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Abstract—This work presentsan algorithm to perform radiowave
coverage predictionsin urban ervironmentsusing the Uniform The-
ory of Diffraction (UTD). The ray-tracing algorithm is based on
the image theory for a quasi3D ervironment. Multiple reflections
and diffractions are considered through the separation of multipath
componentsinto four different classes,usedto determine the scat-
tered field. The useof suchclassesliminatesredundant calculations
throughoutthe ray-tracing processimproving the characterization of
the power distrib ution over the coveragearea.

Keywords— Radio channel characterization, radiowave propaga-
tion, uniform theory of diffraction, ray tracing.

I. INTRODUCTION

The growing demandfor mobile communicationsspe-
cially in urbanareas)eadstoward the adoptionof the mi-
crocellularconcept.lt is thendesirableo performaccurate
coveragepredictionsuponsuchmicrocellsin orderto min-
imize on-sitemeasurementsStatisticalpredictionmodels
canshowv considerableerror, making necessaryhe adop-
tion of moreprecisetechniquessuchasdeterministicech-
nigues. Sometechniqueshave beenproposedn the last
decadesand thosebasedon ray tracing and the uniform
theory of diffraction (UTD) seemto be the mostefficient
for the problemsat hand[1]-[5]. The UTD is an asymp-
totic technique basedon ray tracing, that canaccountfor
multipath componentdetweenthe transmitterand the re-
ceiver[6].

Thefirst stepin theevaluationof thescatteredield based
on the UTD is the determinationof the optical paths(ray
paths)betweentransmitterand recevers. Basically there
aretwo approachefor tracingsuchraysthroughouthera-
dio channeltheimagetheory(IT) [1],[2] andtheshooting-
and-bouncingay (SBR)techniqug3]. ThelT is morerig-
orousthanthe SBRastheformeris capableof determining
all ray-pathcomponents—includindiffractedrays—without
redundanciesThe IT usesopticalimagesof the transmit-
ter and diffraction points, consideringthe surfacesasre-
flectors. In the presentwork, only the direct, reflectedand
diffractedray-pathcomponentsareconsideredyith amax-
imum numberof Ng reflectionsand Np diffractions. The
UTD is thenusedto asymptoticallyevaluatethe electro-
magnetidield associatedavith eachray.
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In orderto predictthe power distribution over a certain
urbanregion, obsenrers(recevers)areplacedoverthearea
of interest. The ray tracingandthe asymptoticevaluation
of thescatteredield arethendeterminedor eachobsener.
So, the calculationof the multipathcomponentshatreach
eachobsener canbe a very time consumingprocess.The
mainobjective of thepresentvork is to presengtechnique
wheremultiple reflectionsand diffractionsare considered
in the calculationof the scatteredield throughthe separa-
tion of theray pathsinto four differentclassestransmitter
recever (' — R), transmitterdiffraction point (T' — D),
diffractionpoint-diffractionpoint (D — D), anddiffraction
point-recever (D — R). The attainmenbf suchclassess
auniform processasonly reflectionsareconsiderednside
eachdifferentclass.Thecompleteray pathsbetweertrans-
mitter andrecever, accountingior multiple reflectionsand
diffractions,arethenformedby thejudiciousconcatenation
of theseclassesallowing a single calculationand storage
for raysappearingn severaldistinctpaths.Theprocedures
for the formationanduseof theseclassesaredescribedn
Sectll. In Sect.lll acasestudywill bepresentedi|lustrat-
ing thetheadwantage®f usingtheabove mentionedclasses
in theray tracingalgorithm.

Il. RAY TRACING ALGORITHM

In this sectionthe techniquesusedto performthe ray
tracingin a 2D ervironmentwill be presented.First, we
will presenthetechniquesadoptedn the determinatiorof
the multiple reflections,basedon the imagetheory (IT).
Then, the inclusion of the diffracted rays into the ray-
tracingtechniquewill be described.Furthermorethe for-
mation of the completeray pathsbetweenthe transmitter
andtherecever, with multiple reflectionsanddiffractions,
will be consideredby the definition of four differentray
classes:T — R, T — D, D — D, andD — R. At last,
it is discussedhe corversionof the two-dimensional(2D)
pathsinto three-dimensiongl3D) paths,to be appliedinto
thequasi3D model[5].

The ervironmentof the urbanradio channelwill be de-
scribedby an approximatemodel. This simplificationis
basedn atwo-dimensiona(2D) representationf thesce-
nario, wherethe ervironments obstaclege.g., buildings)
are representedy infinite cylinders with arbitrary cross
sectionand vertical wedges,parallelto eachother Such
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Fig. 1. 2D representatioof the urbanradiochannel:horizontalview.

~

obstaclearethenrepresentethroughanhorizontalcut,de-
scribingtheobstacles crosssectionsasillustratedin Fig. 1.

A. ReflectedRays

ThelT isusedo determinghereflectedaypathg1],[2].
In this technique,the transmitter(7") is successiely re-
flected by the planarfacesof the mary obstaclesjn or-
der to find all the optical pathstoward the recever (R).
This meansthatthe IT calculateghe transmitters images
from the facetsthatform the obstaclesrepresentedssey-
ments(S) in the2D model. Then,eachoneof theseémages
goesthroughthe sameprocessi.e., theimagesdetermined
in the precedingiteration are usedas (virtual) sourcesin
the preseniteration,forming a setof secondorderimages.
Thisprocesss successiely repeatedintil apre-determined
numberof imagelevelsis attained,wheresuchnumberis
given by the maximumnumberof reflections(/Vg) to be
considered1],[2].

The successie imagesof T' are organizedin an hierar
chical fashiontree,wherethe tree’s root is the transmitter
(T, asillustratedin Fig. 2. Thenext level of thetreecon-
tains the first-orderimagesof 7', generatedoy the mary
obstaclefacets. The secondevel containsthe secondor-
derimages(i.e., theimagesof thefirst orderimages),and
soon. Theindices(i,j,k,...) representhe facets(seg-
mentsS;,5;,9k,..., in the 2D model) that generatesuch
images Notethatadjacenindicesareneveridentical,since
thefacetthatgenerates certainimagecannot generatéts
next level image. Finally, note from Fig. 2 that eachim-
ageis directly connectedo its (virtual) source,suchthat
ary relevantinformation(suchasthefacetwherereflection
occurred)canbeeasilyretrieved.

It is worthwhileto mentionthat, throughouthe process,
several imagesdo not needto be consideredand, conse-
guently storedin thetree.Firstof all, sincenotall thefacets
S arereflectorsto the (virtual) source,mary of themwill
not contribute to the images tree and canbe immediately

Fig. 2. ImageTree.

discardedlf thisis notthecasetherearestill two possibil-
ities thatcanprecludetheimageformationand,if detected
apriori, appliedtowardthesaving of memoryspaceausedo
storethetree. Oneis basedon thefactthatonly the facets
partially or totally containedwithin the Lit Region of the
(virtual) sourcecancontributeto theformationof the next-
level images[1],[2]. Besides,the contribution will occur
only if suchfacetis not totally obstructecby anotherfacet
in the Lit Region. Suchacceleratiortechniqueanake the
ray-tracingprocedurevery efficient, mostly for thosesce-
narioswheremary obstaclesarepresent5].

After determiningall the necessarimagesthe next step
is to identify the reflectionpoints over the corresponding
facets.To illustratethis processconsiderfFig. 3, thatillus-
tratesthe definition of a doubly reflectedray path. First,
therecevver R is connectedo the secondorderimageT’;
(which is theimageof T; throughsS), forming a segment
thatmustinterceptS; in orderto describeavalid reflection.
If suchintersectioroccurs,t determineshelocationof the
secondeflectionpoint(Q»), asillustratedby Fig. 3. If not,
suchdoubly reflectedray pathis not practicalandthe pro-
cesds startedor adifferentpath. To locatethe pointwhere
the first reflectionoccurs(@1), the point Q> is now con-
nectedto the first orderimageT;. This new segmentmust
interceptthe segment(S;) thatoriginatesT;, for thefirst re-
flectionto beavalid one.Thisintersectiorthenlocates(); .
So,the doublyreflectedray pathof the preseniexampleis
identified by the following points: 7' — @1 — Q2 — R
(Fig. 3). If @1 or Q- is notwithin the respectie segment
(S; and S}, respectiely), this ray pathis disregardedand
the processcontinueswith the investigationof a different
path. Finally, for theray pathto be considered valid one,
theseggmentsl'Q)q, Q1 Q2 and@)> R of the presenexample
mustnot be obstructedoy othersegmentsS), representing
theobstaclesfacets.The obstructiontestcanbe efficiently
implementedy someacceleratiortechniquesasthe Space
VolumetricPartition (SVP)[4].

The procedureusedto identify the reflection points is
performedfor all theimagesstoredin thetree. Theimages
of thefirstlevel (seeFig. 2) cangeneratesingly reflectedray




paths,the second-lgel onescangeneratedoubly reflected
paths,and so forth. Consequentlyin orderto tracerays
with a maximumnumberof Ny reflections,imagesup to
the Ng-th level mustbe consideredh priori. Finally, note
thatthevery sameproceduredescribedabove, canbeused
for thosecasesvheretheobseneris adiffractionpoint (D)
insteadof the recever (R). This meangthatthe procedure
is usedeitherfor theT — R classortheT — D class.
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Fig. 3. Reflectionpointsidentification,usingthe ImageMethod.

B. DiffractedRays

Theinclusionof the diffraction effectsis extremelyim-
portant, specially for thoseregions with severe blockage
mechanismg2]-[4]. In orderto determinethe diffracted
ray-pathsfirst we needto locatethe associatedliffraction
pointslocatedovertheobstaclestivedgesAs atwo dimen-
sional descriptionof the urbanernvironmentwas adopted,
suchwedgesare reducedinto points, which describethe
junctionsbetweerconsecutie segmentsS representinghe
obstaclesfacets.

After locatingthe diffraction points D (i.e., afteridenti-
fying the wedgelocations),eachoneof themwill be dealt
as a transmittingsource. Consequentlyimagetreesare
constructedfor eachone of thesesources,exactly as de-
scribedin Sect.ll-A for T. Themaindifferenceis thatnow
adjacentseggments,associatedvith the diffraction wedge,
do notform first-level imagesof the correspondindD.

So,to determingheimagetreeof a diffractionpoint D,
first we determinewhich facetsarewithin thevisibility re-
gionof thisdiffractionpoint, similarly to theLit Regiontest
describedn Sect.ll-A [1],[2]. This visibility regionis de-
limited by thefacetghatform thediffractionwedge.Of the
facetswithin this region, only thosewith thereflectorface

turnedto the diffraction point are considered. The high-
level imagesarethendeterminedollowing the very same
proceduredescribedn Sect.ll-A. The possibleobstruc-
tions of the ray pathsby the severalfacetsarealsoconsid-
eredwith the helpof the SVPtechniqud4].
So,theimagescontainedn the severallevelsof thetree
associatedavith a diffraction point D areusedto tracerays
leaving this point, passingthroughmary (or none)reflec-
tions,andarriving atarecever R (for thosepathsofaD—R
class)or atadiffractionpoint D (D — D class).It is worth-
while to mentionthat oncethe pathsbetweentwo diffrac-
tion points D; and D; are determinedthe pathsbetween
D; and D; aredirectly obtainedby reversingthe orienta-
tion of the previous paths. Also, notethat D; and D; can
describeheverysamdliffractionpoint,where,in thiscase,
atleastonereflectionmustexist betweerthen.

C. RayClasses

The procedureto determinethe multipathsbetweenT’
and R, consideringmultiple reflectionsand diffractions,
startsby the constructiorof thefour differentclassegT” —
R,T—D,D — D,andD — R), asdescribedn Sects.I-
A andll-B, whereonly multiple (or none)reflectionsare
consideredn eachclass. After the determinationof the
ray pathsin eachclass,mary links aredoneamongthese
classesin order to obtain the multipathsbetweenT and
R passinghroughseveralreflectionanddiffraction points,
until amaximumof Ng reflectionsand N diffractionsare
attained.

The ray pathsbetween?" and R that do not suffer ary
diffractionaredirectly obtainedfrom the raysstoredin the
T — R class. To determineray pathspassingthrougha
single diffraction point, first it is necessaryo pick up a
pathleaving the transmittingantenna7T") andarriving ata
diffractionpoint (D;) insidetheT — D class.Then,a path
leaving D; andreachingR is choserfromthe D — R class.
If morethanonediffractionis to be consideredthe proce-
dureis quite similar. In this case,pathsfrom the D — D
classmustbeincludedbetweerthe elementf theT — D
andthe D — R classes.For example,in orderto obtaina
ray pathwith two diffractions,one elementof the D — D
classis linked with correspondingaysof theT — D and
D — R classeslIn asimilar way, to obtaina ray pathwith
threediffractions,we startwith an elementof theT — D
class/ink it with two correspondinglement®of the D — D
class,consecutiely, and, finally, a pathfrom the D — R
classis linkedwith thelast D — D path.Obviously, all such
links assumehatthelinking point D betweenconsecutie
classess the same.Figure4 illustratesa casewherea ray
belongingto theT — D classandanothetbelongingto the
D — D classarereusedn the descriptionof two different
ray pathsfor two differentrecevers.

Onceall the possiblecombinationsamongthe classes
elementsare made(i.e., the multipathsbetweenT and R
aretraced),the procedureto tracetwo-dimensionataysis



Fig. 4. Raypathsfor two differentrecevers,with raysbelongingin com-
montotheT — D andD — D classes.

concluded. To completethe ray tracing processit’s still
necessaryo convertthe 2D ray pathsinto 3D ones,which
is discussedn the next section.

D. Corversionof 2D RayPathsinto 3D Ones

In the presentwork a quasi3D representatiorfor the
ervironmentis adopted[5]. In this model, the anten-
nasheightsare assumednuch smallerthan the obstacles
heights,so diffractionsandreflectionson the top wedges
and facetshave minor effects and, consequentlyare ne-
glected. The groundis assumedlanar so that the verti-
calwedges’edgesareall perpendiculato thegroundplane
and, consequentlyparallelto eachother In this scenario,
the quasi3D model considergroundreflectionby simply
applying the image conceptto the recever (or transmit-
ter) with respectto the groundplane[5]. Consequently
eachopticalpathbetweerl” andR, independentlyrom the
numberof reflectionsanddiffractionsover the several ob-
stacleswill haveacounterparthatleavesT andreacheshe
imageof R; thelateris neverreflectecby theground,while
the former describesa path reflectedonceby the ground.
Consequentlydueto theassumedeometrybothpathswill
have the very sameprojectionin the groundplane,which
correspondso a 2D pathaspreviously discussedIn other
words, each2D pathwill generatewo different3D paths
for the quasi3D model,oneof themsuffering a singlere-
flection over the groundplane. The corversionof 2D ray
pathsinto 3D onesis donewith the help of the total dis-
tancemeasuredlongthe 2D pathandthe antennaseights
with respecto ground.This proceduras detailedin [5].

In orderto demonstratehe ray-tracingtechniquesre-
viously discusseda practicalcasestudywasinvestigated.
The urban ervironment adoptedwas that of [7], which
refersto a region of Ottawa, Canadadepictedin Fig. 5.
Thisfigurealsoindicateghetransmitterandreceversloca-
tions, chosenasin [7]. Thefield wasasymptoticallyeval-
uatedby the UTD with Ng 5and Np = 2. A verti-
cally polarizedHertz dipole wasusedasthe transmitterat

CASE STUDY

910 MHz. As suggestedn [8], the relative permissvity

andthe conductvity of the obstaclegbuildings)are7 and
0.2 S/m,respectiely, while 15 and0.05S/m, respectiely,
were adoptedfor the ground. The UTD results(shovn in

Fig. 6(a)), when comparedo the measuredesultsof [7]

(shown in Fig. 6(b) togetherwith the UTD resultsof [8]),

presendisagreementsf about10 dB at most,at very spe-
cific points.
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Fig.5. Partof Ottava city streetsconfiguration.Obserationthroughthe
BankSt.

In orderto performcoverageprediction,mary recevers
areusedto cover theregion of interest,keepingthe trans-
mitter in the sameposition. Consequentlyall the elements
of theT — D andD — D classegustneedto bedetermined
once,improving the processindime of theray-tracingrou-
tine. In the exampleof Figs.5 and6, 150receverswhere
used(1 at each2 meters). In the first simulation(first re-
ceiver), all thefour classewvere calculated.Fromthe sec-
ondreceveron,only the D — R andT — R classeseeded
to berecalculatedsincetheT — D andD — D classesay
pathshave alreadybeendefined. It meansthat from the
secondeceveron, thetime spentby theimplementedro-
gramto calculatethe pathlossis 3 timeslower compared
to thefirst simulation,for eachnew recever.

The determinationof the multipathsthroughthe use of
theseray classegnakes possiblethat mary elementsof a
classthat appearseveral timesin differentray pathsjust
needto be determinedand storedonce. It consistsin an-
other advantagein the utilization of theseclasses,since
somerays may appeardozensof times (Fig. 4). Fig. 7
shavs examplesof how mary timesraysbelongingto the
T—D,D—D andD — R classesirereusedpercentagef
the total amountof raysusedin eachclass),for arecever
locatedat (391 m, 100m), in the configurationdepictedin
Fig. 5. This meanghatFig. 7 shovs how mary timesthe
raysarereusednsidetherespectie classto form different
ray pathsreachingthe specificrecever.
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Fig.6. Pathlossthroughthe BankSt.

IV. CONCLUSION

This work presentedan efficient ray-tracingalgorithm
through the separationof the ray pathsin four different
classesT—R,T—D, D—D andD—R, improvingthetime
spentto performcoverageprediction. With the utilization
of theseclassessereral raysthat appeaiin mary different
ray pathsdo not have to be recalculate. Besides for dif-
ferentreceversin a coverageprediction,raysbelongingto
theT — D andD — D classegust needto be determined
once. The formation of the classeds doneby an uniform
procedurethat usesthe ImageTheoryto determinereflec-
tion points,wheresomeacceleratiotechniqueareusedo
reducethetotal processindime.
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