
while S is not empty do
Node = S.pop()
if Node is not leaf nod e then
if Ray hits Node then
for each childnode in Node
S.push(childnode)
else
if Ray hits triangles in the Node then
return Node

Code Snippet-1 TravelBVH by DFSalgorithm using stack

Thereareonly a few prposed methods for ray box intersection in the literature.

The one widely addpdin many ray travesal methods igiven bySmits[139]. Later, an
improved method based ont8emi t s 6 s a@usd 15%astef1¥0]. However, the
improvements achieved by cachingree intermediate float valupsr ray for subsequent
box intergction testsTheadditional memory cosif 12 Bytes per ray is ndgPU friendly,

as theoriginal raytypeis composeaf 6 floats which are24 Bytes asgiven inFigure4-6.
This meansa 50% increase in the ray sit&iven thatray is the major contenhat needs

to be uploadd and cached in ti@penCL kernelsuchanincreasewill sacrificetheupload
speed and memory efficiendyleanwhile,the testand conclusion ifil40] weredoneon

theCPU.Thus, the GORIlusest he ori gi nal Smitsbds met hod.

4.7 Grid Traversal and Ray Collection
Oncethe intersection of a ray is determined in liliersection Processor, tetatus

of the rayis finalized.Then the ray needs to be sastgpfrom its origin to its termination
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into pathloss resultsollected on a 3D uniform grigs shown irfFigure4-10. This involves
the use ofa ray grid traversal algorithnA collection ofgrid traversalalgorithms ag
surveyedn [141], and categorized o single layertraversalalgorithmsand hiearchical
grid traversalalgorithms while the collection gridusedin the study is asinglelayer
structure However, here is no speed comparison provided iose methods, bonly the
method provided byAmanatides and Wo[142] is based on floatingoint valuesGiven
that thevoxel sizeof thecollectiongrid is froma userdefined collection resolutiowhich

could be any posve floating value, GORL adopgA manat i des and Woodbds

bbb b Lo 2w s

Y
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476543240123 45867686 4765432140123 45¢678
X X

Figure4-10 Ray traversaathe 3D grid[143]

Then ly using the grid traversal methodyrfeach voxel a ray walked intthe
corresponding storeasult needs to be updated witle pathloss caed by the ray at the

location of the voxelA 3D array ofpathloss resultfor each voxelis contained in the
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collection grid In the end, thgpathlossvaluescan be rendered byalouredlegendand
presented as heatmams different dimensions.
To calculate thdree spacdoss, gven an enteredvoxel ‘Qby applying equation

(4-3), theresultat the voxel can bgiven as

. . LT
[10Q06 ¢1l 1 (6. o, ¢1 | (— (4-12

entry at voxe'Qandd,. is the accumulateléngth of all the parent rays thtaecurrent

is generated fromThe value of¢,.can besupplied directly from the grid traversal
algorithm,thusthe calculationofv e ct or 6 s | €heo,. ibtheicached fiedd e d .

PreviousTravelledDistance on the typeRayPayload asshown inFigure 4-6. Therefore,
whenever a new ray is generated fréransmission omeflection, it will inherit the
PreviousTravelledDistance from its parent raywith the total length ofthe parent ray
added at the same time.

In addition to the free space loss, thieraction losghat the rayencountered on
previous hit polygomlso needto be accounted et the final total losS his isthe cached
field PreviousInteractionLoss onRayPayload . When a new ray igeneratedt will inherit
the PreviousinteractionLoss from its parent with the currentinteraction loss added.
Denoting thecached previous interaction lossb  » , in the end, the totglathloss at
voxel (zan be given as:

0 »HQ'Q6 0 »HQQS6 0 > (4-13)

Lastly, multiples rays from many iteratiomsay arrive at the same vox#hus a

combination stratggis neededGenerally, thepathlossresultsfrom different rayscan be
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combined bytheir weighted sum, averageor maximum depending on theeception
facility. If a power delayprofile (PDP) is meaged, then the maximum can hesed to
predicate the strength d¢ifie main pulse in the PDP.For the pupose of cell planning,
usually, a singlevalueis required aan indicatiorof coverage quality on a locatiddeally,
thephassfrom different path should lmnsidered to form the scdbding. Howeverdue

to the limitation of environment model detail acwmputation capacity, thghase is hard

to bepresented imray-based model explicitlyT herefore stochasti@approackscould be
used toapproximate the phagb2], orthe mean value of different paths is used in some
models[8].

However, it should be pointed out thdifferent raysdo not effectively mean
different pathsThis is thedoublecounting issue mentioned Bectionl.2 Therefore, the
rays need to be distinguished irddferent paths and combined correspondindlite
demandfor a path modebill be introducedin the next chapterFor now, the GORL as a
proof of conceptvill simply use the maximurealuewhich doesnot have a conceror
the path.

When the Ray Collector is implemented in Openternel thousands of rays
would be collected in parallethich may cause a race conditidfor example,given a
voxelstoring a pathloss of 70dB alreadyy A intendsto update the voxel withOdBwhile
ray B intendsto update the voxel witBOdB at the same timé#. both rays sed out the
update commandshere is noguaranteavhich command will be the last one executed,
therefore, thevoxel now mayrandomly store a value of either 60dB or 50dBom
OpenCL 1.2thereare a set of atomic operations which wolaick thememory access by

one thread at a tinJ@25]. The suppliecitomic_max operationcan be used to solve the race
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condition aboveHowever, this would cause a performance impactase threads are
now expected to whaior the finishof one threadTo eag the impactthe rays with less

spatial correlatioman be collectedimultaneouslythus the waits less likely to happen.

4.8 Ray Generation Strategies

The scheduling of thay processingrderalso needs to be takeareof as a matter
of memory efficiencyOn hitting apolygon, child rays will be generated from a parent ray
Assumeon average a parent ray can gene U tehild rays. For the case of GORthe0
equals Zor a reflected ray and a transmitted fBwyt it wouldbemuch larger if diffraction
is modelledThereforejf the number of initial rays emitted from the transmiiger , and
the maximum number of intactionsis 0, then thenumber of rays at thl &generation
will be

n n o (4-14)
Suchexponentidy increasing speedould use up the memoriy all the 0 &generation
rays are created at the same tinespecially when thrj is large in a mediumange
scenario.

To cope with the issug DFSmethod couldbe applied, which is similar tthe
approach used in BVH nodgaversalin Section4.6. A representation of theay
generationgn a tree hierarchy is shown figure4-11, where theig circle denotes a ray.
Therefore, a stric DFS approachwould only expad a single branch until the
0 &ygeneratiorbeforeexploiting inthedirection ofbreaith, and the maximum number of

rays that would exist simultaneousty reduced t®d . But this approachwould causea
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limitation on the OpenCL kernels a largenumber of rays is opiired to be processed in

parallel to maximise the kernel performance.

Generation 0 ® © o ©o
Generation 1 ® 90 N XXX )
Generation 2 Q® 09 O ©°°090 © 0°°0

Generation3 @ @oe@® @ @ ® O 00 O 00

Generation N ® 09 O ©°°0 eoo ® 90

M rays

Figure4-11 Ray generation hierarchy

Thus, astructurenamedpriority stack is created tprovide a DFS orientedrder,
while would notlimit the kernel performancé&he priority stack is a nested structure which
is a stack of stack&ach innerstack will be designated ta specificgenerationand the
stackfor the Nth generatiorhasthe highest priorityWheno rays are required from the
priority stack fora kerneltask,the structure willstart with its highest inner statt pop
rays,andit will move to lower priority inner stackne after the otheuntil the required
numberv is fulfilled. In this case, the priority stack wilbe DFS oriented as the
0 &generation @ always prioritiseda n d i t  wleerkéekffisitnoyaka pant
generation will start to be ptessed once a child generation runs blganwhile once a
ray is generated in the New Ray Generafber an interaction, it will beadded tothe

corresponding inner stack depending on the generation of the ray.
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4.9 Simulation Result inan Outdoor Scenariowith Medium Coverage

In this section, the implemented GORL model will bedfor simulation in a
mediumrange outdoor scenaridhe model is wrigtn usingthe languageC#, and .Net
Framework 4. There is aC# package wrappg the nativeOpenCL library thus the
OpenCL APIs can be accessed in C# eaBiby.therest of the stdy, all the simulations
will be performed on a machine widimintel i7-8700CPU(3.2GHz, 6 Cores16GBRAM

andaGTX 1070GPUwith 8GB dedicated memory.

4.9.1 TheResult and Efficienc¢omparisorof GORL onDifference Devices itheParis
Scenario
The usedParis scenario has a rangel@40n1400m*50m with39726 triangles
in total. An omnidirectional antennasing2.4GHzis placed aZm above the groundith
its location givenn Figure4-12. The simulations arealculatedvith resolutiors at5mand
2m. The resul, speeds and memory consumptionscarapared between the CPU and
OpenCLimplementatiorof the same algorithnThe GOR. is also compared against the

IRLA model
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Figure4-12 Paris scenario

The GORLresultcalculated by OpenCL igiven in Figure 4-13. A reasonable
coveragefrom the antenna is predicatethe effect oftransmission and reflection with
added pathloss can be ohsm=t The validation of the result against measurement will be
provided inthe nextchaptemwith a calibratiormodule For now, as a proof of conceftge
presentation ofheresult is sufftient to demonstrate workablesolution Therest of the

discussion W focus onthe comparisorof efficiency.

Time spent (sec) Memory usage (MB)
GORL CPU 107.13 325
GORL OpenCL (CPU) 3.29 429
GORL OpenCL (GPU) 1.23 724

Table4-1 GORL time and memory consumptions for Paris scenario at 5m
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Figure4-13 Paris GORL OpenCL (GPU) result at 5m

The time and memory consutigns of GARL are listed inMrable4-1. Three options
are givenin the comparisorwhere GORL CPU is thalgorithm implemented locally on
CPU, GORL OpenCL (CPU) is th®penCL implementation with CPldhosen as the
kernel deviceandGORL OpenCL (GPUis the OpenClimplementatiomunning on GPU.
Apart from the consumptions, the results of these options are the sanhey are not
presented.

Firstly, the comparisobetween the spesdf CPU and OpenC{CPU)shows a
big improvemenby 32.6times on the same device with the use of OpeA®is isproof
of the feasibility of using OpenCLto overcome the complexityrhe increased memory
consumptionfrom 325MB to 429MB ismainly due to theOpenCL buffer creatd to

exchange the data between the host aneheel.

73



Secondly, the comparison betwebe OpenCL (CPU) and OpenCL (GP&Hows
further improvemenin the speed bg.7 times Thebetter speed froPU maycomefrom
its stronger computing power agroducedin Figure 4-1. It could also be a result of
offloading thekernel task to GPlnd freeing the CPEb other host codes candoeecuted
faster On the other handhelargeincrease of memory frof29VIB to 724MB is due to
the duplication ofarge chunks of datan the GPU device memaqrwhich is notneeded
for the CPU kernel, as thest and kernel are on the sa@RU device and can share the
memory.After all, the GORL hapresented total speed improvement 87 timeswhich
makes the proposalbf usingOpenCL feasible.

Then thecalculation otheParis scenario is repeatededolution 2mand the result
is shown inFigure4-14. Comparing td-igure4-13, thepresentegblot fromraysand pixels
here are much finer as expectedwever, the issue of angular dispersmalso becoming
more obviousas the separation of raiggettingclear after a feweflections A brute force

solutionwill be atemptedto overcome thangular dispeien in Sectiord4.9.3

Time spent (sec) Memory usage (MB)
GORL CPU 799 694
GORL OpenCL (CPU) 10.01 1198
GORL OpenCL (GPU) 2.42 1527

Table4-2 GORL time and memory consumptions for Paris scenario at 2m
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Figure4-14 Paris GORL OpenCL (GPU) result at 2m

In the meantime, theonsumptions at resolution 2are given in Table 4-2.
Comparing torable4-1, the time taken by CPU implementation is increased.byimes.
According toEquation(3-14), the complexity of rayyaunching has a dependency on the
lengthaof thescenario bya , which is effectivly the inversion of the resolution given the
samescenarigi.e.the complexity camlsobe given as

0O6¢0 N0 O Y (4-15)
where'Yis the resolutionTherefore the increase oftomplexity from 2m to 5m can be
estimated a ¢j v @& uimes Thus for the CPU implementation, the increase in
time approximates thestimated increase in compity. However, this is not the case for
the OpenCL implementatioithe time onsumptions for the OpenCL (CPahd OpenCL
(GPU) arancreasedy 3.0 and2.0times respectivelySuch mismatcimay bedue to that,

for the OpenCLimplementation, theress someoverhea notrelated to theesolution,for
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exampe, the hostscheduling Thus, the increasedresolutionwill majorly increase the

complexity of kernel tastwhichis only occupying part of the time spent.

4.9.2 The Comparison Between GORL and IRIrAthe Paris Scenario

The GORL isalsocompared with IRLA in the Paris scenarfs introduced in
Section3.2, the IRLA isahigh-performanceay-launchingmodelprovidedwith a solution
of the angular @persion problemrhe other major differensédrom GORLare thatRLA
is a 2.5D engine and rasterbased.The result of IRLAat 5mis shown inFigure 4-15.
Comparing with the GORL result, bothodelsprovide similar coverage area, whilee
IRLA resulttends to be more pessimisjiglging from the legendl'he accuracy will be
justified with calibration irthe next dapter Meanwhile, the IRLA result inotpresenting
angular dispersion effeafter several reflection3his is showing that IRLA does provide

an effective solution to the problem.
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In terms of the performance, theomparisonof consumptions at different

resolutiorsis given inTable4-3. The status from GORL OpenCL (CPU) is used for a fair

comparison on the sant@U device. In overall, the GORL is shown much faster than

IRLA. At 5m resolution GORL is twice the speed of IRLANd at 2m resolutigrnit is 8

timesfaster Memorywise, the IRLA is more efficient than GORBuLt if judging from

the trend, the consumption of IRLA increaseuch faster by the resolution. As being a

raste-based modeits algorithm complexity is lingly related to the number of voxels in

the scenario. Given a fixed volume, the complexity can be given as

&)

ve 0 'Y (4-16)

0O06¢ 0
where0 6 ¢ s the total number of voxels the scenario gricwis the fixed scenario
volume, ancY s the resolution of the voxeThereforefor IRLA, the complexityof 2m is
about ¢j u p & ¢ tmes the compbaty of 5m. This scale approximates thegio of
time spentat2m over 5mwhich is 14.

After all, the comparisoshows the advantage thie vectotbased GORL over the
rasterbasedRLA, especially at high resolutiohot to mention the raster modelo n 6 t

able to resolvenultiple walls within a resolutionyhichis not the case fahevector model.

These advantages ameportantfor 5G prediction where fine detail is demanded

Time spent (sec) Memory usage (MB)
GORL OpenCL (CPUj 5m 3.29 429
GORL OpenCL (CPUj 2m 10.01 1198
IRLAT7 5m 6.03 75
IRLAT 2m 84.1 486

Table4-3 GORL compared with IRLA in Paris scenario at 5m and 2m

However, as mentioned abqowihe IRLA provides a solutionfor the angular

dispersion whichthe GRL y et Adute oreedsolutiomn GORL is toincrease the
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density of initial rays tgrovide much finer angular resolutioAccording to Equation
(3-14), the complexity hasa dependency on theumber of interaction( by 0
Thereforefor a simulatiorwith amaximumof 5 reflectionsas used above, the complexity
can be increased I8b times Suchanincrease in complexitgppears to bexcessivdor

the current performance of GORL.

4.9.3 TheOver launchingMethod and Resuiscussion

To implement this brute force solutioim, the Initial Ray Generatdhe rays are
launchednthe boundary voxels af grid withalengthof p & wheredais thelength ofthe
original grid. This method will be calledbver launching Figure 4-16 presentsthe
comparison ofParis resulf with and without over launchingOn the left, some spots

showing the angular dispersieffect are highlighted by red circldscan be seen thatich

aneffect iseased on theght resultprovidedwith over launching.

Figure4-16 Paris 5mwithout over launchingleft) vs. with over launchingright)
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However, the increadeonsumption shows that the over launching is not a feasible
solution for the angular dispersion. Firstly, with over launching, the time spent is increased
from 3.29sec to 90.19sec, which is about 27.4 times slower. Secondly, the memory
consumption is in@ased from 429MB to 3492MB. If the over launching method is used
at 2m resolution, the engif&led with out of memory exception. Not to mention the Paris
scenario is 1240m*1400m*50m, which is a small scenario given the deangpet of

providing mediurrange prediction within a few kilometres.

4.9.4 The Optimal BVHDepth and Leaf Size

Put aside the angular dispersion probleng $peed of GORIlis found with a
dependency on the BVH depth.g. here exists moptimal BVH setting giving the best
performancelUsing the Paris scenario at 2m resolutidme simulationwas repeatect
different BVH depthsand the time sp#was recorded for th@penCL(CPU) and OpenCL
(GPU) options. Each recorded timetlse average of 5 duplicated rudsd the average
leaf size is given by the total number of trianghkedich is 39726 divided by the total
number of leaf nodeat correspondindepth.As listedin Table4-4, theresultshowsthat

the best speed is achiewsidh 13 deptls for both CPU and GPU options.

BVH Depth Average Leaf | GORL OpenCL (CPU) | GORL OpenCL (GPU)
Size Time Spent(sec) Time Spent(sec)

8 310.36 26.45 5.88

9 155.18 17.46 4.22

10 77.59 13.57 3.35

11 38.79 11.14 2.77

12 19.40 10.08 2.48

13 9.70 10.01 2.42

14 4.85 10.08 2.97

15 2.42 12.04 4.29

16 1.21 19.76 11.97

Table4-4 Time spent with different BVH depths in Paris scenario at 2m
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Thevariationin speeds causedy differenttime spehon performing abounding
box intesection and om ray triangle intersectiolAn estimation ofthe BVH traversal

complexity is given afl37]

RV ’N VWV
VOOV R YROVEY Y (4-17)
w"Y ‘ WY ‘

where"Yis the totalime for a parent node travers'v  is thetime for a bounding box
intersection”v is the time for a triangle intersectic'Ydenotes the set of triangles
contained by the parenbde,”Vand™V are the sets fdwo child nodesw Y is the volume
of the"Yset trianglesand"Y"Q("VQis the number of triangles in <™. The factor 2 before
the”™v s for one box intersection on tharent node and another one on the child node.
Specifically,for the BVH built in GORL,f "Y"Q({YQs an even number, th('Y'Q¢VQ
"Y'Q('VQ Also, an approximation can be givero Y " "V . Thus Equation
(4-17) can be approximated as
Y Vv YQOYWV (4-18)

If iterate Equation(4-18) from BVH base node to the child node, then the tBH
traversal time can be estimated as

"V 0z "V Y'QWO Q@Y (4-19
where”V s the total BVH traversal timiQis the depth of the BVH ar'Y'Qd Q wif)
the averagenumber of triangleper leaf nodeSubstituting Equatiorn4-11) into (4-19)
gives

YOV,
- 7"V
C

v 0z "V (4-20)

where™V is thetotal set of trianglesThe equation can be further simplified as

80



v | zo (4-21)

C
where| Voo and "Y'Q(VQz "V | Both| andf are constantsTherefore, the
derivative of "V with respect t(Ois given as
LY [ 4-22
| ¢z -
oo | T1e6r¢ (4-22)

Thederivative ismonotonicallyincreasing byO. Thus,theminimal "V  isachieved when

the derivative equal8. Then the optimallepth can be given as

(4-23)

It should be noted thiO phHO~ 4k Therefore Equatiof¥-23) may have no solution if
| Tzlg (4-29)
which can be converted as
v I ¢z7yQivaz v (4-25)
In suchcase, itiani ndi cati on t hat t [atall HhWederthehabovd d n 6t
conditioncan be rarely met in practicetenarig, where the'Y"Q¢"VQwould be big.
After all, Equation(4-23) givesan approximation for the optimQvalue, butt is
hard tobe adoptedh practice, a”™v  and”™v vary on different machingwith no prior
knowledge oftheir values.However, if assume thahe ratioi "V 7'V can be

appoximated as a constant different maching thenEquation(4-23) becomes

l
Yarvarl ¢

O p 11 (4-26)

Applying theresult inTable4-4 with ‘O equals 13 an"Y'Q(¢VQequals 39726theni can

be estimated &éi @& ¢In the end, the optim{O can be estimated as
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o p TR 4-27)

The result can be used as gengtatlance foan optimal BVH setting i given scenario.

4.10 Conclusion

In this chapteythe principles ot GObased rajjaunching propagation model has
been introducedThen its implementationon the HPC platform OpenCls given.
Specifically, thedetailed handling of thiatersection tesgpatial indexing accelerati@md
grid traversaletc. areinvestigated which are rarelydiscussedn many othemproposed
propagation models.

Thereafterjn the simulationthe prototypepropagatiormodelGORL has shown
great potential in providing the mediuange radio prediction. The Gliased vector
method proved its advamge of less complexity dependency on the dimension or resolution
of the scenario than the raster method. Also, the utilization of OpenCL has shown a
significantboost ofaround ahundred times faster than a pure CPU implementafiod.
the calculation of amall cell can be finished within a few seconds. The magnitude of
improvement and the final speed are much greater than another published @4} in
which usesthe same Paris scenario with CUDA. The superiorityhefachieved speed
could be from the efficient choice of the intersection algorithm, spatial indexatigod
and neat ray model design.

However,it should be noted that the diffraction is not simulated in this model, as it
is a prototype for investigating the hardware &edion potential. Als@s a solution to
the angular dispersion, the over launching method is shown to be not feasibleviggeed

nor memorywise. This is due to the complexity dependency on the maximum number of
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interactions0 by 0 . Therefore,althoudh the GORL does present the potential of
achieving thespeedarget with hardware acceleration, it does not fully address the problem
for providing the full 3D volume calculationIn the following study, the simulation of
diffractionis added, an@ modeling methods created to reduce the complexd 0 to

a manageable leveb provide a final solutian
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5 TubelLaunchingModel Based orAdaptive Ray

Splitting

In this chaptera tube launching models a solutiorreducing the complexity
dependency othe number of interactionsvill be proposedin this model, e tube is
approached by its central rayhich wouldsplit adaptively to fill up thevzolumeas the
length of the tube grow3hereforethe distance between tvadjacent rays guaranteed
within one resolution regardless of the tube sizeereafterthe modelling ofdiffraction
will be introduced, filowed byan improved module desigmdthecalibration mechanism.
Then full implementation ofthe proposedpropagation model will be given, with
simulations and validatiaperfornmed in a few scenario the end, the limitations of the

proposed methofibund during the implementation will also be discussed.

5.1 Continues Tube Model Approached byRay Splitting

From theexperience of GORL, it can be recognized that the fundameauiak of
angular dispersiois dueto themodellingof the continuous wave using stirete raysThe
final sampling ofays into rasteresultss acompensationf the discontinuityEnlightered
by theidea a solution to the root cause of angular dispersion may be soughy g of
continuous modellingmethods This thought leasl to the few publishedtubebased
methodq9, 10, 144, 145]as theubeis acontinuousmodelwith volume Furthermoreto
provide afeasible solution to th8D volume radio predictigrthe method @eds tchave
the following4 characteristics:

1 Themodelshapecanfully populate the 3D volume
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1 The model can resohanvironmentakntitieswith a dimension largehan a
givenresolution threshold.

1 Has a efficientalgorithm forhit test betweemodeled shapeandenvironmental
entity.

1 Has an efficient algorithm farster result samplinigom modeled shape

The firstrequirements tofulfil thecontinuous modelling as aisssed abov&he
second onés to address the problem of angular dispersidre thirdone is tomake sure
themethod camprovidean efficient simulationThefourth oneis related to the presentation
of the resultAs the raw model, eitheny ortube can 6t b e faranalysignt i vely
radio prediction or planning, thuke sampling presenting the result in a different vgay
needede.g. heatmaps shown irChapter.

The published methods mgone d a b o vceverthe fdlit @haracteristicsn
terms of thdirst condition the tubes can be classified by their crssstion shapes, which
are circle, triangle, square and hexagon etc. Among them, theaaroietfully populate
the 3D volume efficiently, unless overlap is introdudeat. the rest, the square seems like
a suitableoption given that it matches the cube shape of collection voxel. However, the
rest characteristics are not met as discuss8ddtionl.2 But the ray model used in GORL
doesprovide a good fit for the rest conditiofiem 2 to 4

Therefore, this study proposes a squat@basedmethodapproached by rays.
Unlike the methods ifil0], where a single central ray or several edge eagsused to
approximatehe tube, the proposed methwill use multiple rays to fill up the tube, with
adaptive fitting.Startingwith the transmitter, the initialibe will target thevoxel on the

grid boundaryas shown irFigure5-1, i.e.when the bondary voxel is reachethe cross
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section of the tube will bthe same as the voxeBuchaninitial tube can beffectivdy
approached by ey at the cemg, ascentralray will still be able to resolventities large
than the resolutiorhe length of the central ray can be denoteé bwhich is thedistance

from the transmitter to theentre of voxebn the boundary.

Boundary Voxel

,,,,,, =

Initia‘erube

Figure5-1 Initial tube targeting the boundary voxel

The problem happens when the tube is reflected in the scetharefore it would
travela longer distancthan® when the boundary is reachédthough thetubedirection
is changed after reflection, the problem tansimplified by modelling theeflectedtube
in the mirror which isstill following the originaldirection. Thus suchan extended tube
with alength larger tha¢ can beresolved by splitting thénitial tube into4 child ones
when travels beyonc¢' , as shown irrigure5-2. When each chiltube has travédd certain
distance that itsrosssectionlengthequals the resolution again, tttgld tube can be split

further.
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Initial %ub

Figure5-2 Tube splitting beyond one resolution

To mocel the tube angplitting using rayspnestraight forward methe isby usng
the central axis of each paretibe or child tubego form the ray as shown on the top left
in Figure5-3. However, such methadlill result inadiscontinuity in raydetween a parent
tube and its child tulself a parent tube endight before hittinga triangle thenthe central
ray in the child tubdas a chancstarting behind the triangle without detecting the hit.
Suchbypassingnay cause a roomith low signallevelto suddenlyhavean abnormakray
of high signalevel as the transmission lossmsssed Anothermethal thatseemdike the
solutionwithout bypassings to start the central rayack from the sourcas shown on the
top right of Figure 5-3. However,after one reflectionhte source becorsevirtual in the
mirror for the reflected tube3herefore, theentral ray from theirtual sourceneeds a
entry point ino the real spaceyd anadditionalray intesectiontest is needed for the point.
A third methodavoiding the overhear$ by ray splittingas shown at the bottom of the
figure. Each rayfor a child tube, will start at the ceniéthe parent tubend andaim at
the centreof thechild tubeend In this casethe transitiorfrom a parent ray to a child ray

is continuousAlso, the raystarts in reagpacesono additional hit test is needed.
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Initial Tube Init‘iglrfube

1. By central ray 2. By central ray from source

e

Iniﬁél Tube

3. By ray splitting

Figure5-3 Methods modelling tubes by rays

It is necessary to make the tube smlhtained as severalsplits will make the
tracking ofall the parent tubebecome ovevhelmingto a childtube andoccupy the
memory.Therefore, firstlythe tube length needs to be deriv@ien thatone parent tube
will be split into 4child tubes, sahe sum of thearea of thechild tubecrosssectiors is 4
times the ara of theparent Thus,thelength of a child tubsvill be twice the length of the
parenttube.Given an initial tube lengtt , then then#/ child tube lengttd can be given
as

6 ¢ zo (5-1)
Apart from the lengthto derive a child tubehesource location and th@ane egation of

crosssectionare neededl'he source location cdre carried as payload on treey andis
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be mirrored on every reflectiomhe plane equationan beexpressed by twin-plane
orthogonal vect@ They also neetb be stored on the payload and mirrorea help the
ray splitting process, the vectaran be aligned to theordinateaxiswhen launchng the

initial tube.In the end, thehild ray ». can be given as:

-.l>. ”’..li;
AIL-»- [T &2

S ] S 02
where|_. u»: s the end of the parent r» and | . s» is the end of the child
ray which can bgiven as:

Y
—o (5-3
C

R
where | is the source locatioiYis the resolutiono ando are thenormalzed axis
alignedin-planevectorson thecrosssection Thetwo operatorswill give the four ends
for the 4 childrays.

In terms ofthe resultsampling,the tubesare collected by correspointy rays
similar toGORL. But theray here is beron eachsplit, so its pgh camotbedirectly used
for free-space loss calculatian Equation(4-12). Instead, thectual path should be from
the voxel centre to th&ource location, since now the souremirrored and kept together
with the ray.So,the ray itself will only baesponsible for trigg@ng voxelsfor collection
using the grid treaersal algorithm in GORL.

So far, the proposemethod will be ble to resolve eniigs beyond oneesolution
Efficient intersectionand result samplingre availablesinceit is ray-based.Thus,the 4
conditions identified at the beginningthis section are likely to be métwor therest of the

study, the method will be named BsARS which stands Pr tube launching adaptive ray

splitting.
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5.2 Multipath Modelling by Ray Batch

When combimg multiple rays at the same vox#ie raysneed to be distinguished
by the patithey come fromas mentioned isection4.7. Subsequent rays from the same
path e.g. from the initial source, should be omitted to admdblecounting Rays from
different paths should be combineddyosen mechanismlin [146], thedoublecounting
issue issdved bythe method of distributed wavefrontghich can be expressed using the

following equation

(CRFI kA (5-4)

whereC " is thetotal collected field at voxe'QQ is the fieldof "‘QBray collected on the
voxel, ¢~ is the distance from the collected ray to the vaagitreand ¢* is a weight
function For¢> T, C ¢* equals 1and fore~ 'YIg, C ¢> equals 0.Therefore, the
weighted sum couldompensatéor the error frondoublecounting However this method
doesnot distinguish the rayfrom doublecountingand the rays between different path
thus the contributiofrom multipath may be overwrittetn [78, 147] thedoublecounting
is solved by introducing additionady identifcation, i.e. a ray will be identified by
sequencef polygons it hitwhich could form a unique pathThis method isadopted in
TLARS.

To support thenechanism, TLARS introduc@snewstructureray batch which is
a collection of rays from theame pathThereforethe transmittemwould start with one
batch containing all the initial ray$hen the initial batch could hit <0 polygons where
for each of the polygothe hit rays could generatebatch oftransmitted rays and a batch

of reflected raysSo,the first interactionvould generatq0 batches from the initial batch.
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Thereafterfor thed &interaction,the potential maximum number of batches could be
¢b0 .However,suchanumber vill only bereachedf eachbatch can hit all thpolygons
afterevery interaction, which is unlikely to be matfter all, the subsequent batches alle
processed the same way as the initial batehthe raysfrom one batctwill be divided

into a few child batches based on the different polygons khieylhus, the ray batch

structurecan be used to maintain the unique identification of a path.

5.3 Diffraction

As for the diffractionthe UTD is the widelyusedtheoryin ray and tubéased
methodq10, 148, 149]Anincident ray hitting thedge will generate a cone of diffracted
rays, as shown ifigure 2-3. The incident angléetween the incident ray and thége
eqguals the dffacted angle beveena diffracted ray and the edgehemechanism iapplied

to tubeswhen thancident tube hiton a segment along the egdgs shown irrigure5-4.

Generated

] l.— raytubes

Virtual transmitting point /

Figure5-4 Incident tube hitting a segment along the eglgeeréing the diffracted tubes

[10]

However, these adoptions cannot be applied in TLARS directly, evetulibe

basedones. This is due to that the type of tube shape is changed after diffraction.
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Fundamentally, the tube model used in TLARS is from a point source. But a tube hitting
an edgewill inevitably hit a continuous segment. Thus, the source is becoming a segment
instead of a poinafter diffraction One way to solve the issue isapproach the segment
emitted tube by raysplitting, which is similar to themodelling of pointemited ube.
However, an attempt has found thasplitting rule wouldbecomecomplex with different
splitting stepsandcrosssectionvectors due to thathe convergnceof thetube isdifferent

on differentdimensiors as shown irFigure5-5. As during theprofiling of the program

ray splitting isfounddisruptivein the engine processing pipelirseich complex splitting

model would make it worse

Vi

-] e

view from v1 view from v2

Figure5-5 Segmenemitted tube has different convergence on different dimensions

5.3.1 SegmenEmitted Diffraction TubeApproached byoint Emitted Tube

Therefore, another way to model the segneemtted tube is to approximate it with
a pointemitted tube whichis used in TLARSAssumeadiffraction edge is laid on tr@ T U
planeas shown irFigure5-6, wherean incident tube gets diffracted irtttbescircling the
diffraction edgeThe first diffracted tube i1 the same directioasthe incident tubet is

created thait will split at the same location where the origimadidenttube will split. Then
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thefirst diffracted tube will be rotateslirrounding theliffraction edge into the shadowing
area to create further diffracted tubdsshould be noted thaach rotation will use the
openangle of thefirst diffracted tube so that there iguaranteed no gap between the
diffracted tubegircling the edgeAs the diffraction is creating new point sourcatarge
amount of complexityill be introduced. To eadbe situationthediffracted tubscircling
into theopposite direction, i.e. the visible areagomittedin themodel

If looking from the top in the horizontal viewa batch of incident tubesdeby-
side would hit the diffraction edge as showirigure5-7. Each incident tube will generate
a diffracted tubevhich is the same ake first diffracted tubeni the vertical view. Since
thediffracted tube will split at theame location where the incident tug®uldsplit, it is
guaranteed that there will be no gap horizdyntas well.However, it can be noticed that
the diffracted tube will start to oMap on thehorizontal dimension aftesne split. This
will result in redundantcalculation in the overlapped areahich is an unavoidable

drawback ofapproaching aegmensource bypoint sources.

First diffracted tube
Subsequent diffracted tubes by rotation

Incident tube

Figure5-6 Tube diffraction vertical view
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Incident tube Diffracted tube

Figure5-7 Tubediffraction horizontal view

5.3.2 Incident RayCapturing

Themethod for how to trigger the diffraction on the edge by theabsgsreeds to
bediscussegas theedge is a lineriggering byadirect hit on the line is not possiblehis
is aproblem rarely mentioned ithe literature.The solution provided byTLARS is to
exterd thediffraction edge int@ polygon for capturing the bypassing raliere are two
ways to create the extension polygonBe first one isd use theneighbourwalls of the
diffraction edgeas shown inFigure 5-8, where he top left cornerof the block is the
diffraction edge On the top and left neighbour wallsyd captumg polygons are created
with a width of one resation'Y. Therefore, an incid# ray hittingthe polygons will be
denoted a acaptured rayThen, ashifted rayforming the actual diffraction path will be
created from theourceof thecapured ray to a point on the edge, which is the projection
of the captured ray hitThe shifting is a valid approximatiomgjiven that the rays a
representation of a tubtherefore shifting within a resolution can be ragled as avther
approximatedepresentation of the tubén the end, the diffracted rays will be created in

the shadowing area based on the shift Tdys method has its advantage of reusing the
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neighbour walls for capturing. However, it will have limitation modelling the rooftop
diffraction, e.g. theray could be diffracted twice on the rtmpb of a building on the front
edge and the back eddguchaneffecthasbeen verified and widely modet in outdoor
radio predictio150, 151] It is also stated as tldminatingeffect contributingo long
range urban coverad#&52]. Thus rooftop diffraction must be modelilin themodel with

a deterministic method

Diffracted rays
e

Shifted ray
\ | :
- )Capture polygons

Captured ray

Figure5-8 Capture incident ray by neighbour walls

Thereforeto support rodbp diffraction, a virtual diffractiopolygon iscreatedoy
reaching oufrom the edge, as shownhigure5-9. The virtual polygon is created withe
same angle from both neighbowmalls andhas a width of one resolutiolm this case, the
ray bypassing the edge can now be captured by the polygon reachititeawthifted and
diffracted.Thus, the diffracted rays can alsodaptured by subsequent edge on the same
root top,and the rooftop diffraction effect can be modellddwever, a draback of this
methodis the termination of a ray on tiw&tual polygon, whichd o e sxisbin the real

environment modelThus,the terminated ray needs to be compenshyednew rayre-
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launchedrom thepoint where the terminated ray weaptured So,adisruptiveoverhead
hasto be accepted adull ray originallynow is broken intawo joint rays.The relaunched

ray will be denoted as forward raythe rest discussion

Virtual capture polygon  Diffracted rays

R
R

Captured ray

Shifted ray

Figure5-9 Capture incident ray by virtual polygon reaching out

5.3.3 Incident Rays Filtering
Rays from the same batch may hit #ane virtual polygon, especially when the
source of the batch is close the polygonThis couldcreate simiér a identical shifted
raysand end up with redundant diffractexys generated.o improve efficiency, &ltering
of the captured rays is introduceds describedin Section5.2, rays from a batclare
divided intohits on different polygonsTherefore, théull hits of rays fronthe samdatch
on a virtual polygon can be known in advantken the diffractioredge isdivided into
multiple segmentwith the same lengtiThe incidentaysfrom one batclare collected on
eachsegment, andnly thestrongest ray per segmesshifted to trigger the diffraction.
On the other handhe diffractionghrougha series oédgesmay trigger redundancy
as well.As shown inFigure5-10, assume a setof buildingshawe the same height and are

in paralle| so the diffraction edgemre at the same heigfithen abatchd coming from
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the left will triggerdiffraction on theirst edge generating batd . Thenthese two batas
can both trigger diffraction on the second edgé generatbatctes6 ando . Thereafter,
after the Nth edge,there couldbe ¢ incident batchks generatingg diffracted
batcles It can be seen that su@xponentialexpansion is excessive, esjadly each
diffractedbatch can be approximated with a complegitpoint sourceAlthough the setup
of the scenario is artificialh similar situation is very likely to happeover the building
tops,and along the streetgth buildings alignedalong the sideMeanwhile thediffracted
batché from 6 would be much stronger th«® from 6 , as6¢ is having one less
diffraction.But 6 and6 are covering the same shadowing afldeerefore, taeduce the
redundancy and the exponential complexatfjitering rule isintroduced|t is given as that
a batch after diffraction can only trigger further diffractioif the ray has bet angle
significant enougtirom the last diffraction,otherwise,a forward ray fronthe previous
batch shoulccover the same area with str@ngtrength.Thus, in thescenario inFigure
5-10, at theNth edge, thereouldbe Nincident batchsand onlyl diffracted batctwill be

generatedSq thetotal numbewof batchesfter the edge is reduced frc¢ to0  p.

1 Diffraction 2

4 8 16 32 64 128

Figure5-10 Number of dffractions expands exponentially through edges
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5.4 The TLARS Module Designand Processing Pipeline

5.4.1 TLARS Ray Model

To supportthe behavioursintroduced in the sections abougluding the tube
modelling and diffraction, the TLARShas expandeds ray modelwith more fieldsin
addition to thedesigngiven inFigure4-6 for GORL. The TLARS ray model is given in

Figure5-11.

Ray

1 +0ngin: Vector3k

'1// +Direction: Vector3F
RayWithPayload
& RayPayload

+MNumberOfTransmission: int
+NumberOfReflection: int
+NumberOfDiffraction: int
+PreviousinteractionLoss: float
+PreviousDistanceUntilLastDiffraction: float
+SourceLocation: Vector3F

I

Tubelnfo

+CrossSectionVectorl: Vector3F
+CrossSectionVector2: Vector3F
+RemainingLength: float

Figure5-11 TLARS ray model in UML diagram

Firstly, to support the tube modelling, the structtiteeinfo is added which
contains two field<rossSectionVectorl ~ andCrossSectionVector2 ~ denoting the two in
plane vectors on theosssedion, as theo ando given in Equatior{5-3). Another field
RemainingLength stoling the left distance the ray needs to travel before splittirajsis
needed. When a ray is generated from splitting, its end is provided by Eq(ta8phn
However thereflection would change the direction of the ray stsisnd. Thus, the length

of the ray until its end is stored instead of the actual coordinates of the end. This could save
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the mirror operation and memorihen, f a polygon is hit, the generated tsamssion and
reflection ray will carry on theRemainingLength deducing the length of the incident ray
until its hit.

The check of splitting is triggered wheneweehit is detectedThe length of a ray
from its origin tothe hit point will be compared ith thefield RemaingLength. If it is
exceededthenno new ray would be generatBdm the intersectionbuttheincidentray
will be split by theRemaingLength. The intersection is expected to tested again by the
split rayswith finer resolution Therefore all the polygons aregyuaranteedo beresolved
within a resolutionThe generation of the split ray is provided by the Equatie8).

Meanwhile, the fieldSourceLocation which representshe source, i.e. the tube
origin, is added to the RayPayload. HearceLocation will be mirrored against reflection
polygon, as discussed in Sectid. Thisfield will be used duringay pathlosgollection
to providethetotal travelled distancso to calculate the free space Igségen inequation
(4-12). It should be noted that thray length used in thequation is no longer applicable
for the tube model, as ray and its child ras/may not be on the same lirgiyen bythe
adaptive splitting mechanisgescribedn Section5.1 So,the free space distance should
bethe vector length froranenteredvoxel centreto the ray source lotian, which is given
by theSourceLocation .

Then diring diffraction,new point emittedubes are generated from an incident
tube Thus, a new source is created regardless of where thiglent tube is coming.
Therefore, instead of carrying on tineident tubethegenerated tube status is resgthe
new point sourceon the edgeaccording to the mechanism given in Secka®l As a

result,the tracking btotaltravelleddistance is lost since the source is rés@tnew point

99



In order to supply the free space equation,pievioudy travelled distance untthe last

diffraction  point, G, , is be cached in the RayPayload as
PreviousDistanceUntilLastDiffraction . Therefore, thdree equation(4-12) should be
modified to

wherews._is the current source locationmaly »; andmis the centre ofoxel "Q

5.4.2 TLARS Modules withMaximizedParallelization

The TLARS engindaas made sonmmprovemenbased on the experience froine
GORL engineFirstly, theengine now is implemented usingtive languag€++ 17 for
better memory control thahe managed languagé&¥#. Secondlythe TLARS maimise
the parallelzationfor different modules. In GORL, it was aware that, tiost CPU the
intersection OpenCL kernel and tbellection OpenCL kernedan betreated as different
physical devicesThus, there is no need for théasks to be executed sequenceln the
meantime, the parallelizati@nables the use of multiple OpenCL desisenultaneously
This alsogives an attempt to increase fierformanceegardinghenumber ofrays traced
per secondThirdly, TLARS introducsthe modelling omultipathby ray batchTherefore,

during collection, the ray from different paitan becombined using chosen mechanism.
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Intersection Intersected

Initial Ray Pending Batches .
Ray hit detecteer Batches Queue

Generator Priority Stack Processor
A

Low priority batches

High priority batche Postprocessg

New Ray

TN Completed Batches

Queue

_ Collection Pending
Batches Queue

Ray Collecto

Figure5-12 TLARS modules data flow diagram

The programdesignof TLARS is given inFigure 5-12. There are four main
modulesmarked by the green cirdedenoting thathey are runing in parallelon their
own thread. In this case, thprocessing 0OpenCL kernel tasks can be-deupled from
the complex CPU logicso to maximise the performance of the kermé&wever, to
achieve theparallelzation, a drawbacks that buffers need to be introduced tte
boundaries ofthe modules so thaince a module finishes ifgb, it can leave the resuil
the exitbuffer to be picked up bythe next module wherthat modulebecomes free.
Otherwise, thgrior module will hae to wait for the next module to hand over the data.
the figure, four bufferg,e. the queues and stack, are added tdeisegn It can be noticed
that the entry andxit of each module are all linked baoiffers.

Speifically for the Pending Batches Priority Stadkjs usedto providea DFS
orientedprocessing ordetio minimise the concurrent raysr less memory consumption,

asdiscussed irfsection4.8. The difference is that eaclode is a ray batafmow in TLARS,

101



instead of a single ray in GORIn addition, thePriority Stackintroduces one mordevel

of priority by having two internal stacks independenilige high priority one wilbe used
for storing the incomplete batekfrom the Ray Postprocessdrhe low priority one will
be used fostoring the newly generated batch from the New Ray Generéterefore the

incomplete batches will have a higher priority over the new batches whéridhsection
Procesesr is pulling batches from the stack.

The whole pipelinetarts at the Initial Ray Generatowherethe raytubes are
generated from a given transmittdihey are stored as an initial batochthe Pending
Batches Priority StacK.hen the Intersection Processor wilh in its thread keep chdaok
if there is any batch in the pending sta€ince foundthe batch willbe processed with
intersection testand then storeih the Intersected Batches Queue.

Then the Ray Postprocessor will kequulling ray batchesfrom the Intersected
Batches Queudn there the intesected rays will go through two checks. Firsdgch ray
will be compared againi$$ RemaingLength to sedf splitting is neededf so, the splichild
rays are generated the batchthenthe batch willbe marked as incomplete apdshed
back toPending Batches Priority Stack with high priorBecondly, if any ray hits\rtual
diffraction polygon,a forward ray will beadded to the batch whichill also be pushed
back to thestack with high priorityTherefore, these incomplete batches wilpbecessed
againby thelntersection Processor in its next cycle.

For the remaining complete batches after the Ray Postproctssparefirstly
duplicatedto the Collection Pending Batches Quevegting to be colle&d meanwhile
they arealso sent tdhe New Ray Generato. The duplication of thdatch in the queue

would decouple the®e two modules, so theay Collectorcould operate in its own thread
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and keep pullingrom the queudn theRay Collectoythe ray will becollected as pathloss
values on voxels.

On the other handjew batchesre generated in thidew Ray Generator from
interactionsi.e. reflection, transmission and diffractiohkawever,before generation, the
completed batcfirstly needs to be divided to rays hiting on different polygons, which
is done in theorior Hit Splitter. So thatchild batches, asodelling of different paths, can
be generated from different polygonsgdéscussed in Sectidh2 In the end, these batches
are pushed back to the Pending Batches Priority Stack with a low priority, awaiting to be
intersected again.

After all, from the design, the four main modules amening in parallel to
maximize their performance without dependency on the spetbe other modulesEach
module will store its finished datia storageat theexit andwill keep checkingnew task

from storage at the entry.

5.5 Calibration

The calibration of building materialsvill be provided in TLARS.The material
propertiexan be calibr&tdaccording taneasurement withathloss valuesn a collection
of points.Similar toSection3.2, the GA will be used to optimise the result, atid RMSE
between thealculated result anithe measured valgwill be used as the fithesgjuation

in the GA.

5.5.1 The CachandReplayof RayHistory
In order tosupport the calibration, the core facilitgeded from thenodelis that

thecalculation needs to lvepeated thousands of timtegperform the fithess equatianth
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differentmaterial setsThis means thealibrationwill bethousand®f timesslower thara
corresponohg pathlosscalculationin the same scenari8ucha scale would beome not
feasible for large scenarios.

Howeverthegi ven measur ement poi ndcationsistheal | y w
scenario, especially in thdimensionTherefore, the problem can be reduced to rapgat
the pathloss calculation on certain point®. do sothe rays arrived at those points need to
be cachd instead obeing sample@nd discardeth the Ray CollectorMeanwhile,to be
able to reproduce the pathl@ghose poirg all theprecedent rays ariteir corresponding
interaction conteixneed to bevailable as wellso that the pathloss can be replapgd
tracking back to the original transmitter with different material Sétis.full chainof rays
from the transmitteto a measurement point will be denoted as a ray history.

But still, the cacing of ray hstories ormeasurement points is nosenple task.
This isdue to thathow thecachedr ay ¢ an 6t inbtimetafres theamechend
Therefore, the strategy tfe DFSalgorithmis becomingof no use and thememory would
bevery likely filled up during the calculation, as discusse&ection4.8. Moreover,the
demandor interaction context, i.e. the knowledgevafiich material is inteacted with what
type of interactionwill also incuroverhead in the memory consumption.

Thus to overcome the problem of increased memory consumptiorgciyge of
cachedray histories needs to be narrowed witfor knowledge othe useful rayamong
the full initial rays that could exh the measurement pan®o,the calibration process is
dividedinto three stepdirstly, thecollection ofuseful rag; secondly, theollection of ray
historiesfor the useful rays; thirdlyGA optimization by replaying the collected ray

histories.
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5.5.2 CollectRay IDs forEffective Rays Hitting Measurement Point

If eachinitial ray is given with a unique ID, andachchild ray inheris the same
unique ID from its parenthen theset of usefuinitial rayscan be known by collecting the
IDs of the rayghat arrived at theneasurement point$o do so, the TLARS pipeline given
in Figure5-12is reuseds it is, apart fromhiatthe Ray Collectois replaced with the Ray
ID Collector module.

However given a ray bath, the number ofays that arriveat measurement points
is random which means the number of collected IBsvariable This would cause a
problemfor OpenCL,asall theinput and outputuffer of OpenCL kernemustbe fixed
sizeper kernekall so that theledicated OpenCL memory can be-ph®catedand secured
by the hardwar§l25]. Therefore, another prior knowledge of how many réngs would
arriveatmeasurement points needed so th#te allocation size of ray IDs can be known
before calling the kernellhus, the Ray ID Collector is implemented into two OpenCL
kernels, &Ray ID Couting Kernel followed by a Ray ID Collection Kernel.

In Ray ID Counting Kernelgiven a few batches to lmellected,the total number
of raysarriving the measuremerointsis returned Since the return value is a single
integer, the OpenCL requirement of fixed sizmffer is not violated.A simplified
pseudocodeepresentation of the counting kernel is give@ade Snippeb-1, and theull
kernel function is given id\ppendix Il TLARSOpenCL KernelsThe kernel still usethe
Amanati des an dl42Morogtidstraversaiwhiah ds the same as GRD.
Besides the buffes of MeasurementPoints and Count is introduced When a voxel is

entered in the grid traversals position will be checked with th@easurementPoints . If
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the voxel is containedyhich mean®ne ray has arrived at a measurement pthet) the
global countecount will be incremented by 1.

function RaylDCountingKernel(Grid, Ray, MeasurementPoints, Count)
for each Voxel in the Grid the Ray walks into
if MeasurementPoints contains Voxel

Count=Count + 1

Code Snippeb-1 Ray ID countingkernel

Once thecounting kernel is finished, the same set of ray batches will leatexqh
in theRay ID Collection Kernehs given inCode Snippeb-2, which isvery sinilar to the
counting kernelThe full code of thekernel is given inAppendix Il TLARS OpenCL
Kernels The major differencesiinside the inngloop. When aray enters a measurement
point,its ID will be captured by thbuffer CollectediDs . Now because theumber ofrays
that would be captured is known from #igovecounting kernelthe bufferCollectediDs
can be praassigned with knowsize.

function RaylDCollectingKernel(Grid, Ray, MeasurementPoints,
CollectedIDs)

for each Voxel in the Grid the Ray walks into
if MeasurementPoints contains Voxel

Insert Ray.ID into CollectedIDs

Code Snippeb-2 Ray ID collectionkernel

5.5.3 Collect Ray Histories for Effective Rays Hitting Measurement Point

Once the IDs of the useful ragse collected, these rays will beuhcled from
transmitteragain,and this time the ray higtes will be collected based on the narrowed
scope.Themodel of ray history is given iRigure5-13. EachRayHistory is onefull chain

of raysarrived on a measurement powhich should alsbe located in the collection grid.
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Sao theRayHistory stores theneasurement point déise fieldCollected Voxel . Meanwhile,

a RayHistory containsan Interaction History , in which a reference tdts previous
interaction is kept athe fieldPredecessor . Therefore, thanteractionHistory is forming

a linked list, inwhich the interactions along the paidn be trackedSpecifically,for one
InteractionHistory ~ , theinteractionContext  is used to store thimformation during that
interaction so that it can be played badkeInteractionContext  is a discriminated union,
which can hold the value of a few different typbsthis casethelinteractionContext ~ can
be a TransmissionContext , ReflectionContext  Or DiffractionContext . According to the
Equation(4-13), thefull pathloss is given by thimteraction loss plus the fregpace loss
andaccording to Equatiofb-5), thefree space lossalculation requirethesource location,
andprevious distance untihelast diffraction.Thus,for transmissionpnly the material is
needed to provide the transmission loss, as the source location is not cNahiedor
reflection,the locationof the mirroredsource is needed in additiohhen for diffraction,
the location of the diffractd point is needed since a new source is created from there.
Meanwhile, the rotated angléuring diffractionis needed as well to apply the diffraction

loss
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RayHistory

+RaylD: int g
+CollectedVoxel: Voxel

InteractionHistory

+Predecessor: InteractionHistory

!

InteractionContext

ptcasiii i

TransmissionContext ReflectionContext DiffractionContext
+Material: Material +Material: Material +Material: Material
+MirroredSource: Vector3F +DiffractionDegree: float
+EdgeHitLocation: Vector3F

Figure5-13 Ray history model

To collect the ray lstories,the type InteractionHistory will be attached to
RayPayload, SO the chain of histories can be built up while mewPayloads are generated
from interactions Then the main pipeline given iRigure5-12will be reused, buthis time
the Ray Collector will be replaced with Ray History Collector whichthe rayhistory
ended on each measurement poirit e collectedHowever, the limitation ofixed-size
bufferin the OpenCL kerneWwill cause a problem again, as tl@mberof rays arrivng at
a measurement pointagsovariable.A solutionis to make ge of the concept of ray batch
as a ray batcts a collection of raysn the same patfitherefore,only one ray from a batch
needdo be collectedand the buffer size cahenbe fixed.To maximize the performance,
a few batches will beollected in paralleper kernel callso thebuffer size will bethe
number of batches multiplied by the number of measurement pdnsmplified
representation of the kernel is givenGnde Snippeb-3. The full kernel code is given in

Appendix Il TLARS OpenCL Kernelsin the inner loopof the kernel, if a ray enters a
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measurement voxethen theoffsetbufferindex is calculatedby the mutiplication of the
voxel index and ray batch indek the end, theay ID is insertednto the result buffer
CollectedIDsOnPoints  at thepositionbufferindex

function RaylDsOnPointsCollectingKernel(Grid, Ray,
MeasurementPoints, CollectedIDsOnPoints)

for each Voxel in the Grid the Ray walks into
for each Point in the MeasurementPoints
if Point equals Voxel
bufferindex = Voxel.Index * Ray.Batchindex

Assign Ray.ID to CollectedIDsOnPoints at bufferindex

Code Snippeb-3 Ray history colleahg kernel

5.5.4 Ray History Replay and GA Optimization

Onceall the ray histories arrived on the measurement points are capheéast
step of the calibratiors to replay the ray histes inthe GA optimizationThe problem
domain of theoptimizationcan be regardeds the full set otollected ray historiegnd
thesolution domain is thematerial repositor. The evaluation equatiowhich is the RMSE
between the calculated pathloss values and the measured wallues formedusing the
ray historieswvith the materials as the input.

Theneach generation in the GWill create a new set of materials based on the
mechanism introduced iSection3.2.4 Upper and lowr bounds will be given for the
calibration, and 300@erations are used in the GAhe choicds based on thassumption
of 10 unique materiaJ@and the result frora few experimentshatthe GA generations start
to converge after about 2000 iterations.

In total, thefull calibration process with th@ steps introduced above is expected

to have a complexitpf about3 timesthe onefor a standard pathloss calculation in the
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same scenarjalue to thatomputational burden of each step is similar tograrfa single
pathloss calculationlherefore the difficulties discussed in Sectidn5.1are efficiently

addressed.

5.6 TLARS Results and Measurement Validation

In this section, the completed TLARS model willdsedin different scenarios, to
firstly test its performanceapabiliy andits solutionto the angular dispersion. Then the
results will be validated with measurengimt thesescenaris. A comparison withPDP

measured imlectureroom will be given as well.

5.6.1 Paris Scenari€alculation Resulvith Comparisorto GORL andRLA

Firstly, the calculation is repeated in the Paris scemdnioh wasused inSection
4.9. The resuk atresolution 5m and 2m are sho in Figure5-14 andFigure5-15. To
provide a fair comparisonith GORL, thediffraction is turned offor TLARS. Compaing
with the corresponding GORL ressilh Figure4-13 andFigure4-14, the ray gparation
caused byangular dispersion ikrgely eliminatedoy TLARS in both resolutios. This
demonstrates theffectivenesof the proposed ray splitting methad solving angular

dispersion.
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Figure5-14 Paris TLARS result at 5m

Figure5-15 Paris TLARS result at 2m
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Performanceavise, thecomparison of time and memargnsumptiongor TLARS,
GORL and IRLAIs given inTable5-1. Firstly, comparing to theriginal GORL ,the speed
of TLARS is slightly fastewhile the memory caumption idess tharhalf of the GORL.

It should be noted that the GORILo e s n 6theangutatdigpersion andthe equivalent
solutions are the TLARS aritle over launchingmethod.Thus,it can be recognized that
the TLARS preoides a muchmore efficient solutionwith 2.73sec and 226MB at 5m
resolution comparing t®0.19sec an@492MB used byver launching not to mention
thatover launchings not able tde usedat 2m resolutionSuch significant improvement
is coming from thereduced complexityrovided by the ray splitting method, and the
improved desigrthat maximize the parallelizatiorwith buffers to decouple th@odules

as discussed in Secti®m.2

Time spent | Memory
(sec) usage (MB)
TLARS1 5m 2.73 226
TLARST 2m 8.68 478
GORL OpenCL (CPUj 5m 3.29 429
GORL OpenCL (CPUj 2m 10.01 1198
GORL OpenCL (CPUDver launching 5m 90.19 3492
GORL OpenCL (CPUDverlaunchingi 2m NA NA
IRLAT 5m 6.03 75
IRLAT 2m 84.1 486

Table5-1 TLARS, GORL and IRLA compared in Paris scenario at 5m and 2m

Then comparing to IRLAthe TLARS is faster at both resoluticegpecially aPm
where the TLARS is about 10 times fast@n the other handrom 5m to 2m resolutign
thescale of increasan consumptions much larger for IRLA thafor TLARS. This is due
to that, as a vector mod#ie complexity ofthee n v i r o n me changedvihthe n 6 t
resolution while for a raster modéhe complexity oftheenvironment iglirectly linked to

theresolution Thus,IRLA will suffer from alarger impactrom the changean resolution.
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After all, it is shown that TLARS as a full 3D vector dsb isperformingmuch faster than
IRLA as a 2.5D raster model.

A set of measured pathlogaluesfrom a transmitter at 1.8GHg supplied for the
Parisscenarig153]. The antenna is placed thie same location as Figure5-15 andis
7m above the grawd. Comparing to theneasurementhe TLARS resulhas achieved a
ME of 5.67dB and aRMSE of 7.7HB before thecalibration.Then after calibratiorthe
ME is reduced to 4.40dB and the RMSE is reduce8l.5ddB. The plot of the pathloss
valuesbefore and after calibration agaitis€ measurement poisits given inFigure5-16,
and the histogram of the error between the calibration and measurement is gilggemen
5-17.

From the calculated errorgpodaccuracy is achieved by TLARS even before the
calibration This isthe advantage of deterministic model which isess sensitive to
environmental change thahe empirical moded. With calibration,a much closer fit to the
measurd values is achieved, which can also be seen fitoenptot. Meanwhile, the
calibration process takés9sec, which is about 3 timé#se patHoss calculation timeas
expected inSection5.5. Due to the3 stagesntroducedin the calibration processhe

reduction of thescope for tracked raydoes improve the calibration effency.
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TLARS Results vs Measurement(Paris)
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Figure5-16 Paris neasurement vs. TLARS results before and after calibration
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Figure5-17 Histogram of error between the calibration and measurement in Paris

5.6.2 Indoor Office Scenari®esult withComparisorio IRLA
In this sectionthe resultof TLARS is compared with IRLAagainin an indoor

office scenario togethevith measurement datAs discussed isection3.2.2 part of the
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IRLA speed performance is benefited from its 2.5D simplification, that@agBould be
convertel to a 2D rayn the horizontal plane after angflections Such conversioshould
introduce less impact in the indoenvironmentas a floor is bounded by the ceiling and
ground. Therefore, it is worth to check thecuracy of the results from TLARS and IRLA
in the indoor environment, where the IRLA is well established withe modelled indoor
office hasa dimensionoc @i T @ T1&, as shown irFigure5-18. Two transmitters

are placd at the todeft and bottorrright of the corridorand are under the ceiling at a

height ofo&xx .

Figure5-18 Indoor office scenario

Thecalculated resudtfrom TLARS andRLA after calibratiorare shown at the top
of Figure5-19, where at the bottom is the measurement d&taneasurement points are
collected in different rooms throughout the fl@dra height op&& above the ground.o

validate theaccuracy of thealculated results, theilifferences from the measured values
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are plotted irFigure5-20, where theTLARS result presents a better approximation to the

measurementThe ME and RMSE for TLARS and IRLA are listed irable5-2, which

again shows that TLARBashigheracairacy than IRLA in this scenario. This could de

result of theadvantage of a vect@D model over a rast&.5D model

IRLA Result
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Figure5-19 Office scenariacalculation resultat 0.5m resolutiofrom TLARS and IRLA

compared with measurement
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TLARS & IRLA vs Measurement(Office Scenario)
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Figure5-20 Office measurement vs TLARS and IRLA results after calibration

ME RMSE
IRLA before calibration 8.754B 10.099B
TLARS beforecalibration | 8.11dB 9.32dB
IRLA after calibration 6.841B 7.91dB
TLARS after calibration | 3.39dB 4.49dB

Table5-2 Errors between calculated results and measurement in the office scenario

5.6.3 Munich Scenario Result

The Munich scenariprovided by COST 23M1] is a widely citedscenariowith a
set of measurement campaigns providiéchas a dimension of¢ T @1 O T M1
p mtar, with 21619building polygonsThe transmitter is placed &8m high operating at
947MHz. The TLARS calculation result at 5mesolution is shown ifrigure5-21, with
comparison tehe measuremendute The calculation take®&7secand1336MB, which are

higher than the Paris scenario, due to the incresssthrio dimension.
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Meanwhile,the plot of the measured values against calculated results before and
after calibration is given inFigure 5-22, and the histogram of the error between the
calibration and measuramt is given inFigure5-23. A good match is shown both in the
heatmap comparison andlue comparisorBefore calibration, th&E is 7.15dB and the
RMSEis 9.36dB. After calibration, the ME is reduced4o79dBand theRMSE is reduced
to 5.8&B. Therefore the comparison proves the accuracy of TLARSmediumrange

outdoor scenario.

TLARS Result Measurement

Figure5-21 Munich calculation redtiat 5m compared with measurement
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TLARS vs Measurement(Munich)
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Figure5-22 Munich measurement vs. TLARS results before and after calibration

Histogram of Error between Calibration and Measurement(Munich)
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Figure5-23 Histogram of error between the calibration and measurement in Munich

5.6.4 Santiago ScenariBesult with Consideration of Terrain
Sofar, thetwo used outdoor scenariase not supplied with terrain datahich is

acceptable if theerrain is flat inthe original environmentn this sectionthe Santiago
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scenario will be used witthe consideration of terrainflhe modelled environment has a
dimension ofc ¢ @1. o T @ 1. T TaT, including the variationin height from the
terrain.Thepolygonsincluded in he scenario are composed288831 building polygons
and 5,124,733 terrain polygonghe number of terrain polygons about 23 times the
building polygonsandwould add excessive complexity to the scenario.

The calculéed pathlossesultat 5m resolutions shown inFigure5-24, where the
transmitteris 30m above the ground on the top of a buildamgl operates &6GHz The
calculation take276se@nd3926MB. Suchsignificantlyincreased consumptionésming
from thebig scenario dimensioespecially the 400m variation in heighhd nuch denser
polygons,i.e. theSantiago scenario habout247times the polygosin Munich scenario
Also, themodelling of terrain byiniform triangless not efficient whichwould becritical
for high-resolution calculation Therefore, it should bémproved with smooth terrain
modelling, e.gthe adjacentuniform triangles on thesame planeshould bemerged into

nortuniform triangles.
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Figure5-24 Santiago pathloss result at 5m resolution

A measurement froradriving test is provided for the scenarsshownin Figure
5-25. Compaing to Figure 5-24, the calculated result is showing a good match with the
measuremeni hentheplot of the catulated pathlosagainst the measured valueseach
pointis given inFigure5-26. In overall,before calibration the RMSE is@dB and the
ME is 7.78 dB,while after calibration the RMSE i6.08dB and the ME i5.60dB.The
errors are larger than the previous two outdsm@narios budre still maintained withima

good range.
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Figure5-25 Santiago measurement points

TLARS Results vs Measurement(Santiago)
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Figure5-26 Santiago measurement vs. TLARS results before and after calibration
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Histogram of Error between Calibration and Measurement(Santiago)
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Figure5-27 Histogram of error between the calibration and measurement in Santiago

5.6.5 Multipath ResultCompared witindoorPDPMeasurement

In the end anindoor scenario is used to validate the multipath calculation of
TLARS. The floor plan is shown iRigure5-28, whichis a lecture roonwith a dimension
ofa x& ¢&xx. The green dots represent the locadiohthe measurement and
the red dot represents thexeiver An omnidirection antennaperated at 39GHz placed
at the measurement poirgsl.6mhigh, and a directioal antennaat 1.7mhighis used as

the receiver.
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Figure5-28 The floor plan for PDP measurement

Firstly, the PDR from measurement an@iLARS calculationare comparedt 4
points Fortheease otomparison, th€DP time delay are aligned by the first pefidom
themeasurement and calculatj@o theplottedtime delay is relativeAs shown inFigure
5-29, where the bludine represents the measurement and asterisksrepresent the
calculation a good match is achieved betwettrem. The firstfew major peaksn the
measurement angell approximated by thasterisksoth in time and in power strength.
There is no calculatioresult for thelatter half of the measuremerite. beyond 100ns

delay, due to thahe maximum number aéflectionsis limited to 5.
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Figure5-29 PDP comparison between TLARS and measurement

In overall,the RMS delay spread forefi0 pointsis calculated fothe TLARS and
measurementhelatter half themeasurement ismittedto match thdimited interactios
considered in TLARS The comparisoris shown inFigure5-30, where thecircle denotes
the TLARS and thaliamond denotes the measuremdite calculatedesults dowell
match the measuremethirough all the pointsTherefore, theeomparisons aboveresat

the accuracy of TLARS in providingultipath information iranindoor environment.
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Figure5-30 RMS delay spread comparisbatween TLARS and measurement

5.7 TLARS Limitations

Although TLARS is shown to have good accuracy and fast spegettions.6, its
mechanism is still subjected to limitations under some circumstaimtgasically, the
performance of TLARS is benefiting from the adaptive splitfingcess, thatour child
rays are fully represented by their parental ray duringtéeeding trajeciry. As a result
the blockage of a parental rayliwesult in the blockage of its fewchild raysalthough
some of the child rays may be free from the blockage if the actjedtory is drawn from
thetubesource to thehild ray.Therefore, th& LARS mechanism could be very efficient
during the free space propagation but rsapject tosome limitations on resolving the
surface of a blockagd his section willpresent those limitations anticipated and found

during the usage of TLARS.

5.7.1 Ripple effectfrom incidence on terrain slope

126



When calculahg the signal on the surfaceaferrainslope, the TLARS mayéat
part of the slope aanNLOS areaalthoughthe LOS path is presented@he cause of such
error can be explained Figure5-31. Firstly, an initial ray is emitted from the signal source
and split into two child rays in the 2D viewhen following the TLARS mechanism, an
actual ray path shown as the green line is approximated by the top onecbildHdue
rays. Therefore, the blue child ray will predicate the middle section of the slope as NLOS
while the green ray is LOS. When calculating a real scenario with terrain presented, such
error will be shown as signhal gaps with a riplke pattern along tterrain contour lines,

as shown irFigure5-32.

Actual path 3_4

TLARS ray path Signal source

Terrain

Figure5-31 Blockage of a split ray while the actual path is clear
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Figure5-32 Ripple effect on terrain contour lines

One way to reduce the ripple erisrto launch the split child rays back from the
tube source. Irthe case of the initial rays, the tube source will be the signal source.
Therefore, in the example shownhigure5-31, the top blue child ray will be replaced
with the green ray, and the LOS section of the slope will be calculated coridutyis
exactly thesecond method of launching split raygrigure5-3. Thus, also as disssed in
Section5.], significant calculation overhead could be introdubgdsuch methodf the
tube source is a mirroresburce after reflection8ut, if the method is only applied to the
initial rays, thenthe calculation would be free from the overhead is§ugure 5-33
presents thepplication of thesolutionon initial rays, and it can be seen that the ripple

effect is removed.
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Figure5-33 Ripple effect removed withplit ray launcled from signal sourcen terrain

hit

5.7.2 Signal Gap®n Surface during Shallow Incidence

The splitting algorithm designed IFLARS guarantees that the distance between
two adjacent rays will always be less than a given resolltiowever, if the inciderdngle
of a ray on the surfads very shallowthen the hit points of two adjacent rayauld result
in a distance muclarge than the resolution, as showrFigure5-34. Then inFigure5-35,
the impact othe gapaftera shallow incidence shownin a calculated resulin this figure,
the used scene is a simple rectangle room, anglahsmission, reflection and diffraction
are disabledor a clear presentation of the impadt.can be seen thaignal gaps are
presented on the top walh the left and right sides, where the incident angle of the ray is

becoming large.
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Figure5-34 Gap larger than resolution during a shallow incidence
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Figure5-35 Signal gap orthewall suface inthe horizontal view

To overcome suchn effect, one possible solution is faunch interpolated rays
within the tube ora detected shallow incidencihe shallow incidence can be fouindm
calculating théQdenoted inFigure 5-34, by knowing theincident anglethe hit position
and the current tube en#lowever such interpolation will inevitall incur a lot of
performance overhead as the number of rayseaa few tines of the original algorithm
for shallow incidenceThe study andmplementatiorof the solutiorwill be a future work
of this research-or the existing implementélLARS, theoccurrenceas only narrowed to
the pixels next to the waland thampactwill be eased if the reflection and transmission

are calculated.
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5.8 Conclusion

In this capturetheinnovative tubdéaunchingmodel TLARSIs proposedThe tube
basedmethodprovides continuousnodelling of theEM wave propagation ithe 3D
volume.Then as approached by adaptisg splitting,the model can be implemented with
efficient ray-based machanisms includingpatial indexingray triangle intersectioand
grid traversal as iniduced in Chaptet. Furthermorewith the improved module design
maximizing theparallelization the TLARS ispresented withvery fast speed in the
simulations.

The simulation netrics are summarized ihable 5-3. A good match with the
measuremdirresults is achievedbth before and afténecalibration in different scenarios.
Moreover,in an indoor scenaridhe calaulatedmultipath resultsaare shown well aligned
with the measurement PBPThus,the accuracyndversatility of TLARS are presented
However the limitations especially the gaps caused by shallow inciddréd be studied
in the future for a feasible kdion. Also, the speed drop in the Santiagoenariois
indicating that the current modelling of the terrain data is not efficemmecially whem
high calculationresolution is usedAn improved terrain modelling mechanism should be
the future worlof this study as wellAfter all, the TLARS isshown to be capabt# solving

the problem idetified in this study, which is to providefficientfull 3D radio prediction

Time spent | Memory RMSE (before | RMSE (after
consumed calibration) calibration

Parisscenario 2.73sec 226MB 7.71dB 5.54dB

(5m)

Munich scenario | 27sec 1336MB 9.36dB 5.88dB
(5m)

Santiago 276sec 3926MB 9.63dB 7.08dB
scenario(5m)

Table5-3 Summary of TLARS simulations in different scenarios
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6 Outdoorto-Indoor and Indocto-Outdoor Radio

Prediction Based oRlulti-Resolution Tube Launching

For themedum-range radio prediction stietl in this thesispnetypical usecase
is the transitiorbetveen indoor and outdoor scenari@s the outdoocell coverage in
indoor and indoor small cell leakage in the outdoor matter inHbtNet deployment.
However,such transition encounters a problendiffierent resolutionsAs high-resolution
environmental informatiorwould be available forspecific buildings, in which high-
resolution radigprediction are also expectedhile vice versa for outdoor scenaridis.
sucha hybrid scenario isfully calculatedaligned with the high reolution required in
indoor, the complexity would becomeverwhelmingfor the associated outdoarea,
according to thequation(4-16). The limits of existing studie$95-97] are discussed in
Section2.2.3 Due to the introduction dfybrid methodsthe exsting modelsadd artificial
transition points onthe boundary betweethe indoor and outdoor scenaridhis will
inevitablydistort the ray direction in a detemistic approach.

Benefiting from the ray splitting method proposedimapters, thetube model in
TLARS can fit different resolutionadatively by cutting a tube to fit a smaller @stion
or extending a tube to fit artger resolutionTherefore this study will propose the muiti
resolution tube launching mod&R-TLARS) providing a multiresolution method to
perform the radio prediction witseamless transition betwedifferent resolutions in a

hybrid scenario.
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6.1 Outdoor-to-Indoor Radio Prediction with Refined Tube Launching

Thehybrid environmenis usually composedf alargescaleoutdoor scenariand
a few indoor scearios.In the outdoor scenarithe buildings aregiven with treir bounds
among which a few would havkeirassociated indoor scenarid®. transit the calculation
from outdoor to indoorthe key methodn MR-TLARS is togeneratehe indoor refined
high-resolutiontubes during outdooealculation with lowresolution tubesThe process
can bedivided intofour steps:refined tubes generation triggerirmgfined tubes casting,

refined tubes capturing amefined tubes raunching in indoor.

6.1.1 Refined Tube Generatidfriggering

The tube model provided in TLARS &elf-contained toresolve environment
entities and providepathloss values within its voluni® the given resolutiorAlso, the
actualvisibility condition, i.e. LOSand NLOS is perssted in the tubas the source of the
tube isalwayskept and updated after reflection adiffraction. Therefore, the refined
indoor tubes can be re-generatedfrom the sourcewithin the crosssection of a
corresponding outdoor tubAssumirg 'Y as the outdoor resoluticand'Y as

the indoor resloition, then the number ahdoor tubeghat would be generatdtbm one

outdoor tube i . The method could result itD0indoor tubesf the aitdoor and

indoor resolutios are5m and 0.5mSuch complexity is excessive aatigned with the
Equation(4-16). Therefore, thescopeof refined tubes generation needd®limited
Thus,MR-TLARS will only generate the refined tubes thatda chancef hitting
the outdoor bound of @rresponding indoor buildind\s given inFigure6-1, theoutdoor
polygonsthat represent the bound otarresponding indoowill be marked with a flag.

Thenoutdoortubes hitting the marked polygons wiligger therefined tubes geeration
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while the ones hittinghen o r ma | out door p oThiyigaraasonable n o t
approximation, afor thosenat triggered tubes, if theghild tubesaftercertain interactions
end upwith hitting the markegbolygon they will still trigger the generatioby that time

In this casethe refined tubearereduced fronmirrelevantgeneration and early generation.

Outdoor building Outdoor building
;’ -‘— Not triggered
:/,"'(‘ Outdoor building
/ ‘ having corresponding
// | indoor building
//
L i

Refined tube generation triggered

Outdoor building

Figure6-1 Refined tube generation triggeredttwe outdoorbound ofcorresponding

indoor building

Outdoor building
having corresponding
indoor building

Triggered

~ Gapdueto
- missed triggering

Missed

Figure6-2 Outdoor tube around the marked polygon misses the triggering
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Howeveri,it is found thatthe triggering ormarkedpolygors may misscandidate
tubes around the edg@ecause a tubean only be capturedlits representing ray tsthe
marked polygonsAs shown inFigure 6-2, the missed tubeould haveoverlap with the
building bound.Thus,no refined tubes will be generated for the overlap area and lead to
signal gaps in thindoor prediction result.

To solvethe issueof missed tiggering, thetriggeringcondition ischanged from
hitting on marked polygons fatersecing an expane&dbound The originalAABB of the
surrounding polygongor a marked buildings expanded byone'Y to form the
expanded boundTherefore,the partidly overlapping tubeswo n 6t be missed
triggering. But sucha triggering conditionwould introduce additioral computatiol
burdento themodel Onesolutionis to convert thébound intascenario polygasito perform
the check asa ray-triangleintersection in théernel.But this is not ideal @athebound is
not areal scenario ertti, thetermination of ray would be disruptivAnother option is to
perform the raybox intersectioriestside by-sidewith the main pipeline on the CPBut
suchatest des not need to be performed on all the rdysimprove the efficiency, the
raysin a batch will be tested only &y one of theaysdoeshit a marked polygonThus,

no additionabperation igntroducedapart from the necessargy-box test.

6.1.2 Refined Tube Casting
Once a outdoor tube meets theggering conditiontherefined tubes need to be
generatedvithin its volume The generation method is very similar to the origihabe

splitting method iINTLARS. As shown inFigure6-3, insteadf splitting into 4 childtubes,

the parent tube isplit into tubeson each dimension on itsosssection resuling
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in

refined tubes in totalAs for the rays representinghe refined tubesthey

would start from the sourdecationof the outdoor tubanstead of theend of the parent
ray. This is due to that the purpose of the refinecetuis torepeat and resolve the parent
tube with a finer resolution, instéaf propagatig forward in the TLARS.

This multi-resolution generation methaslvery similar tothe second ray splitting
option given inFigure 5-3. As discused in Sectiornb.1, such option willencounter a
problem aftereflection thatthereflection of the parent ragannot implythe reflection of
all thechild rays.Thereforejf the most receninteraction of a triggered outdoor tubeais
reflection the corresponding reflectiopolygon needs to be reaened. Then forthe
generatedefinedtubes their representing rays needh® performed witlanintersection
test against the reflection polygdn.the end, oly the intersected raycouldbereflected

and therefore cast.

Figure6-3 Refined tubes generatidor one outdoor tube

However, theefined tubes generation is still inefficiahthe source of the outdoor
tube isvery closeto thebuilding boundln this case, theefinedtubeswould be so dense
that theywould never have a chance to smitce in the indoor propagatio8uchdense

tubeswill introduceoverheadvith unnecessdsy high resolution for indoor calculatioAn
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example is given irFigure 6-4, for an outdoortube sourcevery close to the marked
building, its designed split end would be far behind thwgetedndoor building andonly
until this end thegeneratedefined tubes willneed to splitSuch inefficiency could be
significant, & in the outdoor scenario it is very likely to have outdoor buildargend a

marked buildingand diffraction on medge woulctcreate many tubesongthe edge

Figure6-4 Excessive refined tubes generated from diffractioamoutdoor building

close to the marked building

Therefore, the refined tubes generatimethod is improved with an adaptive
approachOncethe generation igiggered, thee f i ned t ubes wondét be ¢
the crosssectionat the end of theutdoor tubelnstead,an intermediaterosssection
within the volume ofthe marked buildingvill be targeted.Assume thdength of the
outdoor tube i , and the lengtlirom the source to the intermediat®sssectionis ¢

then the number afenerated refined tubes is

¢ 6-1
o (')
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