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Abstract

ThisthesisintroducesTLM asa new methodfor modellingmedicalultrasoundvave propaga-

tion.

BasicTLM theoryis presentedndhow TLM is relatedto Huygensprincipleis discussedTwo
dimensionallLM modellingis explainedin detailandonedimensionakndthreedimensional

TLM modellingareexplained.

ImplementingTLM in single CPU computersandparallelcomputerss discussedndseveral
algorithmsare presentedogethemwith their advantagesanddisadwantages.InverseTLM and

modellingnonlinearwave propagatioranddifferenttypesof mesharediscussed.

A new ideafor modellingTLM asadigital lter is presenteéindremaoving theboundaryeffect

basedndigital Iter modellingof TLM is discussed.

Somemodellingexperimentssuchas:

Focusingmirror.
Circularmirror.
Array transducers.

Dopplereffect.

arepresenteé@ndhow to useTLM to modeltheseexperimentds explained.

A new low samplingratetheoryfor TLM modellingis proposedandveri ed. This new theory

malkesthe modellingof a muchlarger spacegracticalon a givenhardwareplatform.
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Chapterl
Intr oduction

Ultrasounds widely usedin mary areasn medicine.lt providesa safeandef cient meandor
diagnosticandtherapy. Unfortunatelyour knowledgeof how ultrasoundvavespropagatend

interactin acomple mediumsuchasbodyis limited.

1.1 Why it is necessaryto modelultrasound wave propagation

We have enoughknowledgeof how ultrasoundvavespropagaten a simplemedium,but when
the mediumbecomescomple with several objectsof differentsizesand shapessolving the
wave propagatiorformulabecomewirtually impossiblg10]. Insidethebodythecaseis much
morecomple sincenotonly eachorganhasits own shapeandsize,theultrasoundoropagation
speeds differentfor eachtissue. Modelling becomesnuchmore complex whenoneknows
thattissuesarenota homogenousnediumfor ultrasoundvave propagationFig[1.1] shavs an
artery As canbeseenfrom this g, evenaspeci ¢ placein the body hasdifferentshapesand
propertieswhenit is normalandwhenit is abnormal.Physiciansarevery interestedo detect

abnormalitiesn arteries sothatthey canprescribetheright medicineto the patient.Onegood

- External 3 g Intima thickened
S elastic by atherosclerotic
" « = membrane plaque

\ a-Adentitia 7

} kA Atrophied
| & Media ; 51 media

Ty
¥

i ‘k Disrupted,
] ¢ fragmentized

internal elastic
membrane

ntima

~Internal
elastic
membrane

Normal

Figure 1.1: Anartery whenit is normalandwhenit is abnormal[1].



Introduction

Figure 1.2: Anultrasoundmage froman artery [2].

solutionis to useultrasoundmagingt. An ultrasoundmageof anarteryis shavnin g[1.2].

1.1.1 Ultrasound tissuecharacterization

Oneof theactive researchiopicsin medicalultrasoundsystemss tissuecharacterizationvith

ultrasound[11], which is determiningthe type of tissueby using an ultrasoundimage. The
simplestway is to usethe graylevel of the ultrasoundmageasanindicationof thetissuetype.
For example,in g[1.3], asimple methodto determinethe type of plaguein an artery( see

g[1.2]) is shawn. This methodis very simplebut inaccurate.

Thereareseveral othertechniquedor tissuecharacterizationThe mostcommonis spectrum
analysig12], [13] whichis basednthefactthatthe spectrunof thebackscatterediltrasound
signal dependson the type of tissuebeingimaged. Thereis not a clear understandingvhy
andhow eachtissuechangeghe spectrunof the receved signal. Oneotherproblemin tissue
characterizatiomith spectrunmanalysids thattherecevedsignalis affectedby theintervening

tissuein the propagatiormpath. This effect may changethe resultdramatically Unfortunately

This kind of ultrasoundmagingcalledintra VascularUltra Sound(IVUS).
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Echo Reflectivity (B—mode)

Figure 1.3: A simplemethodfor tissuecharacterization[1].

knowledgeof the effect of othertissuein the ultrasoundvave propagatiorpathis poor

Sinceit is not possibleto modelthe ultrasoundwave propagatiormathematically , it is not
possibleto predictthe effect of eachtissueon the backof thetissuebeingimagedfor thediag-
nosticpurposd14]. Onewayto solve this problemis to modeltheultrasoundvave propagation

numerically

1.1.2 Ultrasound transducer design

Theaccurag andperformancef anultrasoundsystemdependn its ultrasoundransducet.
The shapeof an ultrasoundtransducerdetermineshe shapeof its transmittedpropagation
beam. To understandxactly how an ultrasoundmageis createdone shouldknow how the

ultrasoundvave is generate@ndthe ultrasoundvave beamshape.

Thereare someexpensve piecesof equipmentfor nding the beamshapeof an ultrasound
transducer To usethis equipment,one should malke the transducerand then testits beam

shape.

The situationis more comple for arraytransducersincefor thesetypesof transducersthe
beamshapenot only dependson eacharray elementbut also on when eachelementis red

comparedts neighbours.

The bestway to make an ultrasoundtransduceis to modelit to predictthe beamshapeand

2Thebodystructuresaresocomple thatit is notpossibleto modelultrasoundvave propagatiomathematically
in thebody

3The electronicsectionof an ultrasoundsystemcan be modelledin several ways and thereare several good
commerciakoftware packagesvailableon the market to do this.
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thento adjustthe transduceuntil the beamshapds closeequalto the desiredone. Only then

thetransduceshouldbe made.

1.1.3 Doppler ultrasound

By usingthe Doppler effect, someultrasoundsystemsdetectmovement and determinethe
speedf amovementin thebody?. In all of theseexamplesthe Dopplershift is very comple
sincethe movementmaybevery comple. To nd theexactspeeddf blood o w, for example,

oneshouldknow how this complex movementwill generatéopplershifts.

Sincethe Dopplershift dependon movementandthe movementis very comple, modelling
the Dopplereffectin thesecasesds very comple. This complity makesit very dif cult or

sometimesimpossibleto solve the problemmathematically

1.2 TLM modelling

Transmissiorine matrix (TLM) modellingis a numericaimodellingtechniqueor wave prop-
agation[15]. It is usedextensvely in modellingelectromagnetigvave propagatiorf16]. As it
is amodelfor wave propagationit canbe usedto solve several of the problem$ in ultrasound

wave propagatiorin medicalsystems.

The work that presentedn this thesisis to demonstratdnow to usethe TransmissiorLine
Matrix (TLM ) for modellingultrasoundvave propagationThis modellingcangive usamore
detailedunderstandingf how ultrasoundvavesarere ected andscatteredy differenttissues

in thebody

AlthoughTLM modellingwasoriginally developedfor modellingelectromagnetigvave prop-
agation,therehasbeensomelimited work on usingTLM for modellingacousticwaves[17],

[18], [19] . Sinceelectromagnetiovaves and ultrasoundwavesare very similar in propaga-
tion behaiour, atableto shav how thesetwo wavesarerelatedto eachotheris presentedsee

chapter4).

“For exampledetectthe heartmovementof afetusin apregnantwomen.

SFor exampleto determinethe speedf blood o w in avessel

81n this thesis,TLM will beusedto modelarraytransducerandthe Dopplereffect.

"It canbe usedfor othertypesof ultrasoundnodellingto, but only medicalultrasounds presentedere.

4
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1.3 The thesisorganization

This thesisconsistsof 7 chapters.The rst 3 chapterscontainsbackgroundnformation. In

chapterl (this chapter)thereasorfor doingthis work is explained.

Chapter2 is aboutmedicalultrasoundsystemslt is usefulfor ary engineemwho hasnt aback-
groundin medicalultrasoundsystems.It containssomeinformationabouthow anultrasound
imagingsystemworks andwhattype of ultrasoundmagingsystemsarethere. Sometypesof

ultrasoundransducerarealsoexplainedin this chapter

The basictheory of wave propagatiorandin particularsound/electromagist waves propaga-
tion is presentedn Chapter3. In this chapter the basicideaof a transmissiorline is also

explained.

In chapterd TLM will beintroduced. In this chapter the mathematicatheory behind TLM

is given and by focusingon 2 dimensionalTLM modellingthe propertiesof this modelling
techniquewill be explained. Somealgorithmsfor TLM modellingwill be presentedn this
chapterandadwantagesanddisadwantageof eachalgorithmare explained. Onedimensional
and 3 dimensionalTLM is alsointroducedandinverseTLM is discussed.SinceTLM was
originally usedfor electromagnetigvave propagatiormodelling,usefor ultrasoundsystemss

explained.

In chapter5, Somemodellingresultswill be presentedThis modellingis achiezed with mod-

ular softwarewhich canbe usedasthe basisfor modellingcomplex problems.

Sincethethe TLM modellingis a computerizednodelling,the amountof memoryandcom-
putationalpower that needsdependon the wavelengthof the wave in the medium. Since
the ultrasoundwave propagatiorspeedn the body s not very fas® the wavelengthof the ul-
trasoundwavesin the body s very short. This shortwavelengthmakesthe TLM modelling
very complex anddoingrealisticmodellingis nearlyimpossible.To solwe this problema new
samplingtheoryis presentedn chapter6. Theresultof this samplingtheoryshaws thatit is

possibleto modelrealisticultrasoundvave propagatiorwith computersavailablenow.

8Comparingto the speedf electromagnetiavave in theair.






Chapter2
Medical ultrasound

2.1 Intr oduction

Ultrasoundwavesarewidely usedin medicing[20],[21]. As diagnosticultrasoundepresents
no generalhazard(but somespeci ¢ areaof hazard)to the healthof a patient,its usageis
growing rapidly[22] [23] [24]. Ultrasoundis well known for imagingbut it hasseveral other

usesn medicinesuchas:

Movementdetection
Medical Theray

Lithotripsy

Ultrasoundimaging,the mostimportantandwidely known applicationof ultrasoundwill be
explainedin this chapter It shouldbe notedthat the resultsof this researctcanbe usedfor

modellingultrasoundvave propagatiorin otherapplicationgoo.

Theprincipalattractionsof medicalultrasoundmagingare:

Hazard risk: It is considerecby medicalexpertsto represenno hazardto the healthof a
patient[24].

Price: It is cheapethanotherimagingsystemg25].
Suitability for soft tissue: It is goodfor imagingsofttissuestructuresn detail[2].
Portability: Portableultrasoundsystemsareavailable.

Measurementof movement: It is possibleto measuranovementwithin thebody, for exam-

ple themovementof bloodin the heartor in thearteries.

7
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Ultrasoundmagingis consideredo besafe[26].Althoughsomereportshave beenpresentedo
indicatethatultrasounds hazardousthesereportshave provento beunfounded24]. Medical
expertscurrentlybelieve thatexposinga patientto theclinical level of ultrasoundchasno danger
to the patient[26]. This providesthe opportunityfor repeatedlinical examinationof a patient

withoutworry aboutthe sideeffects.

2.2 Generalultrasound imaging

Ultrasoundcanbe usedto constructimagesof the humanbody dueto theinteractionbetween
thebodytissueandtheultrasoundvibration[27] [28] [29]. It is usedfor imagingmary partsof
thebodyincluding:

Heart
Fetus
Vascularsystem

othersmallpartssuchaskidneys andliver

In g[2.1] atypicalultrasoundsystemis shavn. As seenfrom this gure, atypical ultrasound

systemconsistof 3 parts:

Transducer: Transducers usedfor producingultrasoundvavesanddetectingoackscattered
ultrasoundwaves. Transducersire piezoelectriccrystalswhich are designedo vibrate
ataspeci c frequeng. This frequeng is calledthe naturalfrequeng of thetransducer
For medicalsystemsthis frequeny is typically 1 MHz to 30 MHz. Theultrasoundwill
be createdby applyinga shortdurationvoltagepulseto the transducer he durationof
this pulseis selectedn sucha way that the producedsignalis only for a few cycles
duration.After the ultrasoundvave is createdthetransducechangests modeto actas
arecever. In this modethe transducedetectsthe ultrasoundwvavesand corvertsthem
to correspondingoltages.Thesevoltageswill be usedby electroniccircuitsin the data
acquisitionandprocessingectionto generateanimage. Sometypical transducershat

arenormallyusein medicalimagingareshavnis g[2.2].

8
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mage disp

ay

Processing

Transducer

Figure 2.1: Theblod diagram of a typical medicalultrasoundmaging system.

Figure 2.2: Somaypical transduces that usednormallyin medicalimaging [3].
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..

Figure 2.3: Theblod diagram of the signalprocessingsectionof a typical medicalultrasound
imaging systen(TGC=Time Gain Control).

Data acquisition and processing: In this section,the receved signalfrom the transduceiis
rst ampli ed basedon thetime thatit is receved and Itered to remore someadditive
noise. Thenan ervelopedetectoris usedto detectthe envelopeof the ampli ed signal.

The output of the ervelope detectoris digitised and the digitised datais processedo

createherequiredmage.A typicalultrasoundystenblock diagramis shavnin g[2.3]

Display: Typically a CRT monitor is usedto displaythe generatedmages. Sincethe ultra-
soundimagesare high resolution,theseCRT monitorsare high resolutionmonitors.
Someultrasoundsystemsanprint theimageson a thermalprinterandsomeotherscan
print themon normalpaper Sincethe physiciansusethe monitorto seetheimagesand
in mostcaseghey dotheir diagnosticdasedn their obseration, thesedisplaysshould

bevery accurateandwith goodquality. In g[2.4] anormalultrasoundsystemis shavn.

2.3 Differ ent typesof medical ultrasound systems

Thereareseveraltypesof medicalultrasoundsystem.Eachof thesetypesis designedo suite

a speci c usagein medicalimaging. For exampletherearesomeultrasoundmagingsystems

10
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Figure 2.4: Atypical medicalultrasoundsystemThedisplaysectionis a CRTmonitor[4].
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which aredesignedo monitor heartactiity while someothersaredesignedo monitorfoetal
andpregnantwoman.Differentultrasoundsystemausedifferenttransducer§frequengy, shape,
numberof elementsf it is anarray scanningype,etc.), displayingmode( A-Mode, B-Mode,

M-Mode and3D) andtheway thattheimageis created Re ection or transmissioimaging).

2.3.1 Re ective and transmissionbasedultrasound

An ultrasoundsystencreatesanimageby calculatinghow anultrasoundvaveis changedvhen
it propagateshroughthebody Therearetwo waysthatanultrasoundsystemcancalculatethe

way thatanultrasoundvave is propagatingn a medium:

Transmission: Theimageis produceasedntheamountof wave thatis transmittedhought
thebody

Re ection: There ectedwave from differentpartsof the bodyis usedto createanimage.

2.3.1.1 Transmissionultrasound imaging

Eachpartof thebodyabsorbsa speci ¢ amountof ultrasoundvave enegy. Thetransmission
ultrasoundmaging systemusesthis factand measurghe amountof wave incidentto there-
ceiverandcreatesanimagebasednit. In g[2.5], asimpli ed transmissionltrasoundsystem
is shawvn [30] [31].

In this type of ultrasoundsystemstherearetwo transducerspnefor generatinghe ultrasound
wave andthe otherfor detectingthe ultrasoundvave. The patientbodywill beplacedbetween
the transmitterandthe recever transducers.The receved signal strengthat the receversis
measure@ndbasedon thesemeasurementheimageis created.Thetime taken for anultra-
soundpulseto passthroughthe system( from thetransmitterto the recever) is atransmission

basedsystemin givenby equation[2.1]

_ (2.1)

Whered is the distancebetweerthe transmitterandthe recever and C is the speedof sound

in the medium. It is worth noting that the transmittercan generateseveral pulsesbeforethe

12
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Transmitter

Receiver

Figure 2.5: A simpli ed transmissionltrasoundsystem.

recever detectthe rst oné'. In this casethe frameratesof the ultrasoundimagesare very
high.

2.3.1.2 Re ective ultrasound imaging

Thespeedf anultrasoundvave in eachpartof thebodyis differentfrom ary otherpartof the
body Whenan ultrasoundwvave is reachegheinterfaceof two partsof the body a smallpart
of theincidentenegy will bere ected back. The amountof re ected ultrasounddependson
the relative impendencef thetwo partof the body This amountcanbe calculatedoy using

equation?.2.

2.2)

where istheimpedancefthebodypartthatsoundstryingtoenterand istheimpedance
of the materialthat the soundwave is trying to leave. In a re ective ultrasoundsystemthis

re ected (or scatteredack)signalis measuredndanimageis createcbasednit. Erroneous

1The time differencebetweeneachtwo pulseshouldbe so thatthe rst pulsewould be receied by all the
receversbeforethe next pulserecevedby ary of them.

13
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Transmitter Receiver

Object Object

(a) Transmittingphase (b) Receving phase

Figure 2.6: Thebasicprinciple of are ective ultrasoundsystem.

multiple re ection canoccurandbe detected Distinguishingmultiple re ectionsfrom normal
singlere ection canbevery dif cult andsometimesimpossible.In g[2.6] thebasicprinciple

of are ective ultrasoundsystemis shavn.

2.3.2 Imaging format
Thereareseveralway to displayultrasounddataandhenceseveralimagingformatsfor ultra-
soundsystemsThesemagingformatsare:

1. A-Modeimaging.

2. B-Modeimaging.

3. M-Modeimaging.

4. 3D and4D imaging.

Thesemethoddor displayingultrasoundmageswill be explainedin thefollowing sections.

2.3.2.1 A-Mode imaging

A-Mode or amplitudemodeis the simplestform of ultrasoundimaging. It is a one dimen-

sionalimagingtechniqueandhaslimited applicability Asit is the simplestway to displaythe

14
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Figure 2.7: A sampleA-Modedisplay

ultrasounddata,it will helpauserto understandall othertypesof displaymodalities.

In g[2.7] asampledisplayfrom an A-Mode ultrasoundsystemis shavn. As it canbe seen
from this gure, therecevedsignalis displayedonthescreern asimilar mannetto displaying
a voltagesignalon an oscilloscope.The X axis of the displayis time andthe Y axis of the
displayis the amplitudeof the receved signal after demodulation.Oneimportantthing that
oneshouldnotehereis thatasthewave is travelling in thebody; it will beattenuateéndhence
this attenuatiorshouldbe compensatéd Time gain compensatiofTGC) is a popularway
to dothis. In TGC, thereceved signalis ampli ed basedon the time differencebetweenthe
time thatthe original pulseis generate@ndthetime thatthere ected signalis detectedy the

transducerin somenew systemsTGC is automated.

2.3.2.2 B-Modeimaging

B-Mode or brightnesamodeis a successoto the A-Mode imaging. It canbe usedfor dis-
playing 2 dimensionaland 1 dimensionaimageshowever, it is mostly usedfor displaying2
dimensionaimages.A 1 dimensionaB-Mode imagewould appearon the screenasa single
straightline of dots. The brightnesof eachdot dependon the intensityof the receved signal

over time. If therewill be morethanonetransducet (see g[2.8]) thentherewill be several

2|t shouldbe notedthatit is only appliedto re ective imaging.
3Thisis thelineararraytransducer
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Figure 2.8: Alinear array transduceicanbe usedto createa B-Modeimage [5].

linesandit will createa 2 dimensionalmage.

Limitation of computer monitors (and human eye) Moderncomputemonitorsquantizehe
coloursthatthey display The coloursare constructedrom red,greerandblue compo-
nentsandeachof the read,greenandblue arequantisedo 256 or shadesmaking
(or 16.7million) coloursin all. Grayscalesareshavn ascombination®f red,greenand
bluein equalmeasuressothereare256 availableshade®r gray Thelimited numberof
availablegrayscaleshadesnakesthe B-modeinferior to A-modein the caseof 1 dimen-
sionalimages.lt is unlikely thatcomputemonitorswill beableto displaymorecolours
in future,asit is generallyacceptedhatthe humaneye cant differentiateary morethan

256shade®f eachred,greenandblue.

In orderto shaw greaterdetailin grayscaleimagesB-modeimagesareusuallylog trans-
formedandscaledso thatfull scaleis between30 and60dB. This effectively ampli es
smallultrasoundsignalssothatbecomemoreclearlyvisible. For example: At 50dBfull

scale,a signal25dB smallerthanthe strongessignalwill appearas — grey afterlog

transforming.If thelog transformwasomitted,thena signal25dB belov the strongest
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signalwould appearas — grey (almostblackandbarelyvisible abore the black back-

ground).

2D imageconstructionin realtime The adwantageof B-modeimagingis that successie 1-
dimensionaimagesof neighbouringregionscanbe constructednto a compositamage
thatis 2-dimensionalasin g[2.9]). This scanningandimage constructioncould be
donein realtime andastheresult,theimagewould be appearsatruly 2-dimensional

to theuser

Marny commercialultrasoundsystemsave aframerateof 25 (or 30) framespersecond.
This meanghat every different 1-dimensionakcanhasbeenperformed25 timesevery
secondand a newv 2-dimensionaimage hasbeenconstructedand displayed25 times

every second.

2D imageconstruction: Transducer steering Betweersuccessi 1-dimensionascanthetrans-
ducermustsomehw steer(or shift) sothat a differentpart of the taigetimageareais
scanned.Thereare several commonmeansof doing this, all of which are automated.
The steeringprocessandthetype of transducethatit usesfor steeringareexplainedin

section2.3.3

2D imageconstruction: Raw RF signal processing Theprocessinghatis performedetween
the scanandtheimagedisplayis very importantto ary ultrasoundmagingsystem.The
signalsaretypically Itered, demodulatedor envelopedetected)]og transformedand

geometricallytransformed.

In their raw form, the ultrasoundsignalsarenot suitablefor displayin eitherA-modeor

B-mode.In A-modethesignalareprocessednly onestep:demodulation.

Demodulationattemptsto provide an ervelopedetectionfunction. This is commonly
performedwith Hilbert transform. The Hilbert transformis de ned asa Iter whose

transferfunctionis givenin thefollowing equation:

— (2.3)

Theoutputof this lter isthencalledHilbert[yn)], andis theoriginal signalwith thephase

of every Fouriercomponenthangedoy . Hilbert[y(n)] is de ned in the following
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Figure 2.9: A typical B-Modedisplay

equation:

(2.4)

The nal demodulatedgignalis obtainedby applyingthe following equationto the re-

ceivedsignaly(n):

(2.5)

Sincelarge numberof transducereperateby rotatingthe ultrasoundbeam(eitherusing
rotationor a phasedarray), consequentlyt is often necessaryo performa geometric
corversion(usuallyinvolving a corversionfrom polarto rectangulaco-ordinates) The
scandataoftenusegpolarco-ordinategndall displaymonitorsusearectanguladisplay

grid. The co-ordinatecorversionis typically performedusingbilinearinterpolation.

A typical B-Modeimageis shavn in g[2.9] %.

“Thisis anultrasoundmagefrom my son: Ariasun,whenhewas16 weeks
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2.3.2.3 M-Mode Imaging

M-Mode (or motionmode)imageresultsfrom a 1 dimensionakcan thatis scrolledacrosshe
screerpver time (asa seriesof 1 dimensionaB-Modelines). The scrolling canbe horizontal
or vertical. Thetransducewill generallybe held stationaryor nearstationaryfor this type of

scan.Theframeratefor this type of scanis very high e.g600framepersecondfps) [32]

2.3.2.4 Threedimensionaland four dimensionalimaging

A new developmentin ultrasoundmagingis the adwent of threedimensionaimagingandthe
so calledfour dimensionaimaging. The four dimensionaimagingis the real time threedi-
mensionalmagingwith time asthe  dimension33]. In thethreedimensionaimaging,the
transduceis physicallymoved in orderto createa 3D image. Since physically moving the
transduceis a slov processgcurrentlytherearenot ary realtime threedimensionultrasound
systems.In a typical threedimensionalultrasoundsystem,the transduceis rotatedthought
in quantizedstepswhile scanning2D imagesat eachstep. Therearetwo commontech-

niqueusedfor thethreedimensionaVisualisation(whichis calledrendering):

Surfacerendering: The techniqueis basedon de ning a seriesof connectedpolygonsthat
combineto form thecompleteshapeof the objectbeingrenderedIn somegraphicpack-
agesthis leadsto arenderingthatappearshunlky asaresultof curved objectsnotbeing
well suitedto modelwith at polygons.Somenewer packagesttempto simulatecurved
objectswith cune tting betweerthe de ned pointsof the polygons.In mostcaseghis
techniqueis successfulnd providesrealisticlooking 3D images. The mostimportant
adwantageof thistechniquds thatit is computationallythe mostef cient known method
for rendering3D images Onedisadwantageof thistypeof renderings thatif thenumber
of polygonsusedto rendera surfaceis too few, thenthe surfacedetailwill belost. The
otherdisadwantageof this methodis thatit givesinformationaboutsurfaceandnothing
aboutthe underlyingstructuralinformation. Sincestructuralinformationis importantin
medicalimaging,thisis notagoodmethodfor medicalimagerendering.For thisreason

its usewill berestrictedto sometypesof imagingsystemsuchasB-Modeimages.

Volumerendering: This techniqueinvolves specifyingthe objectto be renderedas a three
dimensionalset of "V OXEL” (VOXEL=Volume Element,the 3D equvalent of a 2D

pixel). In the simplestcase,eachvoxel is speci ed asopaqueor transparentthatis ,
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Figure 2.10: Someypical 3D images]6].

as solid massor empty space). Volumerenderingis superiorto surfacerenderingfor
applicationgequiringtissuecharacterizationOnedravbackof the volumerenderingis

thatnoisein thesignaltendsto beenhancedh the nal 3D images.

Recentlynew techniquehave emepged, suchas’semi-transparentolumerendering’[34] and

"augmentedeality” [35]. Two typical 3D imagesareshavn in g[2.10].

2.3.3 Ultrasound Transducers

Theultrasoundransduceraremadefrom materialghatcontainpiezoelectricrystals.A piezo-
electriccrystalwill vibratewhenexcitedby anAC electricsignalof theright frequeng (trans-
mit mode).Corverselyit couldgeneratea smallelectricsignalwhenforcedto vibrate(receved
mode).

Thetransducers usedto corvert electronicsignalsto ultrasoundvaveswhich aretransmitted
to the body and also for corverting the recevved ultrasoundwavesto electronicsignals. A
simpletransducemay be usedin A-mode (onedimensionakcanningltrasoundsystemsin
2D and3D ultrasoundsystemonepartof the bodywould be scannedndhencea simpleone
elementiransducercant be usedunlessit is mechanicallyscanned.Thereare several type of

transducerghatcanbe usedin this type of medicalimagingsystemg36]:

1. LinearArray transducer
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2. Phasedrraytransducer

3. Mechanicakcantransducer

2.3.3.1 Linear array transducers

In this type of arraytransducerseachelementof the transducewill be working independent
of theothers( g[2.11]). For eachgroupsof elementsa 1 dimensionaB-Modeimagewill be
created.By putting all of theseone dimensionalimagesnext to eachother a 2-dimensional
B-Mode imagewill be created.In a typical ultrasoundsystem,someof theseelementamay
be red atthe sametime to make a morepowerful beam. A typical lineararraytransducers

shavnin g[2.12].

2.3.3.2 Phasedarray transducers

In a phasedarraytransducereachelementwill be red with atime delaycomparedo other
elementsin the array By changingthis delay the wave front could be steeredo different
placesin the body In g[2.13] the steeringprocesss shavn. In g[2.14], atypical phased

arraytransducers shavn.

2.3.3.3 Mechanical scantransducer

In a mechanicakcantransducera single transduceiis usedfor transmittingand receving.
The transducemechanicallyrotatesto scanthe interestedmedia. The structureof a typical

mechanicatransducewhichis usedin intravasculaiimagingsystemis shovn in g[2.15].

2.4 Doppler systems

The basisof Dopplerultrasoundsystemss the fact that re ected/scatterediltrasonicwaves
from a moving interfacewill undego a frequeng shift [37], [38]. In generalthe magnitude
andthe directionof this shift will provide informationregardingthe motion of this interface.
To appreciatehis very generafactwe needto considetherelationshipbetweerthefrequeng,

, of wavesproducedby a maving sourceandthe frequenyg, , of thewavesrecevedby a

moving recever. For simplicity we shallassumehatthe sourceandrecever aremoving along
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Figure 2.11: Alinear array transduceusedto scana medium7].
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Figure 2.12: Atypicalllinear array transducef3].

thesameine. Theamgumentthatfollows canbe generalisedo threedimensionsf wave speed

is isotropicandthe sourceproducesphericalwaves.

At t=0, letthesource S, andrecever, R, be separatedby a distanced.

At t=0let Semitawave thatreachesR atatimet laterasshavn in thefollowing g.
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Figure 2.13: Thesteeringprocessn a phasedarray transducef7].
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Figure 2.14: A typical phasedarray transducei3].

Figure 2.15: Thestructue of a metanicalscantransducef1].
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In this timet the recever will have moved a distanceandthe wave, propagatingvith velocity

Cwill have travelledadistance Thus

(2.6)

Now attime , thesourcewill have movedadistance . Letthewave emittedatthatinstant

berecevedattime byR.

In thistime R would have travelled a total distanceof , andthus

(2.7

Thusfor therecever theintenal betweerthe waveshasbeen

_ _ (2.8)

whereador the sourcetheintenal betweerthewaveshasbeen . Now the numberof waves
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emittedin by thesourcemustbeequalto thenumberof wavesrecevedby thereceverini.e

_ (2.9)

Substitutinghe valueof —,

S (2.10)

2.5 Conclusion

Some backgroundinformation about using ultrasoundin medical systemswere presented.

Sincemedicalultrasoundmagingis widely usedby physiciansit wasexplainedin moredetail.

Array transducersvereintroducedand how they canbe usedto scana region by ring each

elementbf thearraysequentiallywasshavn.

Use of the Doppler effect was examined. For the simple casewherethe sourceand/orthe

recever wasmoving the Dopplershift wascalculated.
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Chapter3

Wave and soundtheory

In this chaptersomebackgroundnformationaboutthe theoryof ultrasoundvave propagation
will be presented.This backgroundnformation shouldrefreshthe mind of readerso have
a betterunderstandingf the mathematicdehindthe modelling presentedn chapters. The
mathematicghat will be presentechereis very shortandis only for refreshingthe readers
mind. Thereisn't ary proof for mostof the formulaein this chapterandtheinterestedeader

may consultthereference$or mathematicaproof.

3.1 Intr oduction

Ultrasounds a soundwave whosefrequeng is higherthanthe hearinglimit of humanswhich
is about20kHz. Thefrequeng in medicalultrasoundsystemsrariesbetweer?2 MHz to about
30 MHz. The frequeng of a normal medicalimaging ultrasoundsystemis about3.5 MHz.
Somemedicalultrasoundsystemswith very high resolutionoutputmay useultrasoundwvaves

with higherfrequencies.

In the rst sectionof this chaptersomebackgroundnformationon soundwave generatiorand
propagatiorwill be presentedSincethe TLM is basedon transmissiorine theory The basic

transmissionine theorywill be presentedn the next sectionof this chapter

3.2 Waves

3.2.1 Basicwavetheory and de nitions

In this subsectiorbasicwave theorywill be explained. This theorycanbe extendedto sound

wavesandelectromagnetiovaves.
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Figure 3.1: Graphicalrepresentatiorof a simpleharmonicoscillation. Notethat the X axisis
timesteps.

3.2.1.1 Simple harmonic oscillation

It canbe shavn thata simpleharmonicoscillationis representedhathematicallyas[39] :

(3.2)
Where istheangularvelocity of theoscillationand is thewave amplitudeattime . The
graphicalrepresentatioof a harmonicoscillationis shavn in g[3.1].
Thefrequeng of theoscillationcanbe foundby usingthefollowing equation:
_ (3.2)

Thefrequeng of anoscillationis, by de nition, the numberof oscillationpersecond40]. If

thetime for oneoscillationis T, thenthefrequeng canbefoundasfollow:
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_ (3.3)

In adiscretisedsystemin whichthetimeis discretisedthefrequeng canbe foundasfollow:

o (3.4)

Where is thetime betweeradjacensamplesand is thenumberof samplesn onecycle.

3.2.1.2 The wave equationin onedimension

It canbe shawvn thatthewave equationin onedimension(directionof movementis z) is:
(3.5)

Where istimeand isthedistancegrom theorigin (assuminghatthewave sourceis located

at ). isthewave amplitudeattime atplace . and de nedas:

where is thewavelength andC is thewave speedn the medium.

Wavelengthis the distancethatwave propagatein onecycle.

31



Wave andsoundtheory

3.2.1.3 Wave equationsin 3 dimensions

It couldbeshavn thatary wave equationshouldsatisfythefollowing relations[41][42]:

(3.6)

In onedimensiontheseequationgeduceo :

(3.7)

It couldbeshavn thatequation3.5 cansatisfythis equation:
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Figure 3.2: Longitudinalwaveq8].

and:

3.2.1.4 Longitudinal and transversewaves

If thevibrationis parallelto the directionof propagatiorthenthe wave is a longitudinalwave
[43] (seeg[3.2]).

If the vibrationis perpendiculato the directionof propagatiorthenthe wave is a transerse
wave (see g[3.3]).
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Figure 3.3: Transvesewaveqd8].

3.2.1.5 Scalarand vector waves

If thewave is propagatedh the z directionthenfor alongitudinalwave, only thevalue? of the
wave at eachpointis importantsincethe directionis de ned andis parallelto the directionof
wave propagatiorwhich s z direction. This kind of wave?® is calleda scalarwave sinceonly a

numberis neededo identify thewave ateachpointin themedium.

The casefor atransersewave is morecomple, sincethe directionof vibration could be ary
directionin xy plane. For a transersewave, not only the value* of the wave at eachpoint
shouldbe speci ed, but alsoits directior? shouldbe speci ed [44]. Thesekind of waves are
calledvectorwavessinceto identify thewave ateachpoint, notonly avaluebut alsoadirection

shouldbe speci ed.

2Amplitude

3Longitudinalwaves

4Amplitude

5In the planeperpendiculato the directionof wave propagation
*Trans\ersewaves
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3.2.1.6 Mechanicaland non-mechanicalwaves

Mechanicawavesarewavesthatneeda mediumfor propagatiorf45], [46]. Non-mechanical
wavesdo not needa mediumto propagate For exampleseawavesare mechanicakincethey
needa medium(seawater)to propagateLight is anon-mechanicalave sinceit canpropagate

in vacuum.

3.2.2 Soundwaves

Soundwavesaremechanicalvaves. They arelongitudinalwavesandhenceare scalarwaves
[47].

Thegenerakoundwave equationin 3 dimensionis [45], [40]” :

(3.8)
Where canbefoundfrom thefollowing equation:
_ (3.9)

In this equation is thecompressibilityand is the density

3.2.3 Electromagneticwaves

Electromagnetigvavesarenon-mechanicalaves. They aretransersewavesandhencevector

waves.

Theelectromagnetigvave equationin 3 dimensioncanbewritten as:

(3.10)

Wherec is thewave speedn mediumandcanbe calculatedoy usingthefollowing formula:

- (3.11)

"This is the soundwave equatiorin air whenthewave amplitudeis smallandsothe mediumis alinearsystem.
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Where isthepermeabilityand is thepermittiity.

3.2.4 Wavere ection and refraction

If awave arrives at the interfacebetweentwo medid, thentherewould be a re ected (back
scatteredyvave anda refractedwave. If the nev mediumis densetthanthe original medium,
thenthe wave re ects with phasedifference,otherwise the re ected back signalis in
phasewith the original wave [45]. Thewave in the nev mediumis alwaysin phasewith the
originalwave. Thebackscatteredvave is calledthere ectedwave andthe propagatedvave in

thenaew mediumis calledtherefractedwave.

3.2.4.1 Thelaw of re ection and refraction

There ection law is:

There ectedandincidencewavesarein a planeandthe angleof incidentand
re ection arethesame:

(3.12)

Where istheincidentangleand isthere ection angle(see g[3.4]).

Therefractionlaw is:

Therefractedandincidencewavesarein a planeandthe anglesof incidence
andre ection arerelatedto eachotherby thefollowing equation:

(3.13)

Where istheincidentangleand istherefractionangle(see g[3.4]). Here
is adimensionlessonstantalledthe index of refractionfor mediuml and is
theindex for refractionof medium2.

Theindex of refractionof a mediumdependsn the wave speedn the medium. It is mostly

calculatedbasedon the wave speedin a referencemedium. For electromagnetiovaves this

81t is assumedhatthesizeof thisinterfaceasseerby thewave is muchbiggerthanthewave lengthof thewave.

36



Wave andsoundtheory

Figure 3.4: Re ectionandrefractionlaw.

referencemediumis the empty space.For soundthis referencemediumcould be air®. If the
speedf awavein themediumis andthespeedf awavein thereferencanediumis , then

theindex of refractioncanbe calculatedasfollow:

B (3.14)

By substitutingthe value of the refractive index from this equationto equation3.13,onecan

write thefollowing equation:

(3.15)

°It doesnt matterwhich mediumis the referencemediumas long as the referencemediumis the samefor
calculatingboththe  and
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3.2.4.2 Total re ection

Equation3.15shavs therelationshipbetweerincidentangleandrefractionangle.Onemaytry

to nd therefractionangleandrewrite this equationasfollow:

_ (3.16)
As seenfrom this equation, hasnt ary valueunless— is between and . If the
valueof — is greaterthan or lessthan |, thenthereisn't ary refractedwave andall

of thewave will bere ectedback. The minimumanglethattotal re ection is occurredcanbe

foundasfollow!?;

— (3.17)

3.2.5 Wave Scattering

In the previous section,it wasassumedhatthe interfacesizeis muchbiggerthanthe wave-
lengthandthe wave speedn the two mediachangesabruptly Most interfacesin the human
bodyarenot compatiblewith there ection interfacecriteria. In somecaseghe sizeof the ob-
jectis comparablgor smaller)withthe wavelengti! andin othercaseshe speeds changing
graduallyfrom onemediumto the next'2. In mostcaseshe actualinterfaceis a combination

of thesetwo casesTheway thatwave interactin thesecasess calledscattering.

Comparedo re ection, the casefor scatterings muchmorecomple<. The scatteringpattern
notonly depend®ntheobjectsizecomparedo thewavelengthbut alsoto the shapeandwave
speedn the object[48]. Sincethis theoryis very comple, several authorshave tried to nd

the scatteringpatternsfor someknown shapesuchascylindrical scatterd49] andspherical

scatterg50]. Eventhoughttherearesolutionsfor alimited rangeof othershapesspheresand

0since is thewave speedit is alwaysa positive numberandhence— and — arepositive numbers.

For exampletheinteractionof blood cellsandultrasoundalls to this cateyory sincethe sizeof thebloodcells
arevery smallcomparingto thewavelength.

12For exampletheinterfaceof skin andthe underlyingtissuefalls to this category
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cylinderscanapproximatea wide rangeof scattersn biology [51], [52].

3.2.5.1 Basicscatteringtheory

Thereare variousformulationsfor scattering,and the one usedhere considersthe medium
to have no absorptionand small uctuations in the density  and compressibility — about

constanvalues and insideaninhomogeneougolume . Soinsidetheobject:

And outsidethe object:

It is corvenientto de ne thefollowing parameters:

Thenthewave equationbecome$49]:

- - (3.18)

where ——. This equationcanbe solved by Greens function method[53]in which the

right handsideis consideredsthe sourceterm,andthe Greens functionis the solutionof the
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above equationwith right handsideequalto a point sourceradiator The solutionis:

(3.19)

Where

(3.20)

Solvingthis integral equationis only possiblefor somecertainsimple objects.In the general

caseit is possibleto solve it only by approximation. The mostimportantapproximationis

Born's approximation.This approximations valid only whenthe scatterings weakandboth
and arevery small. If this approximationis not true (at leastone of the or
arenot small), thenthe only way thatone cansolwe this equationis by usingnumerical

techniques.

Sincein thebodythis approximatiormaynotbetrue'?, it is notpossibleto solveit analytically
Thetheoryof scatteringoy humantissuehasbeenreviewed by Chivers[54]. Inverseproblem

of scatterings anothemproblemwhich severalresearclgroupsareworking on[52].

3.3 Transmissionline

A transmissiofline is adevice for transmittingor guidingenegy from onepointto another[55],[56].
Theenegy maybefor lighting, heatingor performingwork, or it maybein theform of signal
information(speechpictures,data,music). Basicallya transmissiorine hastwo input termi-
nalsinto which power (or information)is fed andtwo outputterminalsfrom which power (or

information)is receved. Thusatransmissiotine mayberegardedasa four-terminaldevice.

Transmissiofinesareeverywhereandthereareof in nite varietyof them.However, regardless

of type,length,or constructionall operateaccordingio the sameprinciples[57].

Oneeasilyimaginabletransmissiorine is a deeplong straightwaterway. If a signalis gener

130ur knowledgeaboutthe humanbody tissueon the scalelessthanthat of the ultrasoundwavelengthis very
limited
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atedin oneendof thewaterway by disturbingthe water this disturbancesill propagaten the

waterway andeventuallywill berecevedattheothersideof thewatervay.

The receved signalat the end of the waterway is wealer thanthe generategignalat the be-
ginning of the waterway. This is becausehe enegy in the signal corverts to heatduring

transmissionThewaterway hasa characteristiempedanceé ).

If thereis arock or islandin thewaterway, whenthewaterwavesreachtheisland,they will be

re ectedbackby theisland.

If thewaterway is in nitely long, thenthewave travelsin it until it is completelyattenuatear
absorbedIf thewaterway is notin nite, whenthewave reacheshe endof thewatervay, it is
re ected backby the wall at the endof the waterway. The only way to preventthis re ection
is to have amatchingterminationatthe endof thewaterway. This matchingterminatiorwould
have a matchingload impedanceg ) which matchesthe propagationcharacteristicof an

in nity longwaterway in atunnelof nite length.

If thewaterwaylengthis andthetimethatit takesfor thedisturbanceso travel thewatervay

is , thenthewave speedor propagatiorspeedn thewaterway canbe calculated:

B (3.21)

Thetime delaycouldbespeci edis threeways:

1. Seconds.
2. Periodictime (T)

3. Phasdalelay

If the wave consistsof two or morefrequenciesthenthe behaiour of the watervay for each
of thesefrequenciess different. Thewave speeds mostlikely frequeng dependentsosome
wavesmove fasterandsomewaves movesslower in thewaterway. This frequeng dependent
wave speeds calleddispersion Also theattenuatiomaybedependsnfrequeng, soattheend
of the watervay the differentcomponentsvould be receved with differentamplitude(related
to attenuation)and phase(relatedon wave speed). This will malke the shapeof the receved

signaldifferentfrom the original one.
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Figure 3.5: Atransmissionine canbe modelledasa seriesof interconnectedumpedsystems.

3.3.1 Modelling Transmissionlines with lumped components

As wasexplained,a transmissiodine is a distributed system.To understandhe wave propa-
gationpropertyof a distributed systemiit is betterto modelit asa seriesof lumpedsystems.
Lumpedsystemsare systemswvhosesizeis zero,so it takesno time for a wave to propagate
throughthem. Thereis no real lumpedsystemin the world but whenthe sizeof the systemis
very smallcomparingo thewavelength thenonecanassumehatthey arelumpedsystemsA

transmissioine modelledasa seriesof lumpedsystemss shavn in g[3.5].

To do this model, the transmissiorline is broken to small interconnectedransmissiorines
with thelengthof . Thelengthof thesesmalltransmissioriine shouldbe selectedso that
the wavelengthof the signalin the mediumbe much larger than the size of eachof these

transmissionines. If thewavelengthis then:

(3.22)

For alineartransmissiotine, eachof thesdumpedsystemsanbe modelledasacombinations
of inductor capacitorandresistorslif thetransmissionine is losslessthenthereis no resistor

in themodel.
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Figure 3.6: Modellinga smallsectionof a transmissiorine by discretelumpedcomponents.

3.3.1.1 Modelling alumped systemwith discretecomponents

If atransmissiorline is broken into small sectionswherethe size of eachsectionis much
smallerthanthewavelengthfor the highestfrequeng in thetransmissiotine, eachsectioncan
be modelledasalumpedsystem.Furthermorehis lumpedsystemcanbe modelledasshavn
in g[3.6].

Thevalueof and dependnthetransmissiodine characteristics.

3.3.1.2 Dispersionin atransmissionline

As wasshavn in g[3.5] and g[3.6], alongtransmissiorine canbe modelledby a seriesof
connected and sections.To nd thetransmissiorine dispersioreffect, it is sufcient to
nd thedispersioreffect of eachsmall section,sincethe transmissiorine dispersioreffectis

thesumof thedispersioreffect of eachof the smallsectiond58].

Theinputandoutputcurrentsandvoltagesarerelatedto eachotherasfollows:

(3.23)

Where and indicateinputandoutputrespectiely. Theover-baris usedfor shawing aphasor

quantity The matrix T is calledtransmissiommatrix andis in thegeneraform of:

(3.24)

Where isthephaseconstanand is thesizeof eachsection.

TheT modelfor eachsectionasshavn in g[3.6], canbebrokendown to 3 seriessggmentsas
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Figure 3.7: Breakingdowna T modelto 3 sggments.

shavn in g[3.7]. SincetheT sectionis the cascadef threesectionsasshavn in g[3.7], T

canbefoundasfollows:

(3.25)

Where and and arethetransmissiommatricesfor thethreesectionsshavnin g[3.7].
Sectionl and3 arethesamehencetheirtransmissiomatricesarethe same.Thetransmission

matrix for thesetwo sectionds asfollow:

(3.26)

Where istheangulafrequeng of thewave in themediumand isthetimefor thewaveto

propagateéhroughthesection.

It canbeshawvn thatthetransmissiomatrix for themiddlesection is:

(3.27)

Substitutingthevaluesfor and and in equation3.25,and nding thevalueof T and
comparingt with thegeneraform of asshawvn in equation3.24,thetransmissiormparameter

for thesectioncanbefound:

— — (3.28)

As seenfrom this equationthe phaseconstanfor thetransmissiorine, , is relatedto the ,

theangularfrequenyg of thewave.
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3.4 Conclusion

Soundwaves are mechanicallongitudinal, scalarwaves. Electromagnetiavaves are non-

mechanicaltrans\erse ,vectorwaves.

Whenawave reachesnobjectin the medium,thentheremaybesomere ection or scattering.
Re ectionis simpleto understanc&ndmodel,but scatterings complex anddif cult to model

mathematically

Any device thatguidesenegy from onepointto anothelis atransmissiotine. Thewave speed

in atransmissiorine mayberelatedto its frequeng, Thisis calleddispersion.
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Chapterd
TLM for modelling wave propagation

and its implementation

4.1 Intr oduction

TLM ( TransmissiorLine Matrix Modelling) is a numericaltechniquefor modellingfor wave
propagation.TLM wasoriginally usedfor modellingelectromagnetievave propagation[59],
[60], [61] but sinceit is basedon Huygensprinciple (seesection4.2.1on page48) it couldbe
usedfor modellingany phenomenavhich obeys this principle. Researchershavedthat TLM

canbeusedto solwve thefollowing problems:

Diffusionproblem[62].

Vibration[63]

Heattransfer{64]

Radar{65]

Electromagneticompatibility [66]
In this chapter Huygensprinciple is explainedandthenit is shavn how this principle could
be usedto modelwave propagation. Two dimensionsTLM modellingwill be explainedin
detailedandonedimensionabndthreedimensionallLM modellingwill beintroduced.TLM
canbe usein time reversal. This capabilityis explainedin section4.5on page79. SinceTLM

wasoriginally designedor electromagnetigvaves,in section4.7 on page80 therelationship

betweerthesetwo waves(electromagnetiandultrasound)will be presented.

4.2 Fromthe Huygensprinciple to TLM modelling:

TLM modellingis basedon the Huygensprinciple. In this sectionthis principleis explained

andit is shavn thatthe TLM is thediscreteversionof this principle.
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4.2.1 The Huygensprinciple

About 300yearsago,ChristianHuygenspublishedhis principlewhichis [67], [68]:

All pointsonawave front sene aspointsource®f sphericabecondaryavelets.
After atime thenew positionof the wave front will bethe surfaceof tangenyg
to thesesecondaryvavelets.

This principleis shavn in g[4.1]. At time O the centralpoint scattersa wave. Thewave front
attime isshavnin g[4.1(b)]. At thistime(time= ) we canassumehatall pointsonthe
wave front areactingasa point sourcegshavn in g[4.1(c)]) andthewave front atary time

later( for example ) is thewave front from thesesecondarpointsourceg g[4.1(d)] )

4.2.2 TLM modelling

Johns[59] modelledthis principle by samplingthe spaceandrepresentingt with a meshof
passve transmissiorline components He modelledthe wave propagationas voltage and
currenttravelling in this mesh. Time wasalsosampledandtherelationshipbetween , the

samplentenal and |, thesamplespaceijs:
4.2)

Where is thewave speedn themedium.In g[4.2] wave propagatiorin atwo dimensional
TLM meshis shavn.

Assumethat at time zero,animpulseis incidentto the middle node( g[4.2(a)] ?). This node
scatterghe wave to its 4 neighbouringnodes. The scatteredvave reacheghe neighbouring
nodesat time = (9g[4.2(b)]3). Now these4 nodesscatterwavesto their neighbouring
nodes( g[4.2(c)]%). At time = the wave front canbe found by nding wavesscattered

from pointsin g[4.2(b)] asshavn in g[4.2(d)]°. At eachtime step,eachnoderecevesan

This is two dimensionTLM modelling. In section4.4 ( page77) TLM modellingin one dimensionandin
threedimensionwill beexplained.

2Comparehiswith g[4.1(a)] onpage49.

3Comparethiswith g[4.1(b)] on page49.

4Comparehiswith g[4.1(c)] onpage49.

SComparethiswith g[4.1(b)] on page49.
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Wave front
At time
0 0
)
(a) A pointsourcescatteringvave (b) Wave front attime
Wave front  Wave front Wave front

At time At time At time

N

(c) Eachpointin thewave front actasapointsource (d) Wave front attime

Figure 4.1: Huygensprinciple
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(a) At time the centrepoint scattersaa wave. (b) Wave front attime
1/4
1/4 1/4
1/2 112 (14 | 172
1/2 1/2
12
112 l1/ | 12 12
-1/2 | -1/2 1/4p -1/4 | -1/2 \1/2 -1/4 q./4
1/2 1/4
1/2 1/4 /
+1/2 1/2 -1/2 Y1/2 1/4
1/2 1/4
1/2 1/2 1/2 1/2
F1/4
1/2 1/2 1/2
1/4 1/4
1/4
(c) At this time ( ) the pointsthat are on (d) At time the wave front can be
wave front scattemwaves. found by calculatingwaves scatteringfrom points

in g4.2(c)

Figure 4.2: Wavepropagationin a two dimensionallLM mesh
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incidentwave from its neighboursand scatterst to its neighbours. By repeatingthe above

calculationfor eachnode the wave distribution on the mediumcanbe calculate§ .

4.3 TwodimensionalTLM modelling

Basedontheaccurag andcompleity of the modellingmedium,onecanusel, 2 or 3 dimen-
sional TLM modelling. Two dimensionalTLM modellingis the mostpopularoneasit can
modelmostof the problemsandis moreef cient comparedo 3 dimensionallLM modelling.
In this sectiontwo dimensionall LM modellingis explainedin depthandin thesectiond.4(on

page77) TLM modellingin oneandthreedimensionswill be explain.

4.3.1 TLM modelling of a homogeneousnedium

Whenall sectionsof a mediumhave the samepropertiesthe mediumis referredashomoge-
neous.For modellinghomogeneoumediait doesnot needto considerthe mediumproperties
andhenceit is possibleto usethe simplemeshshavn in g[4.2]. Themeshshavnin g[4.2]

consistof severalnodes.Themodelfor onenodeis shavnin g[4.3]. Inthis g, represents

theincidentwave (voltagein thetransmissioriine) and  representshe scatteredvave.

The relationshipbetweenthe incidentwave ( voltagein transmissiorline ) andthe scattered

waveis:

- (4.2)

standsfor the incidentwave voltagesand standsfor the scatteredvave voltages,K and
K+1 arearbitraryconsecutie time stepsseparatedby the sampleintenal . Basedon this
equation,if the magnitudeof the wave (voltagein the TLM modelling)is known at ary time
thenthemagnitudeof wave in themeshcouldbefoundattime . By repeating

this for eachtime step,wave propagatiorcouldbe modeled.

5TLM implementatiorwill bediscussedn section4.3.60n page64
"TLM implementatiorwill bediscussedn sec4.3.6on page64.
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(a) Representatiom amesh (b) Actual model

Figure 4.3: Modelfor a nodein a TLM mesh

4.3.2 TLM modelling of a non homogeneousnedium

Inthe TLM modelexplainedin sec4.2.2thewave propagatethrougha homogeneoumedium
andthe propertiesof mediumneednot be considered.Whenmodellinga non homogeneous
medium,oneshouldconsidetthe propertiesof the mediumin themodel. For this reasora new

modelfor anodeis createcasshavn in g 4.4[69][70].

This modelis valid whenthe mediumis lossless.Whentherearesomelossin the medium,

thereis aresistorin parallelto thecapacitor( g[4.5] ) to modeltheloss[71].

For calculatingscatteringpneshouldcalculatehescatteringroltagebasednequatiord.2and

thenapplytheimpedanceshavnin g[4.6].

4.3.3 Dispersionof velocity of wavesin a TLM mesh

JohnsandBeurle[59]shaved thatthe speedof wave propagatiorin the meshdependn the

frequeng of thewave. They calculatethe following dispersiorrelationfor propagatioralong
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_||_

(a) Representatiom amesh (b) Actualmodel

Figure 4.4: Modelfor a hodein a nonhomaeneousnedium( and - )

Figure 4.5: Modelfor anodein anonhomaeneousnediumwhenthemediumhassomdosses.
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z 1/4C 1/4C
z 1/4C
— 3 — {3
z
z

Figure 4.6: Equivalentcircuit for a nodein a nonhomayeneousnedium.

themainmeshaxes( and axesin g4.2):

. - (4.3)

is the propagatiorconstant.in g4.7 the resultingratio of velocitieson the matrix andin

freespacds shawvn.

Whenthewave propagates axialdirection(directionalongX orY axis),thecut-of frequeng
isat— - ( isthefreespacewavelengthof the wave). However, no cut-off occursin the
diagonaldirection,wherethe velocity of wave is frequeng independenasis equalto —. In

intermediatadirectionsthe velocity ratio lies somavherein betweerthetwo curwes.

Whenthe wave frequeny is sothat thenthe speedof wave in the axial directionis

approximatelyequalto — andhencethe TLM meshmodelanisotropicmediun?.

This phenomenoiis shavn in g[5.5] onpage90. In chapter6 on pagel21this phenomenon

is explainedin moredetail.

8Sincethereis a samplefrom signalon every  andthe wave lengthis , thenthe TLM is an isotropic
propagatingnediumwhenthe samplepercycle of all frequenciesn themediumbe muchhigherthan4 sampleper
cycle.
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In conclusionThe TLM network simulatesanisotropicpropagatingnediumonly aslong asall
frequenciesrewell belon thenetwork cutof frequeng, in which casehenetwork propagation

velocity maybe consideredonstanbindequalto — where is thewave speedn free space.

4.3.4 Wave propagationin aTLM mesh

As it wasseenin theprevioussectionthespeedf thewave in themediumis equalto — (when
all frequenciesn the mediumarewell belov cutoff frequeng). This behaiour is investigate

in moredetailin this section.

4.3.4.1 Notations

As the wave propagatesn the TLM mesh,it passeghoughtseveral nodesto reachto it's
destination.To shaw the paththatthewaveis passingo reachto apoint, thefollowing notations
areused.Thewave shouldstartfrom the sourceandif thewave goesto left onewould write L
andif thewavesgo up hewould write U andsoR for right andD for down. At eachpointin
the paththe sign of the signalwould be calculated(if the signalsignchangedat thatpoint the

directionwould bewrittenin low casédetter:r u |l d respectiely).

4.3.4.2 Diagonaldirection

If thesourcds atpoint(50,50)andthereceveratpoint(51,51) thedistancebetweerthesource
andthereceveris —. Thewave reachego therecever attime , Therearetwo pathfor

wave to reachto therecever andthey are:

1. RU

2. UR

If thesourcegenerateanimpulse(Delta)signalasde ned:

(4.4)
The receved signalamplitudeis . Thereisn't ary paththat the signal canreachto the
recever with time delayof . Thereare 24 pathsthatthe signalcanreachto the recever
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Figure 4.7: Dispesion of thevelocityof wavesn a two-dimensional LM network.
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with time delayof . Thesepathsareshawvn in table[4.1].

| # | Pah

Amplitude || # | Path

Amplitude || # | Path |Amp|itude

RRIU -0.062500 2 RRUL 0.062500 3 RIrU 0.062500
4 RIUR -0.062500 5 RURI -0.062500 6 RULr -0.062500
RUUd -0.062500 8 RUdu 0.062500 9 RDuU | -0.062500
10 LrRU -0.062500 || 11 | LrUR -0.062500 || 12 | LURR 0.062500
13 | URRI -0.062500 || 14 URIr 0.062500 15 | URuUd -0.062500
16 | URDu | -0.062500 || 17 | ULrR | -0.062500 || 18 | UURD | 0.062500
19 | UUdR | -0.062500 || 20 | UdRU | -0.062500 || 21 | UduR | 0.062500
22 | DRUU | 0.062500 || 23 | DuRU | -0.062500 || 24 | DuUR | -0.062500
Table4.1: Pathsfrom sourceto pointasshavn in g[4.8] with time delayof

The wave comeswith positive signfrom 8 of thesepathsandwith negative sign from 16 of
thesepaths,the receved signalat the recever is -0.05. Thesesignalis very weakcomparing
to the original signalthat reachego the recever with time delayof 2 andsoit hasnegligible
effect on the output. The signalsthatreachego this point with time delayof 6, 8, 10,.. are
muchwealer. Sinceall othersignalsotherthanthesignalthatreachego therecever with time

delayof 2 areveryweak,it is possibleto ignorethemandassumehatthe signalreachego the

recever only with time delay of .9 Thereasorthatthe speedn diagonaldirectionis —

canbeeseenin g[4.8]. Thewave reachego pointA attime = but its distancefrom the
source(pointO)isonly . Thespeedcanbecalculatecasfollow:

(4.5)

(4.6)

— — 4.7)

— (4.8)

°It is anapproximatiorandto shav how onemay calculatethe speedn diagonaldirection. It would shaw later
thatthis methoddoesnt shav why the speedn the axial directionis relatedto speedandhencesn't agoodmethod
for studyingspeedn the TLM mesh.
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/K

Figure 4.8: Wavewill reac to pointA at time Butthedistancebetweemoint O andA is
only

4.3.4.3 Axial direction

In the axial direction,it is muchmorecomplicatedsincethe wave will reachto a pointat
attime , Soit seemghatthe speedof wave in this directionshouldbe andnot — as

shavnin g[4.9].

But a more carefulinvestigationof how wave will be propagatedn the mediumwould shav
thatthis theoryisn't correct. This investigationcanbe doneby nding how the wave will be
receved at ary speci ¢ point in the medium. The selectedboint is shavn in g[4.10]. The
distancebetweerthis pointandthe sourceis . The rst signalreachego this pointattime
. This pathfrom sourceto the point is clearly the shortestoneandis the line between

thesetwo point. If the sourcegeneratanimpulse(Delta)signalasde ned:

(4.9)

Therecevedsignalatpoint A atthistime ( ) is:

_ (4.10)

58



TLM for modellingwave propagatiorandits implementation

Figure 4.9: Wavewill read to pointA attime andthedistancebetweerpointO andAis

Figure 4.10: Thedistancebetweerpoint A andsourceis
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Thereisn't ary paththatthe signalcanmove alongandreachto point A with time delay of

. Whenthetime delayis

thereare 144 paths. All of thesepathsshawn in table

4.2
| # Path | Amplitude || # | Path | Amplitude || # | Path Amplitude
1 RRRRRRRRRRRI | -0.000244 2 RRRRRRRRRRIr | 0.000244 3 RRRRRRRRRRd | -0.000244
4 RRRRRRRRRRDu| -0.000244 5 RRRRRRRRRIFR | 0.000244 6 RRRRRRRRRRD 0.000244
7 RRRRRRRRRIAR -0.000244 8 RRRRRRRRRDR 0.000244 9 RRRRRRRRRDuR | -0.000244
10 RRRRRRRRIFRR 0.000244 11 RRRRRRRRIRRD 0.000244 12 RRRRRRRRIRDR 0.000244
13 RRRRRRRRIARR | -0.000244 14 RRRRRRRRDRR 0.000244 15 RRRRRRRRDRIR 0.000244
16 RRRRRRRRDuRR| -0.000244 17 RRRRRRRIFRRR 0.000244 18 RRRRRRRIRRRD | 0.000244
19 | RRRRRRRJIRRDR | 0.000244 20 | RRRRRRRJRDRR | 0.000244 21 RRRRRRRIIRRR | -0.000244
22 | RRRRRRRDRRRK 0.000244 23 | RRRRRRRDRRR 0.000244 24 | RRRRRRRDRIRR | 0.000244
25 RRRRRRRDuURRR| -0.000244 || 26 RRRRRRIFRRRR | 0.000244 27 | RRRRRRIRRRRD | 0.000244
28 | RRRRRRJRRRDR | 0.000244 29 | RRRRRRJRRDRR | 0.000244 30 | RRRRRRJRDRRR | 0.000244
31 RRRRRRIIRRRR | -0.000244 32 RRRRRRDRRRR 0.000244 33 RRRRRRDRRRIR 0.000244
34 RRRRRRDRRIRR 0.000244 35 RRRRRRDRJRRR | 0.000244 36 RRRRRRDuRRRR | -0.000244
37 RRRRRIFRRRRR 0.000244 38 RRRRRURRRRRD | 0.000244 39 RRRRRJRRRRDR | 0.000244
40 RRRRRURRRDRR | 0.000244 41 RRRRRURRDRRR | 0.000244 42 RRRRRJRDRRRR | 0.000244
43 RRRRRJIJRRRRR | -0.000244 || 44 | RRRRRDRRRRR 0.000244 45 | RRRRRDRRRRR 0.000244
46 | RRRRRDRRRIRR | 0.000244 47 | RRRRRDRRJRRR | 0.000244 48 | RRRRRDRJRRRR | 0.000244
49 RRRRRDURRRRR| -0.000244 || 50 RRRRIrRRRRRR | 0.000244 51 | RRRRJRRRRRRD | 0.000244
52 | RRRRJRRRRRDR | 0.000244 53 | RRRRJRRRRDRR | 0.000244 54 | RRRRJRRRDRRR | 0.000244
55 RRRRURRDRRRR | 0.000244 56 RRRRURDRRRRR | 0.000244 57 RRRRUJRRRRRR | -0.000244
58 RRRRDRRRRRR 0.000244 59 RRRRDRRRRRIR 0.000244 60 RRRRDRRRRIRR 0.000244
61 RRRRDRRRJRRR | 0.000244 62 RRRRDRRJRRRR | 0.000244 63 RRRRDRJRRRRR | 0.000244
64 RRRRDURRRRRR| -0.000244 || 65 RRRI'RRRRRRR | 0.000244 66 | RRRURRRRRRRD | 0.000244
67 | RRRURRRRRRDR | 0.000244 68 | RRRURRRRRDRR | 0.000244 69 | RRRURRRRDRRR | 0.000244
70 | RRRURRRDRRRR | 0.000244 71 | RRRURRDRRRRR | 0.000244 72 | RRRURDRRRRRR | 0.000244
73 RRRUdJRRRRRRR | -0.000244 || 74 | RRRDRRRRRRR 0.000244 75 | RRRDRRRRRRR 0.000244
76 RRRDRRRRRIRR 0.000244 v RRRDRRRRJRRR | 0.000244 78 RRRDRRRJRRRR | 0.000244
79 RRRDRRJRRRRR | 0.000244 80 RRRDRJRRRRRR | 0.000244 81 RRRDuURRRRRRR | -0.000244
82 RRIFRRRRRRRR 0.000244 83 RRURRRRRRRRD | 0.000244 84 | RRURRRRRRRDR | 0.000244
85 RRURRRRRRDRR | 0.000244 86 RRURRRRRDRRR | 0.000244 87 RRURRRRDRRRR | 0.000244
88 | RRURRRDRRRRR | 0.000244 89 | RRURRDRRRRRR | 0.000244 90 | RRURDRRRRRRR | 0.000244
91 RRUJRRRRRRRR | -0.000244 || 92 | RRDRRRRRRRR 0.000244 93 | RRDRRRRRRRR 0.000244
94 | RRDRRRRRRIRR | 0.000244 95 | RRDRRRRRJIRRR | 0.000244 96 | RRDRRRRIRRRR | 0.000244
97 | RRDRRRJRRRRR | 0.000244 98 | RRDRRURRRRRR | 0.000244 99 | RRDRURRRRRRR | 0.000244
100 | RRDURRRRRRRR| -0.000244 || 101 RIrRRRRRRRRR 0.000244 || 102 | RURRRRRRRRRD | 0.000244
103 | RURRRRRRRRDR| 0.000244 (| 104 | RURRRRRRRDRR| 0.000244 || 105 | RURRRRRRDRRR| 0.000244
106 | RURRRRRDRRRR| 0.000244 (| 107 | RURRRRDRRRRR| 0.000244 || 108 | RURRRDRRRRRR| 0.000244
109 | RURRDRRRRRRR| 0.000244 || 110 | RURDRRRRRRRR| 0.000244 || 111 | RUIRRRRRRRRR | -0.000244
112 | RDRRRRRRRRK 0.000244 || 113 | RDRRRRRRRRR 0.000244 || 114 | RDRRRRRRRIRR | 0.000244
115 | RDRRRRRRJIRRR | 0.000244 (| 116 | RDRRRRRJRRRR | 0.000244 || 117 | RDRRRRJRRRRR | 0.000244
118 | RDRRRJRRRRRR | 0.000244 (| 119 | RDRRURRRRRRR | 0.000244 || 120 | RDRURRRRRRRR | 0.000244
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Figure 4.11: A graphicaldemonstation of pathRRRRRRBRDRR( pathnumber20 in table

4.2).

# Path Amplitude # Path Amplitude # Path Amplitude
121 | RDURRRRRRRRR| -0.000244 || 122 | LrRRRRRRRRRR | -0.000244 || 123 | URRRRRRRRRRD| 0.000244
124 | URRRRRRRRRDR| 0.000244 || 125 | URRRRRRRRDRR| 0.000244 || 126 | URRRRRRRDRRR| 0.000244
127 | URRRRRRDRRRR| 0.000244 || 128 | URRRRRDRRRRR| 0.000244 || 129 | URRRRDRRRRRR| 0.000244
130 | URRRDRRRRRRR| 0.000244 131 | URRDRRRRRRRR| 0.000244 132 | URDRRRRRRRRR| 0.000244
133 | UJRRRRRRRRRR| -0.000244 || 134 | DRRRRRRRRRR 0.000244 135 | DRRRRRRRRRR 0.000244
136 | DRRRRRRRRIRR 0.000244 137 | DRRRRRRRIRRR 0.000244 138 | DRRRRRRIRRRR 0.000244
139 | DRRRRRJRRRRR | 0.000244 140 | DRRRRJRRRRRR | 0.000244 141 | DRRRURRRRRRR | 0.000244
142 | DRRURRRRRRRR | 0.000244 || 143 | DRURRRRRRRRR| 0.000244 || 144 | DuRRRRRRRRRR| -0.000244

Table4.2: Pathsfrom sourceto pointasshavn in g[4.10] with time delayof

For examplepathfor RRRRRRRIRDRR (pathnumber20in table4.2) shavnin g[4.11].

Therecevedsignalwith atime delayof
all of thesepaths,whichis equalto

delay

canbecalculatedby addingtheamplitudedor

. Comparedo therecevedsignalfor time

, eventhoughthat the receved signalfrom eachpathis wealer, thereare more

paths sothetotal signalthatwill berecevedis stronger

If onetriesto nd pathsfor time delays

10 onewould nd thatthereare 8281 paths

from the sourceto recever at point (10,0). The signalfrom 4856pathswill berecevedwith a

positve signandfrom 3416pathsit will berecevedwith anegative sign. Theamplitudeof the

receved signalfrom eachpathis

with time delayl4is:

Thereisn't ary pathwith time delay13

andthe total receved signalat point (10,0)
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(4.11)
(4.12)
(4.13)
(4.14)

Comparingthis with time delay , it could be seenthatthe signalamplitudeis stronger
Thereasonis thatevenif the signalfrom ary one pathis wealer, thereare more pathsthan
beforeandthis compensatethe fact that the signal from eachpathis wealer. By doingthe
sameprocedurdor time delay it couldbeseerthatthesignalfor thistime delay( )
is wealer thansignalfor time delay . Thereceved signalsfor time delaysgreaterthan
arewealer thanreceved signalfor time delay . Table4.3 shawv this phenomena

in detail. The casefor time delay is different. If the receved signalfor this time delay

Delay | Totalpaths| + paths | - paths | Pathamplitude | Totalamplitude

1 1 0
144 120 24
8281 4865 3416

313600 | 157152 | 156448
9363600 | 4666248 4697352

Table 4.3: Comparisorbetweerreceivedsignal with differenttime delay

is calculatedit is strongerthanthe receved signalfor time delay but the sign of the
receved signalis negative . As the numberof pathsis increasingapidly; it is not possibleto

nd aclearunderstandingf how therecevedsignalis generatedhasedn the sourcesignal.

4.3.5 TLM meshasadigital lter

SinceTLM algorithmis an iterative algorithm, the authorsuggestedo modelit asa digital
lter 11 . Eachnodecanbe modelledasa digital Iter with four input andfour output. The

TLM meshis an interconnectedneshof thesefour input / four outputdigital lters. This

"This modellingis veryimportantsincewhena TLM meshis modelledasa digital Iter, onemaythink of why
the samplingratetheorywhich tells thatit would be possibleto recreatea signalwith only two sampleper cycle
doesnotwork hereandalsoonemaytry to nd to atransferfunctionfor the TLM mesh.All of theseinvestigations
leadstheinvestigatoto nd anew samplingratetheorywhich is explainedin chapter6 on pagel21.
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—= L. = —
_ _ V2k+1 V4K
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(a) TheTLM meshasainterconnectedheshof dig- (b) Onenodein a TLM meshasa four input/ four
ital Iters. outputdigital Iter.

Figure 4.12: TheTLM meshcanbe modelledasan meshof interconnectedligital Iter s.

shavnin g[4.12].
For nding thedigital Iter modelfor anode theequatior.2whichisin matrix format,could

bewrittenin the following form:

- (4.15)
_ (4.16)
- (4.17)

- (4.18)

To male it morelike aniterative algorithmit couldbewritten as:

_ (4.19)
- (4.20)
_ (4.21)

_ (4.22)
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Figure 4.13: Thedigital Iter realizationfor - of a node

Eachof theseequationcanberealizedby a digital Iter asshavnin g[4.13]. By combining
thefour sectionof a nodeto eachotherthemodelfor awholenodecanbecreatedasshovn in
g[4.14].

4.3.6 Implementinga TLM model

SinceTLM is a numericalmodel,it shouldbe implementedn software or hardware. Imple-
mentingit in softwareis thefastestvay to createa modelbut by implementingt in hardware,

thefastestvay for modellingwave propagatiorcould be obtained.

Thealgorithmfor implementingTLM in softwareandhardwareis approximatelythe same.It

consistof two steps:

Incident: At thisstepthevalueof outputvoltagesor next time stepwill becalculatedlt could
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1/2

Figure4.14: TheDigital lter realizationfor a node
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bedoneby usingthefollowing setof formula:

- (4.23)
- (4.24)
- (4.25)

- (4.26)

Scattering: At this step,the outputvoltagefrom eachnodewould be usedasthe input of the

neighbouringhodes.This couldbedoneby usingthe following setof formulae:

(4.27)
(4.28)
(4.29)
(4.30)

Thisis shavnin g[4.15].

Theseformulaeare for two dimensionalTLM. For one dimensionaland three dimensional
TLM modelling,thestepsarethesamebut the numberof inputandoutputvoltagess different,
dependingnthenumberof dimensiondeingmodelled for examplefor onedimensionall LM

modellingwe have only two voltagesandhencethe formulawill bereducedo two formulae

for eachstep.

4.3.6.1 In asingle CPU computer

Whenworking with asingleCPU, all of the processings donein oneCPUandhencehesame

algorithmcouldberepeatedor all nodesin themedium.

Therearetwo type of algorithmsfor implementatiorof TLM :

Speedoptimized: This modelhasthefastespossiblespeed.

Memory optimized: This modelusestheleastpossiblememory
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Figure 4.15: Nodeplacemenfor scatteringstep.
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4.3.6.2 Speedoptimized implementation

In this type of implementationmorememorywill be usedbut the numberof executednstruc-

tion is less,soit is fasterthanthe otherversionof this algorithm.

In this algorithm,thereis 8 memorylocationsfor eachnode. Four of thesememorylocations
arefor input voltagesandthe otherfour locationsarefor outputvoltages.During theincident
step,thevalueof the next outputvoltagesarecalculatedbasedn input voltagesandputin the
memorylocationsthatareresered for theseoutputvoltages.In the scatteringstep,the output
voltagesof eachnodeis appliedastheinput voltagesfor neighbourshodes. The algorithmis

asfollow:

Require: 8 memorylocationfor eachnode.
1: Initialize memorylocations.
2: for all time stepsin simulationtime do

3: for all nodedn themeshdo

4: Calculatethe outputvoltagesandput themin outputvoltagememorylocations.

5: for all nodesn themeshdo

6: Exchangeroltageshetweemodes Putoutputvoltagego theinputof neighbouring
node.

7 endfor

8: endfor

9: endfor

Thetotal memoryneededo modelamediumwith N nodesandT time stepsis:
(4.31)

For calculatingeachoutputfor eachnode(incidentsection)andexchanget with neighbouring

nodes(scatteringsection) the following operationshouldbe donée?:

(4.32)
(4.33)
(4.34)

12Theadditionsare 16 for incidentcalculationand4 to nd neighbouringnodes.

68



TLM for modellingwave propagatiorandits implementation

Sothe numberof operationghatshouldbedoneto nish a TLM modellingwith N nodesand

T time stepswould be:

(4.35)
(4.36)
(4.37)

Thisalgorithmis usefulwhenonewantsto modelasmallmeshfor alongtime. In thissituation,
sincea smallmeshis modelled, hencetheincreasén memoryis notimportant.It is alsogood
for implementingin hardware asthe operationsat eachnodeare separatedrom operationsat
all othernodes.Oneway for designinga hardwareimplementatiorof TLM modelis to design
a small CPU for eachnodewith 8 memorylocationon it andtheninterconnecthesesmall

CPUsto eachotherto make amesh.

4.3.6.3 Memory optimized implementation

With this algorithm, lessmemorywill be usedbut the numberof operationds higher(com-
paredwith the previous algorithm). Thereis only needfor 4 memorylocationsfor eachnode.
The numberof operationds highersincesomekind of temporarymemoryfor holding data
during operationsshouldbe usedandthenthesetemporarydatashouldbe returnedto origi-
nal memorylocationswhich addssomememorymovesto the operation. The algorithmis as
follow:
Require: 4 memorylocationsfor eachnodeand4 temporarymemorylocations.

1: Initialize memorylocations.

2: for all time stepsdo

3: for all nodesn themeshdo

4: Calculateall of the outputvoltagesandput themin temporarymemorylocations.

5: Transferthe contentof the temporarymemorylocationsto the input voltagesloca-
tions.

6: for all nodesin themeshdo

7 TMP

8:

9:
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10: TMP
11:

12:

13: endfor
14:  endfor
15: endfor

In this algorithm4 memorylocationsis neededor eachnode,soin the caseof modellinga

meshwith N node thetotal memoryneededs:

(4.38)

Thenumberof operationsieededo proceson eachnodeis:

(4.39)

(4.40)
(4.41)

Sothenumberof operationsequiredto nish aTLM modellingwith N hodesandT time steps

would be:
(4.42)
(4.43)

(4.44)

Thisalgorithmis agoodalgorithmwhenonewantsto modelabig meshoverashorttime steps.
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4.3.6.4 In aparallel computer

SinceTLM needsa large amountof memoryand CPU power to modelwave propagationit is
impossibleto modela real wave propagatiorproblemwith normalcomputer$®. For example
if the sizeof the mediumthatwe wantto modelis 1lcmby 1cmby 1cmandwe areusingthree
dimensionalTLM modellingandthe speedof wave in the mediumis —14 andthe wave
frequeng be 1.5 MHZ 15 then:

(4.45)

(4.46)
(4.47)

For creatinga homogeneousnedium,thereis a needto modelwith at least50 sampleper

cyclet®, sowe need( SPC= SamplePerCycle) :

(4.48)

(4.49)
(4.50)

If for storingeachdatawe use8 bytes(doubleprecision)theneachnodeneeds32 bytesof

memoryandthe memoryneededor modellingis:

13At thetime of this writing, agoodworkstationhas512 Mega-byteof RAM.

M papproximatelythe speedbf soundin thewater[48], [38].

5Thenormalfrequeny for medicalultrasoundmaging.

®In chapter6 on page121 a new samplingratetheorywill be explainedwhich will dramaticallyreducethis
number
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(4.51)
(4.52)
(4.53)
(4.54)

This amountof memoryis availableonly in parallelcomputer$’. For this reasongspecially
whenthe modelis 3 dimensionalthe modellingshouldbedonein parallelcomputers.

For modellingin a parallelcomputet®, we divide a mediumto somesectionsandthenprocess
eachsectionon one CPU, theresultof theseprocessvould be exchangedwith eachother In
g[4.16], the mediumthatwe wantto modelis shavn. Beforewe candivide the mediumwe
should nd out how mary CPU's areavaliable®. If we have N CPU's we shoulddivide the
mediuminto N sections.The bestway is to divide it in a symmetricaway?°. In g[4.17] this
division for somenumberof CPU is shavn. After dividing the mediumto sub-mediagach
processomodelsonesub-mediaAt the boundarywhenit is necessaryo exchangedatawith
next sub-mediathe datais putin a buffer. whenthe processingor oneincidentstepis n-
ished,thebuffer on eachCPU s exchangedwith the correspondindpuffer in the neighbouring
CPU.Sinceit is very dif cult to shav this procedurdn 3D, A 2 dimensionamodelis shavn
in g[4.18]. Themodellingstartsby settingup the buffer andmediumnodedatato initial con-
ditions( g[4.18(a)]). Duringtheincidentstep,whenary nodeatthe boundaryneedsglatafrom
aneighbouringhodewhich resideson a differentCPU, it shouldgetit from the corresponding
buffer ( g[4.18(b)]) After theincidentstep,the scatteringstepfor all nodesin the submedium
would be done. The scatteringdatafrom a nodeon the boundarythat would be written to
anodein a mediumon anotherCPU, shouldbe written to the buffer ( g[4.18(c)]). Thenthe
buffer on eachCPUwould be exchangedvith thecorrespondindpuffer in theneighboutCPU?!
(9[4.18(d)]). Thisprocessvould berepeatedor all time steps.

It shouldbe notedthatit is trueatthetime of writing.

18The exactalgorithmthatshouldbe usedin a parallelcomputerdependf type of parallelcomputetin useand
thelanguagehatthe softwarewantsto write with it. Therearesomeothertypesof algorithmsfor differentparallel
computerstructure[72] [73]. MPI (MessagdPassinginterface)wasusedfor writing parallelcodesthatcanberun
on severalplatforms[74] andthe programmindanguages C.

¥In MPI usecommandMPI_Commsize().

20In MPI usecommandMPI_Dims._create().

2LIn MPI usecommandsMPI_Isend()andMPI_Irecv()

72



TLM for modellingwave propagatiorandits implementation

/

Figure 4.16: A 3 dimensiommediumfor modelling

Deadlock Deadlock happensn parallelprogramming? whenone CPU is waiting for an-
otherCPU andthe other CPU for somereasornis waiting for the rst CPU (see g[4.19]). In
thesimplestform, CPUA is waiting for CPUB (for exampleto receve datafrom it) andCPU
B is waitingfor CPUA asshovnin g[4.19(a)]. In amorecomplex formatof deadlock, CPU
A is waiting for CPUB whenCPUB is waiting for CPUC and... CPUX is waiting for CPU
A asshovnin g[4.19(b)].

Deadlockshouldbe solved by usingsomeof the parallelcomputerfeatured®. If the parallel
computerfeaturecant help usto solve the problem,the following algorithmcansole it. It
will beexplainedfor changinghe buffersamongthe CPUsin the X direction.It canbesimply
extendedto exchangebuffersin Y and Z directions. The CPUsshouldbe numberedin X

direction. Theodd numberedCPUsusethefollowing algorithm:

Require: OddnumberedCPU(CPUnumberis 2n+1)
1. Sendcorrespondindpuffer to CPUnumber2(n+1)

Z2Theoreticallythis problemshouldnt bein aserialprogram.
2In MPI, datawould be sentin a nonblocking formatandthenafter sendingall of the buffers (4 buffer for 2D
modellingand6 buffer for 3D modelling)the programshouldwait to receve datafrom the otherCPUs.
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Figure 4.17: Division of themediumio sub-media.
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(c) During the scatteringstep,datafrom anode (d) At theendof scatteringon eachsub-media,
on boundarywhich wantsto go to a nodeon a the buffers betweentwo adjacentsub-media
sub-median a differentCPUwould bewritten would beexchangedvith eachother
to the buffer.

Figure 4.18: Algorithmfor modellingin a parallel computer
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Figure 4.19: Deadlock in modellingwith a parallel computer
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Figure 4.20: TLM modellingin onedimension.
2: Receve buffer from CPUnumber2(n+1)

3:

4:

Sendcorrespondindpuffer to CPUnumber2n

Receve buffer from CPUnumber2n

TheevennumberedCPUsshouldusethefollowing algorithm:

Require: EvennumberedCPU(CPUnumberis 2n)

1:
2:

3
4:
5
6

Receve buffer from CPUnumber2n-1andputit in atemporarybuffer.
Sendcorrespondindpuffer to CPUnumber2n-1

. write thevalueof temporarnybuffer to original buffer.

Receve buffer from CPUnumber2n+1andputit in atemporarybuffer.

. Sendcorrespondindpuffer to CPUnumber2n+1

. write thevalueof temporarybuffer to original buffer.

It shouldbenotedthatef ciency of thesealgorithmsdepend®ntheparallelcomputehardware

andsoftwareandis outwith the scopeof this writing.

4.4 Onedimensionaland threedimensional TLM modelling

The two dimensionalTLM modellingwas explainedin detail in the previous section. TLM

modellingin onedimensiorandthreedimensionss explainedherebrie y. Mostof thetheories

for 2 dimensionamodellingcaneasilybe extendedto onedimensionabndthreedimensional

modelling.

4.4.1 Onedimensional TLM modelling

OnedimensionallLM modellingis very similar to thetransmissiorines explainedin section

3.3. A onedimensionallLM modelis shavn in g[4.20].
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Figure 4.21: TLM modellingin threedimensiong9].

4.4.2 Threedimensional TLM modelling

In threedimensionallLM modelling,eachnodeconnectgo 6 neighbouringhodesasshavn in
g[4.21].

Thenodemodeldepend®nthewave type: vectorwave or scalarwave.

Sinceelectromagnetiwavesarevectorwaves,thenodemodelfor themis very comple. Since
the soundwavesarescalarwaves, it is possibleto usea scalarTLM to modelthem. Thenode

modelfor ascalarTLM modelis shavn in g[4.22].
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V2

V6 V3

V5

V4
Figure 4.22: Nodemodelfor scalar TLM modelling

Therelationshipbetweerinputvoltageso eachnodeandscatteredoltagesrom eachnodeis:

- (4.55)

4.5 InverseTLM modelling

SorrentincandHoefer[75]shavedthatthe TLM canbereversed They shavedthatthetrans-

missionmatrix for eachnode andits inverse areequal(Thisassumeslinear Homoge-
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neousmedium):

(4.56)

This meansthat it shouldbe possibleto usethe TLM modelling algorithmfor inverseTLM

modelling[76].

Whenwe areworking with inverseTLM modelling,we areworkingin inversetime sothatwe

canwork backwardin timeto nd thesourcerom aknowledgeof its wave elds [77],[78],[79].

4.6 Other topicsin TLM modelling

4.6.1 Modelling non linear waveswith TLM

By replacingC and/orL to anonlineardevice, The TLM canbeusedto modelnonlinearwaves
[80].

4.6.2 Different type of meshes

The TLM meshthatwasexplainedherewassquaremeshesTherearesomeactive researcton

othertypesof meshe¢81].

4.7 TLM modelling of ultrasound wave propagation

The TLM was originally usedfor modelling electromagnetiavave propagation.In electro-
magneticwave propagatiormodelling, the electricand magneticwaves are modelledin the
transmissiotine by voltageandcurrentrespectiely. For modellingthe ultrasoundvave prop-
agationwe can usethe similarity betweenthe electromagnetiavaves and ultrasoundwaves
(Table4.4)[82],[83].
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Thenthemechanicaultrasoundvave is modelledelectricallyasanequialentelectromagnetic

wave. Thisfollows along establishmerpracticeof modellingmechanicasystemsaselectrical

analog.
Electromagneti®Vave | UltrasoundWave
ElectricField Pressurd-ield
MagneticField DisplacemenkEield
Current Velocity
Permittvity () Compressibility( )
Permeability( ) Density( )

Table 4.4: Similarity betweerElecttomayneticwavesand Ultrasoundwaves

4.8 Conclusions

TLM is anumericalttechniqueor modellingwave propagationlt is anef cient techniquehat

canbeimplementechotonly in singleCPU computerdut alsoin parallelcomputers.

TLM meshcanbemodelledasadigital Iter . Foratwo dimensionallLM modelling,eachnode
canbe modelledasa four input- four outputdigital Iter andthe TLM meshcanbe modelled

asa connectiorbetweerthesedigital Iters.

Sincesoundwavesarescalarwaves,scalarthreedimensionallLM canbe usedfor modelling

wave propagation.

InverseTLM is TLM in time reversal.lnverseTLM couldbeusedto nd theorigin of awave

propagatiorwhenthe wave distribution in the mediumis known.

TLM canbeusedto modelultrasoundvave propagatioraswell aselectromagnetiavaves.
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Chapterb
Experimentswith TLM

5.1 Intr oduction

In this chapterTLM is usedto modelsomewave propagatiorphenomenaln mostof cases
a point sourceis placedin the mediumandthe shapeof wave propagatioris saved frame by
frame. Someof theseframeswill be shawvn here. By usingall of the framesmaovies were
createdshawving how the waves propagate.Sinceit is only possibleto shav a few framesin
thisthesisanimationshasbeenincludedon a CD thatcomeswith thethesis.This chapterdeals
with the useof TLM for modellingwave scatteringfrom a small object,wave re ection from
a large object,wave interferencearraytransducersindthe Dopplereffect. Firstthe setup is

explained,sincethe setupandthe notationis the samefor all of themodellingexamples.

5.2 Experimental setup,input, output and notation

In this sectionmodellingsetupis explained,includinghow input or outputis generate@ndthe

notationthatis used.

5.2.1 The modelling setup

All of themodellingexamplesin this chapteraredoneby a TLM modellinglibrary developed
by theauthorin C++. Thelibrary is in pureC++ andcanbe compiledon ary platform. Here,
a PC computerwith an AMD K5 processorunningat 166 MHZ wasused. The computer
has128 Mbyte of RAM. Thelibrary is fastenoughandusesthe"Low memory”techniqueas
explainedin sectiorn4.3.6.3on page69.

All of themodellingis of a2 dimensionTLM. Themediumsizeis alwaysnormalizedoy  so
whenthemediumsizementionedis , it meanghatthemediumsizeis
All of theaddressn the mediumis relative to bottomleft cornerof the medium. For example

point ( 50,100) in amediumwith size is exactly in themiddle of themedium.
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Themodellingtime is alsonormalisedby . A modellingtime of meanghatthe mod-

ellingtimeis

5.2.2 Inputs

Sincethis s digital modelling,all of the signalsis injectedto the mediumshouldbein digital

form. Themostimportantsignalthatis injectedinto thesystemis asinusoidakignal. The peak
amplitudeof thesinusoidakignalis always1 andits frequeng expressedbasecnthenumber
of samplegercycle. For exampleif thenumberof samplegercycle of thesinusoidakignalis
20, it will beexpresse@s”a sinusoidakignalwith 20 samplegpercycle or in theshortform as
a20samplesinusoidal”.If thesinusoidakignalisn't continuoughedurationof the signalwill

beexpressedn termsof samplegoo. For example”a 20 samplesinusoidakignalwith duration
of 100" meanghata sinusoidalsignalthatis sampledat 20 sampleger cycle is injectedinto
the systemfor the durationof 100 sampleq Therewould be 5 cyclesof the sinusoidalsignal

in theinjectedsignal.).

5.2.3 Modelling output

Theoutputof themodellingproceswill be presentedn oneof thefollowingsway:

Time amplitude graph This graphshaws the receved signal at one of the mediumpoints
duringmodellingtime.

Frame by frame Herethesignalpowerateachpointin themediumis savedataspeci ctime.

Thesevaluesareusedto drav some2 dimensionr 3 dimensionsgures.

5.2.3.1 Time amplitude graph

As anexampleto this type of output,assumehatarecever is placedatthe point (50,60)anda

pointsourceatthepoint (50,50)in amediumwith size asshavnin g[5.1].

A 20samplesinusoidakignalwith thedurationof 100sampless usedasthesourcesignaland
the correspondingignalat the recever is saved. The signalat the sourceplace andreceved

signalareshavnin g[5.2]. Thehorizontalaxisistimein andtheverticalaxisis amplitude.

This is the signalasseerby arecever atthe sourceplaceandnot the generatedignalby the source.
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Figure 5.1: Mediumsetupfor modellingexample
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Figure5.2: Signalat the source pointandreceivedsignalfor modellingexample

Fromthis simpleexamplethefollowing propertiesof TLM modellingcanbe determined:

1. Thetime delay betweenthe receved signaland sourcesignalis 14, which is equalto
. Sothe speedn themediumis —. Where is the speedof wave in thereal

medium.
2. Therecevedsignalis muchwealerthanthe sourcesignal.

3. After the main signal,thereis a very weaksignalwith a frequeng equalto the natural

frequenyg of the TLM whichis a sinusoidakignalwith four samplein acycle.

5.2.3.2 Frame by frame

In thistype of presentationpneimagepertime stepis created Sincetherearethreevariables:

X,Y andAmplitude,datacanbedravn in severalways. Two waysusedhere:Colourcodeand

3 Dimensions.

Colour code: In this type of presentationthe amplitudeof signalat eachpointis corverted
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Figure 5.3: wave propagation in a mediumby using Colour code drawing (Time difference
betweereat twopicturesis5 ).

to a colour anda 2 dimensionalpicture of the mediumis created. It is importantto

understandhow thesepicturesarecreated.Thefollowing stepswereused:

1. At theendof eachtime stepin the TLM modelling,the amplitudein eachpointis

calculatedby addingthe 4 voltagesincidentonthenode.

2. The absolutevaluefor the amplitudeof eachnodeis usedandcorvertedto RGB

(Red, Green, Blue) colourcodes.

3. Thesevaluesareusedto createanimage le in PPMformat

(seehttp://wvwwswin.edu.au/astronty/pbourke/datdormatsppm/ )

4. ImageMagick(http://wwwsimplesystems.gfimageMagick/) wasusedto corvert

themto EPSformatandthenaddingthemto thisthesis.

In g[5.3] asampleoutputis shavn. Thetime differencebetweenadjacenipicturesis

. Thiskind of representatiois goodwhenthe propagatiorshapeneedgo beshavn.

3 Dimensional: In this type of representationamplitudeis useon the Z axis to createa 3

dimensionalmage.Thistypeof imagess createdby usingthefollowing steps:

1. At the end of eachtime stepin TLM modelling, the amplitudein eachpoint is

calculatedby addingthe 4 voltagesincidentonthenode.

87



Experimentsvith TLM

2. For eachframe,thenodeamplitudesaresavedin a le.

3. GNUPLOT (http://www.gnuplot.og/) is usedto drav a 3 dimensiongraphbased

ontheeachle (onegraphfor eachframe).

4. Thegraphsareexportedin EPSformatfor addingto this thesis.

Thistypeof representatiois goodfor representingvave amplitudeat differentpointsin

themedium.

Movie: It ispossibleo createamovie basednaserief relatedrames.A movie wascreated
shaving how a wave propagatesn the medium. For creatingthesemovies, Mpeg2enc
(http://mwwmpey.oig/MPEG/MSSG/)s usedto corvert PPMimageso MPEGmovies.
ImageMagickis usedto convert exportedimagesirom GNUPLOT to PPMformat. The
moviesareaddedto the CD thatcomeswith this thesis.All of themoviesarein MPEG
format. Most of the MEPG playerscanplay thesemaves. Windows mediaplayeris the
bestonefor playingthesemoviesin windows operatingsystem.The movie thatshavs
the wave propagatiorasrepresenteih g[5.3] isin le ” " andthe

movie thatshavsthewave propagatiorasrepresenteth g[5.4] isin le ”

5.3 The speedof awavein the mesh

As explainedin sec4.3.3on page52, Whenthe samplingrate? is near4 sampleper cycle,
the wave speedsn the axial andthe diagonaldirectionsarent the same. This phenomenas

illustratedin g[5.5]. Thesamplingratefor theexperimentin g[5.5] is 5 samplesercycled.

Whenthe samplingrateis muchhigherthan4 sampleper cycle, the wave propagatesn the
diagonalandthe axial directionswith the samespeed.This speeds —, where isthespeed
of wave in therealmedium.For exampleif the transmitteris at point andtherecever
is at point thenit takes B or about for the wave to reachthe to
recever from thetransmitter In g[5.6], thewave propagatiorshapeas shavn for the caseof

20 samplegercycle.

In g[5.7], thereceved signalatthe recever is shavn. Despitethe factthatthe distancebe-

tweentransmitterandrecever is the signalis receved at the recever at time

2Theterms”samplingrate” and”samplepercycle” will beusedinterchangeably
3The related MPEG for this series is shavn in and
onthe CD accompan thethesis.
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Figure 5.4: wavepropagationin a mediumby plotting datain 3 dimensiong Timedifference
betweeread two picturessis 5 ).
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Figure 5.5: Whenthe samplingrate is near 4 sampleper cycle wavepropagation isn't the
samein differentdirections. Thesamplingrate here is 5 sampleper cycle( Time
difference betweenead two picturesis 5 ). The setupfor this experiment

are asfollow:Mediumsize: Souce Position:(50,50)Receiveposition:
(60,50)

Figure 5.6: Whenthe samplingrateis mud higherthan4 sampleper cycle wavespropagate
in diagonalandaxial directionwith the samespeed.Thesamplingrate her is 20
sampleper cycle( Timedifferencebetweeread two picturesis 5 ). Thesetup
for this experimentare as follow:Mediumsize: Souce Position:(50,50)
Receivelposition: (60,50)
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Figure5.7: The speedof the wavein the TLM meshis — . C is the speedof wavein the

real medium.Thesetupfor this experimentare asfollow:Mediumsize:
Souce Position:(50,50)Receiveposition: (60,50)

whichis . Thisis becausehe speedf thewave in the TLM meshis — when is the
speedf wave in therealmedium.

5.4 Boundary effect

The TLM is a numericalmodelthatis mostly modelledon computers.Sincethe amountof
RAM and CPU power of a computeris limited, it is not possibleto modelin nite media.
Limited mediahave boundariesandthe mediumat theseboundarieshouldbe terminated.If

thisterminationis notcorrectthewave is re ectedbackfrom theboundaryandinterfereswith
the originalwave®. This effectshavnin g[5.8] °.

Somewaysto terminatethe mediumhasbeenproposed84], [85], [86], [87]. Most of these
modelsarebasedon Maxwell's equations.The authorhasdevelopeda new digital Iter (See
section4.3.50n page62) modelof the TLM to help nd a new way for terminatingthe TLM

“This is similar to a wire thatshouldbe terminatedwith matchingimpedancentherwisethe wave in it will be
re ectedback.

The related MPEG for this series shavn in and
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Figure 5.8: Wave re ection from the boundary( Time differencebetweenead two pictures
is 10 ). Thesetupfor this experimentare as follow: Mediumsize:
Souce Position:(150,100Receiverposition:(160,100).

boundary As shavn in g[5.9] the terminatingmediumcan be modelledas a Multi-input

Multi-outputlIR Iter.

Theoutputof the Iter ateachnodeis relatedto theinputsatall nodesat differenttimes. This

factis writtenin thefollowing equation:

(5.1)

Where is the outputfrom the nodeat the point attime and is theinputto

thenodeat pint attime : ., and arerealor complex® weights.

By reviewing the Iter modelof the TLM we will eventually nd that:

8For ahomogenousnediumtheweightsarereal,andfor a non-homogenousiediumthey arecomplex.
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Figure 5.9: To correctly terminatinga mediumwe canterminateit to a matding Multi-input
Multi-outputlIR Iter
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(5.2)

and:

(5.3)

Basedon theseequationsthe rst approximatiorfor thellR Iter is whenwe assumehatall
coefcients otherthan arezero. In thiscasethellR Iter reduceto avery simpleFIR lter

with thetransferfunctionof:

(5.4)

The value of can be found by inspectingthe digital Iter modelandits transfer

function. Theresultof usingthis methodof removing boundaryeffectis shavnin g[5.10] .

A better Iter could be built by approximatingthe equation5.1 as shavn in the following

The MPEGS for these experiments can be found in: and
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Figure 5.10: Usingthe lter approximationas shownin equation5.4 for remaing re ection
from boundary ( Time differencebetweenead two picturesis 10 ). The
setupfor this experimentare as follow: Mediumsize: Souce Posi-
tion:(150,100)Receiverposition:(160,10Q)

equation:
(5.5)

By assuminghat:

(5.6)

and nding:

8This approximationsouldhelpto save memorywhenimplementingTLM
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Figure5.11: Usingthe lter approximationas shownin equation5.7 for remaing re ection
from boundary ( Time differencebetweenead two picturesis 10 ). The
setupfor this experimentare as follow: Mediumsize: Souce Posi-
tion:(150,100)Receiverposition:(160,100).

the lter approximatiorreducedo:
(5.7)

Theresultof usingthis methodof removing the boundaryeffectis shavnin g[5.11] °.

For comparisorof thesemethod, g[5.12] is dravn. Fromthis g, it is clearthatthe lter ap-
proximationis working andis reducingthe enegy in there ectedsignal. A betterresultcould
be obtainedby doing a betterapproximation.This approximationwas consideredaufciently

goodfor thework reportedn thisthesis.

5.5 Waveinterference

Whentwo wavestravel in a mediumthey interferewith eachother[44], [88]. As theresultof
this interferencenodeand anti-nodesare created(destructie and constructie interference).

Nodesarecreatedat placesvherethesetwo wavessubtracfrom eachother If thesetwo waves

°The MPEGS for these experiments can be found in: and
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Figure 5.12: Here all signalsare shownin onegraph. Thesignalbetween and
is theoriginal signalthatcomedirectlyfromthetransmitter There ectedsignal
fromtheboundaryarrivesat thereceiverattime . Thesetupfor thisexper
imentare asfollow: Mediumsize: Souce Position:(150,100Receiver

position:(160,100).
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Figure5.13: Whenthere are two wavesin a medium,they interfere with ead other In this
modellingexample the frequencyand amplitudeof the two waveare the same
Time differencebetweeread two picturesis . Thesetupfor this experi-
mentare as follow: Mediumsize: Souce 1 Position:(30,1)Souce 2
Position:(70,1).

have the sameamplitudethenthereisn't ary enegy at the nodes. Anti-nodesare createdat
placeswherethesetwo wavesareaddedto eachother The positionof nodesandanti-nodes
canbecalculatedby measuringhe distancebetweerthe pointin andthethetwo source.lf the
distances suchthatthe two wavesreachthe pointin phasethenthatpointis a anti-node. If
thedistancds suchthatthe wave is reachingto the point with 180 degreedifferencein phase
thanthe point is a nodepoint. This phenomendasbeenmodelledby TLM andis shavn in
g[5.13] 19.

5.6 Wavesand objects

Whenthereis anobjectin themedium,it will changeheway thatwave propagategs vicinity.
If thesizeof objectis muchbiggerthanthewave lengththenre ection takesplace.In re ection
thewave re ects backfrom the objectandhencewe have anew wave in front of the objectand

ashadw behindthe object.

The related MPEG for this series shavn in and
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Figure 5.14: Thereceivedsignalsat receives whenthere isn't anyobjectin themedium.

If the objectsize as seenby the wave is much smallerthan the wave length, then thereis
scattering.In scatteringobjectsact aspoint sourcesandtransmitswavesin the medium. In
scatteringthereisn't ary shadev atthebackof theobjectbut thereis anenv wavein themedium

which hasbeenmadeby the objectactingasa pointsource.

For experimentsn this sectionof thethesisamediumwith thesizeof (100,200)s used.There
arel96pointsourcedo createaplainwave andseveralreceversatthepoints(5,100),(15,100),
(25,100),(35,100),(65,100),(75,100),(85,100),(95,100). The receved signalat thesepoints
isshavnin g[ 5.14]whenthereisn't ary objectin themedium.Thesesignalsshouldbe used
asreferencegor comparingwith the resultwhenthereis anobjectin the medium. The wave
lengthof thesignalis andthedurationis . Thusthereis oneperiodof thesignalin

themedium(see g [5.14]for thereceved signalat point (5,100)which is very similar to the

generatedignal).
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5.6.1 Modelling wavere ection

Whenwavespropagatén a medium,containingan objectwhosesizeis muchbiggerthanthe
wave length of signalin the mediumthenre ection takes place. In this casethe waves are
re ected backby the objectandthereis a shadw behindthe object. TLM is usedto model

wave re ection hereandtheresultis shavnin g[5.15] 2.

The signalsat the receversareshavn in g[5.16]. Sincethe signalsat the receverslocated
behindtheobjectarevery weak,this experimentshavs thatthereis ashadev behindthe object

(comparewith therecevedsignalsshavn in g[5.14]).

To shaw the re ected signal, the signal at the recever at point (15,100)is drav againstthe
receved signalfrom the samerecever whenthereis not an objectin the medium( g[5.17]).
Therecevedsignalsat this pointin thesewo experimentsarethe sameexceptfor there ected

signal.

5.6.2 Modelling wave scattering

When a wave propagatesn a medium,if thereis an objectwhosesizeis smallerthanthe
wave lengthof signalin the mediumthenscatteringakesplace.In this casetheincidentwave
is scatterecdback by the objectandthe objectact asa point source. The actualwave shape
depend®ntheobjectshapeandits sizerelative to thewave length.In thismodellingthe object
is assumedo bevery smallcomparedvith thewave lengthandhenceheobjectactsasapoint

sourceandwill generatevavesin all directions.Theresultsshavnin g[5.18] 2,
Thesignalsatthereceversshavnin g[5.19].

To shaw the scatteredsignal from the object, the receved signalat point (25,100)is dravn
for two case:whenthereisn't ary objectin the mediumandwhenthereis a small objectin
the medium. As seenfrom ¢[5.20], thereis a small signalaroundtime . Thisis the

scatteredignalfrom the object.

The related MPEG for this series shavn in and

2The related MPEG for this series shavn in and
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Figure 5.15: Whenthe sizeof an objectin the mediumis bigger thanthewavelengththewave
is re ected by the object. Thek is a shadowat the badk of the objectand a

re ectedwavein front of the object. Timedifferencebetweeread two picturesis
. Theobjectis an rectangularobjectfrom (40,70)to (60, 130). Theobject

sizeasseenbythewaveis
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Figure 5.16: Thesignalsat the receives whenthe sizeof the objectis bigger than the wave
length. SinceThere is a shadowat the bad of the object, the signalsat the
receives behindthe objectare very weak. The objectis an rectangularobject
from (40,70)to (60, 130). Theobjectsizeasseenby thewaveis
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Figure 5.17: Thereceivedsignalsat point (15,100). Theobjectis an rectangularobjectfrom
(40,70)to (60, 130). Theobjectsizeas seenby thewaveis

5.6.3 Mixed signaland objects

If therearetwo or more signalsin the mediumandone or more object,thenthereare some
interestingeffects. Sinceeachsignalmayreactdifferentlywith theobject,somekind of Itering

mayoccur Thefollowing subsectionslemonstrat¢his behaiour.

5.6.3.1 Two addedsignal

In this experimentthe generatedvave is the summationof two signals. One signalis high
frequeng andthe otheris low frequeng. Thereis anobjectin the medium. The size of this
objectis selectedn suchaway thatit is scatteringone of the signalsandre ecting the other

one.Thegeneratedignalis shavnin g[5.21].

Thewave lengthof thehighfrequeng signalis andthewave lengthof thelow frequeng
signalis . Theobjectis arectangulapbbjectfrom (40,80)to (60,120).The mediumsize
is . Therecevedsignalat point (65,100)is shavn in g[5.22].

As canbeseenfrom g[5.22], for arecever placedbehindthe object,theobject Iters outthe
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Figure 5.18: Whenthe sizeof an objectin the mediumis smallerthanthe wavelengthwaves
are scatteed by the object. If the objectsizeis very smallcompaedto the wave
lengththenthe objectactsasa pointsourceandwill geneatewavesn all direc-
tions. Thetime differencebetweeread two picturesis . Theobjectis an
rectangularobjectfrom(40,99)to (60, 101). Theobjectsizeasseenby thewave

IS
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Thesignalsat receives whenthe objectin the mediumis small compaed with
thewavelength. Sincethere isn't any shadowthereceivedsignalson all of the
objectsare strong (Compaged with the re ection case). It shouldbe notedthat
sincethe scatteed signal from the objectis very weak, it cant be seenin this
gure. Theaobjectis anrectangularobjectfrom (40,99)to (60, 101). Theobject
sizeasseenbythewaveis
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Figure 5.20: Thereceivedsignalsat point (25,100)whenther is an objectin the mediumand
whenthere isn't any objectin the medium. The objectis an rectangularobject
from(40,99)to (60, 101). Theobjectsizeasseemby thewaveis
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Figure 5.21: Thesourcesignalfor addedsighalexperiment.
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Figure 5.22: Thereceivedsignalat point (65,100)whenthetwo signaladdedto ead other

high frequeny signalasit actsasa re ector for this signal®. The wave propagatiorshapeis
shavnin g[5.23] 4.

5.6.3.2 Amplitude modulation signals

In this experimenta wave is generatedhatis amplitudemodulation[89] of two signals.One
signalis highfrequeng (Themodulatedsignal)andtheotheris low frequeng (Themodulating
signal). Thereis anobjectin themedium.Thesizeof thisobjectis selectedn suchawaythatit

scatteroneof thesignalsandre ectstheotherone.Thegenerategignalis shavnin g[5.24].

Thewave lengthof thehigh frequeng signalis andthewave lengthof thelow frequenyg
signalis . Theobjectis arectangulaobjectfrom (40,80)to (60,120).The mediumsize
is . Therecevedsignalat point (65,100)is shavn in g[5.25].

As canbeseenfrom ¢[5.25], the objectdoesnt affectin ary way the low frequeng or high

BThis is similar to the factthatwhenthereis aload musicplaying, peoplesn otherroomscanhearonly to the
low frequeng sectionof themusic.
¥TherelatedIPEGfor this seriesshavn in

107



Experimentsvith TLM

Figure 5.23: Thewavepropagation shapewhenthetwo input signalsaddedto ead other

4 T T T T T T T
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Figure 5.24: Thesource signalfor theamplitudemodulationexperiment
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Figure 5.25: Thereceivedignalat point(65,100whenthereis anamplitudemodulatedsignal
in themedium.

frequeng signal®'8. Thisis becaus¢hereis nolow frequeny signalcomponentonly acarrier

(high frequeng) andtwo sidebandgloseto the carrier Thewave propagatiorshapes shavn

in g[5.26] ..

5.6.4 Curvedobjects

In this sectionan objectwith a curvy surfaceis modelled.Therearetwo scenariosA focusing

mirror anda circular mirror.

5.6.4.1 Focusingmirr or

In this examplea focusingmirror is modelled. In a focusingmirror, the planewaveswill be

focusedon a point which is the focal point for the mirror [40]. This modellingis shavn in

Bwe arelucky sinceif the object Iters or altersthesignalin ary way thenwe couldnt have AM radios!
18The changen modulationindex is theresultof TLM mediumthatactedasa lter to differentsignals.

" TherelatedVIPEG for this seriesis shawvn in
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Figure 5.26: Thewavepropagation shapewhenthether is an amplitudemodulatedsignalin
themedium.

g[5.27]18..

5.6.4.2 Circular mirr or

If apointsourceis placedin acircularmirror, thenwhenthewave propagatefrom the source
it will bere ectedbackby the circularmirror [40]. Thisre ection is suchthatall of thewaves

will becollectedat anothempointin the medium. This phenomenois modelledin g[5.28] 1°.

5.7 Array transducers

In this sectionTLM is usedto modelarraytransducer§90]. At rst the setupis explainedand

thentheuseof TLM to steerwavesin themediumis shavn.

5.7.0.3 Setup

The TLM mediumfor theseexperimentsis a andthe time stepfor modellingis

. Thereare20 sourceat pointsfrom (1,90)to (1,110). Thesamplingratefor the gener

¥ TherelatedVIPEGfor this seriesis shavn in
®TherelatedVIPEG for this seriesis shavn in
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Figure 5.27: Wave propagation shapewith a focusingmirror in the medium(time difference
betweeread two picturesis ).

Figure 5.28: Wave propagation shapein a circular mirror (time differencebetweeread two
picturesis ).
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Figure 5.29: Wave propagation shapefor an array transducemwhenthere isn't any steering
(timedifferencebetweeread two picturesis ).

atedsignalis 2.08°, thusthe new samplingratetheoryis beingusedhere.

5.7.1 Wave propagationwithout any steering

In this experimentno steerings used.This canbe usedasareferencexperimentfor the other

experimentsvherethewave is steeredTheresultshavs in g[5.29] 2.

5.7.2 Wave propagationwith steeringto the left

Herean arraytransduceis modelledfor the casewhenthe beamis steeredo the left?2. The
time differencebetweenring eachtwo transducers . With this time delaythe wave will

besteeredapproximately . Theresultshavsin g[5.30] 5.

2In the chapter6 on pagel21,theuseof TLM modellingwith lessthan4 samplepercycleis shavn.
ZTherelatedMIPEGfor this seriesis shavn in

22| eft andright directionsarebasedn thewave propagatiordirection.

ZBTherelatedVIPEGfor this seriesis shavn in
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Figure 5.30: Here the waveis steeedto the left. Thesteeringangleis appoximatelyis
(timedifferencebetweeread two picturesis ).

5.7.3 Wave propagationwith steeringto the right

Steeringto theright®* is modelledby TLM in the sameway thatit wasusedto modelsteering
to theleft. The only differenceis thatthe time delaybetweenring eachtwo adjacentnode
is -1 insteadof 1 thatwasfor steeringto left. With this time delaythe wave will be steered

approximately . Theresultis shavnin g[5.31]2°.

5.7.4 Steeringin other angles

By changingthe time delay between ring eachtwo adjacentnode, and also changingthe
distancebetweertwo adjacennode,it is possibleto changehe steeringangle.For exampleto
steerto theleft with steeringangleof lessthanl, onemayuseanarrayof transducewherethe

distancebetweereachtwo adjacennodein thearrayis

Theotherchoiceis to changehe samplingrate,asit will changehe quantizatiorerrorof
To summarizeto modelsteeringwith ary arbitraryangle,onecanchangeary of thefollowing

parameters:

ZYeft andright directionsarebasecbn thewave propagatiordirection.
ZTherelatedMPEGfor this seriesshavn in
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Figure 5.31: Steeringto the right showshere. Thesteeringangleis appoximatelyis
(timedifferencebetweeread two picturesis ).

1. Distancebetweereachtwo adjacennodes.
2. Timedelaybetweenring eachtwo adjacennodes.

3. Samplingrate.

5.8 Doppler effects

TLM canbeusedto modelDopplereffects[38]. In theseexperimentsTLM modellingis used
to modelthe Dopplereffectscausedy therecever moving toward(or away) of thetransmitter

Thisis the rst timethatTLM is usedto modelDopplereffects.

5.8.0.1 Setup

Themediumsizeis andthetransmitteiis locatedat (25,10). Therecever is initially

locatedat (25,70)and movestoward (or away) of the transmitter The speedof the recever
movementis normalizedto the speedof wave in the mediumsothata speedof - meanshat
thespeedf thereceverin themediumis — when is the speedf wave in themedium.The
directionof movements thedirectionfrom thereceverto thesource soa positive speedshavs

thatthe recever is moving toward the sourceanda negative numberfor speedshaws thatthe
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Transmitter

Figure 5.32: Thesetupfor modellingthe Dopplerefect.

receveris moving away from thesource.Thesetupis shavn in g[5.32]. Thesamplingrateis

20 samplepercycle unlessotherwisestated.

5.8.0.2 Speed -

In theseexperiments, the recever movestoward (or away) from the sourceandthe speedof

receveris -. Therecevedsignalis shavnin g[5.33]. Therearethreesignalsin this g 2:

Speed . Thereceverdoesnt move. This signalis addedto this gure to have areference

thatthe othersignalscanbe comparedwith.

Speed - : Herethereceveris moving toward the sourcewith the speedof -. In this case

thefrequeng of therecevedsignalis increased.

Speed - : Herethe recever is maving away from the sourcewith the speedof -. The

recevedsignalfrequeny is lessthantheoriginal transmittedsignal.

As canbe seenfrom the g[5.33], sincethe movementof the recever is a discretisednoise
accompaniethe signal. This noiseis smallerwhenthe speeds lower or the samplingrateis
higher The effect of this noisecanbe seenclearlyin the frequeng domainrepresentationf
thesignals.To nd thefrequeng domainrepresentationf thesignals,an FFT wasused.The

resultis shavn in g[5.34]2’.

As seerfrom this gure, discretisinghemovementgeneratesomenoiseat highfrequeng. To

reducethis noise,we canreducethe speedr increasehe samplingrate.

2The amplitudefor the casewhenthe speeds - is higherthanthe casewhenthespeeds - sincein the rst
casethe recever movestoward sourceand henceit's amplitudeis increasingbut in the secondcasethe recever
movesfar from sourceandtheamplitudein decreasing

2N 64 sampleFFT is usedandthe sampleswverecollectedthe steadystatesectionof the signals( from sample
180to sample244). The gure shavs signalmagnitude The phaséds notshav here.
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Figure 5.33: Thereceivedsignalsin thetimedomainwhenthespeeds -.
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Figure 5.34: Thereceivedsignalsin frequencydomainwhenthespeeds -.
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Figure 5.35: Thereceivedsignalin timedomainwhenthespeeds —.
5.8.1 Speed—

To shaw how the speedeffectsthe descretisinghoise,the experimentswere repeatedvith a
recever speedof —. Theresultsareshavn in g[5.35] and g[5.36]. As canbe seen,the
noiselevel is lessherecomparedvith whenthe speeds -. In g[5.37] the signalsfrom both

experimentsaredravn sothatcomparinghemwith eachotherbecomesimpler

5.8.2 Samplingrate 50

In thisexperimentthe effect of thesamplingrateonthedigitising noiseis shavn. Thesampling
ratehereis 50 sampleper cycle. Theresultis shavn in g[5.38 and g[5.39]. As seemfrom

thesepicturesthe descretisingnoisehereis lessthanthe previous experiments.
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Figure 5.36: Thereceivedsignalin frequencydomainwhenthespeeds —.
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Figure 5.37: Thereceivedsignalin frequencydomainwhenthespeeds - and
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Figure 5.38: Thereceivedsignalin the time domainwhenthe speed - andthe sampling
rateis 50 samplegpercycle
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Figure 5.39: Thereceivedsignalin frequencydomainwhenthespeeds - andthesampling
rateis 50 samplegercycle
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Chapter6

Sampling rate

In this chaptera new theory for samplingrate in TLM modellingwill be introduced. The
original samplingratethat was presentedy Johns[59] wasbasedon wave propagationin a
transmissiorine. Thenewn samplingrateis basedn systentheoryandthe Itering effectof a
TLM mesh.

6.1 Johnstheory for samplingrate

In his rst paperon TLM modellingfor electromagnetievave propagatior]59], Johnsshavs
that the wave propagatiorin the axial directiort is frequeng dependenbut the speedn the
diagonaldirectior? directionis alwaysconstanandis equalto — whereC is thespeedf wave
in therealmedium.He shavs thatthe speedf thewave propagatiorin the axial directioncan

befoundfrom equation6.1]:
— — (6.1)

where is the propagatiorconstantof the medium. is relatedto the frequeng andthe
speedof thewave propagatiorin the TLM meshandthe speedof the wave propagatiorin the

realmediumby thefollowing equation:

. (6.2)

Axial directionis thedirectionalongthe X or Y direction(see g[6.3])
2Diagonaldirectionis directionalongthe diagonalof squaresn the TLM mesh(see g[6.3])
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whereC is the speedof the wave propagatiorin the real mediumand s the speedof the

wave propagationn the TLM medium.Thevalueof = canbefoundfrom equationt.2:

andsubstitutingfor  in theequation6.1:

Since —

S S (6.3)

The normalizedvaluefor the wave propagatiorspeedandthe samplingrate® may be de ned

as:

— Normalizedspeed

— Samplingrate

By substitutingthe above valuesin equationt.2:

— - (6.4)

3In theoriginal Johnswork, heuses—, whichis theinverseof samplingrate. Usingsamplingrateheremale it
simplerto understandheresult.
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Figure 6.1: Relationshipbetweensamplingrate and the wave propagation speedin a TLM
mesh.

Fig[6.1] shavs the speeddf wave for differentsamplingrates.It canbeseenfrom g[6.1] that
whenthe samplingrateis very high, the speedof the wave propagatiorin the TLM medium
is —, whereC is the speedof the wave propagationin the real medium. As the sampling
rateis reduced* thenthe speedof the wave propagatioris reduced.Fig[6.2] shavs the wave
propagatiorspeedior samplingratesnear4 samplesper cycle. As canbe seenfrom g[6.1]

and g[6.2], the speedof the wave propagations reducedwhenthe samplingrateis reduced
to 4 sampleger cycle. Unfortunatelythis methodcant shav uswhatis happeningvhenthe

samplingrateis lessthan4 samplegpercycle®.

6.1.1 Examining wave speedfor different sampling rates

This section shavs haw thesamplingratewill affectthewave propagatiorspeed.

*Thisis equalto increasinghefrequeng of the signalwhenthe samplingrateis constant.
SFromthe samplingtheoryit is clearthatonecansamplesa signalwith 2 sampleper.
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Figure 6.2: A closerlook at therelationshipbetweerthe samplingrate andthe wavepropaga-
tion speechear4 sampleger cycle

6.1.1.1 TLM meshsetup

Fig[6.3] shavs the setupfor examiningthe wave propagatiorspeedin the TLM mesh. The
TLM mediumsizeis a . Thereis a sourceat (50,50)andtherearetwo recever at
points(64,50),(60,60)It shouldbe notedthateachof thesetwo receversis approximatelythe
samedistancefrom the source.Therecever at (64,50)is on anaxial line from the sourceand
therecever at (60,60)is on a diagonalline from the source.For simplicity thesereceverswill

be calledthe axial recever andthe diagonalrecever respeciiely.

6.1.1.2 Casel: Samplingrate is 20 samplesper cycle

In this experiment,a sinusoidalsignalwith 20 sampleger cycle is injectedat the sourceand
theresultingsignalsat the receversarerecorded.Thesesignalsareshavn in g[6.4]. As can
be seemfrom this g, thewave shapeanddelayfor thereceved signalat thesetwo recevers
arethesame.lt shavs thatthe speed®f wavespropagationn thesewo directionsareapproxi-
matelythesame.Theclassicakircularwave propagatiorpatternis obseredindicatingcorrect

modellingof therealworld. Thewave propagatiorshapes dravnin g[6.5]
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Figure 6.3: Thesetupfor examiningthewavepropagationspeedn the TLM medium.
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Figure 6.4: Receivedignalat axial anddiagonalreceivewhenthesamplingrateis 20sample

percycle
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Figure 6.5: Wave propagation shapewhenthe samplingrate is 20 samplesper cycle (time
differencebetweeread two pic is ).

6.1.1.3 Case2: Samplingrate is 5 samplesper cycle

In this experiment,a sinusoidalsignalwith 5 samplesper cycle is injectedat the sourceand
theresultingsignalsat the receversarerecorded.Thesesignalis shavn in g[6.6]. As canbe
seenfromthis g, thewave shapesnddelaysfor therecevedsignalsatthesewo receversare
completehdifferent.It canbeeasyseernthatthewave propagatiorspeedn thesetwo direction
(axial and diagonaldirections)are not the same. The wave propagationshapeis shavn in
g[6.7]. Thiswave propagatiormodellingis not correctasthewave frontsarenot circularand

morepower is propagatedlongthe diagonaldirectionsthanthe axial directions.

6.2 Systematicapproachto TLM modelling

If we placea sourceanda recever in the medium,andassuminghe sourceasinput andthe
recever asoutput,we canmodel TLM asalinearsystenf. WhenTLM meshis modelledasa
linearsystemhenit is possibleto nd atransferfunctionfor it [91] [92]. Thistransferfunction
dependon the relative positionsof the the sourceandthe recever. As the distancebetween

the sourceandthereceverincreasesthereis moreattenuatiorandhencethe magnitudeof the

5A TLM systemshouldbelinearsinceall of its subsystemsarelinear
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Figure 6.8: Theimpulsefunctionusedto nd thetransferfunctionof the TLM mesh.

transferfunctiondecreases.

6.2.1 Impulse responseof the TLM mesh

As thetransferfunctior’ of a TLM mediumis very complex®, we cant nd it mathematically
Onewayto nd thetransferfunctionexperimentallyis to injectanimpulsesignalto the source
and nd the receved signal. The mathematicatle nition of animpulsesignalis shavn in

equations.5 andits graphicalrepresentatiois shavn in g[6.8] °

n=0
(6.5)

otherwise

It shouldbe notedthatanimpulsesignalhasa at power spectrum94]. Onemay feel that
injecting an impulsesignalto the TLM meshisn't a goodideafor calculatingtransferfunc-

tion sincethe TLM is valid only for low frequenciesandan impulsesignalcontainall of the

Sincethetransferfunctionis the fourier transformof theimpulseresponsewe usetheminterchangeabliere.
81t is afunctionof sourceandreceier coordinates.
9Sincea TLM modellingis a digital model,this is the digital versionof impulsesignal[93].
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Figure 6.9: Impulseresponsavhenthesoureis at (50,50)andthereceivers at (55,65).

frequencieandmostimportantlyhigh fregencie®’. Theanswelis that:

Sincethe TLM is alinear system,it is always possibleto nd a transferfunction for it. By
de nition, thetransferfunctionis the systenresponséo theimpulsesignal. It meanghatone
is alwaysableto nd atransferfunctionfor alinear systemby injectinganimpulsesignalto
theinputof the systemandsaving theoutput?. In g[6.9] asampleransferfunctionis shawn.
The systeminput is the sourceat point (50,50) and systemoutputis the recever is at point

(55,65).Thegeneraform of thisimpulseresponsavill be explainedlaterin thethesis.

6.2.2 Transfer function for the TLM mesh

In the previous sectionit wasexplainedhowv onecan nd theimpulseresponseln this section
it will beexplainedhow to nd thetransferfunction. Thebestwayto nd afrequeng domain

transferfunctionin is to nd the fourier transform[96] of the time domainimpulseresponse.

Correspondingo samplingrateof lessor equal4 samplepercycle.

it shouldbe notedthatwhenthe systemis a continuessystemgcreatinganimpulsesignalis impossiblesinceits
valuefor t=0is . In digital systemst is alwayspossibleto createanimpulsesignaland nd thetransferfunction
with it [95].
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Sincethe TLM modellingis a digital one,we canusediscretefourier transform(DFT)!2. By
nding theDFT of atime domainimpulserespons@necan nd thefrequeny domaintransfer
function. The DFT of the sampletime domainimpulseresponsehat wasfoundin the last
sectionis shavn in g[6.10]. Theresultof the DFT is a sampledversionof the discretetime
fourier transform. Eachof thesesamplescalleda bin numberandthe distancebetweeneach
two bin numbercalled bin width. The relationshipbetweensampleintenal (time difference
betweeneachtwo adjacentsamplein the time domain)and bin width (frequeng difference

betweereachtwo adjacenbin in the DFT output)will be shavn in the next section.

6.2.2.1 Samplinginterval in the time domain and bin width in frequencydomain

The samplingratein time domaindictatesthe maximumfrequeng thatonecandetectby the
DFT in the frequeng domain[97]. This is a directresultof samplingtheory'3. If the sample
intenal in thetime domainis , thenthe maximumfrequenyg in DFT canbe calculatedby

equatiorng.6.
— (6.6)

In the sameway; the bin width in the DTF outputis relatedto the maximumobseration time

for the signalin time domain(seeequationb.7).
—_— (6.7)

Example:if asignalsampledvith of Ims(  samplepersec)andtherewas128samples

of thesignal. Themaximumfrequeng thatcanbedetectedn theDFT outputcanbecalculated

12DFT is thestandardvay for nding thefourier transferof a digital signal. Thebestwayto nd it is FFT ( Fast
Fourier Transfer). Thereisn't ary differenceon how to nd the fourier transform the resultshouldalwaysbe the
same.ln my work | useFFT asit is fastbut | explain my work hereby usingDFT asit is standardvay andcomes
directly from thede nition. moreinformationcanbefoundin references.

13samplingtheorysaysthatfor errorfreereconstructiorof asignal,oneshouldsampleit atleastby two samples
percyclefor its largestfrequeng.
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Figure 6.10: Transferfunctionwhenthesourceis at (50,50)andthereceiveris at (55,65).
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by usingequationr6.6:

Thebinwidth( ) canbecalculatedn thesameway by usingequatior6.7. The here

IS

SotheDFT outputis 128bin from -500Hz to 500Hz, thebin width is 7.8125.

As it can be seenfrom the abore example, the interpretationof the DFT outputis related
to samplingrate of the input signal. It is possibleto presentthe DFT outputby using the
normalizedsamplingrate. It is clearthatthe in the DFT outputrepresensignalwith 2
samplegercycle. The is bin numberN/2 whenN is the numberof samplesn signal.

For anarbitrarybin numbem, thenormalizedsamplingratecanbefoundby equation6.8.
— (6.8)

where is the samplingrate for bin numbern. For examplethe relationshipbetweenbin
numberna128pointDFT andnormalizedsamplingrateis shavsin table6.1'4. It is possible
to changehebin numberdn g[6.10] to samplepercycle by usingthistable. Theresultshavn
in g[6.11].

0nly positive frequenciesaireshavn here
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| Bin | SamplingPerCycle ||

Bin | SamplingPerCycle ||

Bin | SamplingPerCycle |

0 1 128.000000 2 64.000000
3 42.666667 4 32.000000 5 25.600000
6 21.333333 7 18.285714 8 16.000000
9 14.222222 10 | 12.800000 11 | 11.636364
12 | 10.666667 13 | 9.846154 14 | 9.142857
15 | 8.533333 16 | 8.000000 17 | 7.529412
18 | 7.111111 19 | 6.736842 20 | 6.400000
21 | 6.095238 22 | 5.818182 23 | 5.565217
24 | 5.333333 25 | 5.120000 26 | 4.923077
27 | 4.740741 28 | 4.571429 29 | 4.413793
30 | 4.266667 31 | 4.129032 32 | 4.000000
33 | 3.878788 34 | 3.764706 35 | 3.657143
36 | 3.555556 37 | 3.459459 38 | 3.368421
39 | 3.282051 40 | 3.200000 41 | 3.121951
42 | 3.047619 43 | 2.976744 44 | 2.909091
45 | 2.844444 46 | 2.782609 47 | 2.723404
48 | 2.666667 49 | 2.612245 50 | 2.560000
51 | 2.509804 52 | 2.461538 53 | 2.415094
54 | 2.370370 55 | 2.327273 56 | 2.285714
57 | 2.245614 58 | 2.206897 59 | 2.169492
60 | 2.133333 61 | 2.098361 62 | 2.064516
63 | 2.031746 64 | 2.000000
Table 6.1: Conversion betweerbin numberin a DFT and samplingrate for a DFT with 128

samples.
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Figure 6.11: Transferfunctionwhenthesourceis at (50,50)andthereceivelis at (55,65).Note
thatthe X axisconvertedto samplegper cycle
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Figure 6.12: Thesetupfor nding a new criteria for samplingrate

6.3 Newcriteria for sampling rate basedon systemtheory

For TLM to beagoodmodelfor wave propagationits transferfunctionshouldonly dependn
thedistancebetweersourceandrecever andnotto the sourceandrecever positions.This fact
canbeusedto establishe@nen samplingratetheoryfor TLM modelling.

6.3.1 TLM meshsetup

The experimentdn this sectionis basedon a setupthatis shavn in g[6.12]. TLM medium
sizeis . Thesources atthepoint ( 50,50). Therearetwo receversat points(60,60)
and(64,50). The rst recever (at the point (60,60))is in a diagonalline with the sourceand
thesecondne( atthe point(64,50))is in aaxialline with thesource.Thesetwo receverswill

calledasthe diagonalrecever andthe axial recever respectiely . It shouldbe notedthatthe

distancebetweereachof thesetwo receversandthe sourceareapproximatelyequal.
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Figure 6.13: Thereceivedsignalat the axial receiver

6.3.2 Processing

An impulsesignalwas injectedto the sourceandthe resultingsignalsat the recevers were
recorded.Therecevedsignalsareshavn in g[6.13] and g[6.14]. Theseimpulseresponse
weretransformednto frequenyg andplottedusingsamplepercycle for X axis.Theresultsare
shavnin g[6.15] and g[6.16]. From g[6.15] and g[6.16], it is clearthatthesetwo transfer
functionsare not the sameespeciallyaround4 samplegercycle. At 4 sampleger cycle the
two transferfunction are completelydifferentbut at 2 samplespercycleand  samplesper
cycle (DC signal)they becomesqual.However, thevaluesof thetransferfunctionsatthesewo
pointsare zerowhich meanghatthe receved signalhave no frequeng componentsit DC or
atafrequeng correspondingo 2 samplegpercycle. This explainsthe oscillatorynatureof the

impulseresponsshavnin g[6.13] and g[6.14].

6.3.3 Results

In g[6.17] and g[6.18], Thetransferfunctionsfor the casesvherethereceversareat point

(60,60)(the diagonalrecever) andat point (64,50)(the axial recever) areshavn on the same
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Figure 6.14: Thereceivedsignalat the diagonalreceiver

graph. By studying g[6.17] and g[6.18] thefollowing resultscanbefound:

The systemresponsavhenthe samplingrate is 2 samplesper cycle: The systemresponse

for 2 samplegercycleis 0.

The systemresponsdo DC signal: The TLM responsdo a DC signalis 0. The DC signal

correspondso samplingrateof ~ samplegpercycle.

Responseo 4 samplesper cycle: Thetransferfunctionsfor 4 samplegercycle arevery dif-

ferent.

Sampling rate is higher than 4 samplesper cycle: Asthesamplingrateisincreasedthetwo
transferfunctionsbecomemore similar to eachother This meansthat for sampling
ratesmuchhigherthan4 samplesper cycle, the TLM meshis a good modelfor wave

propagationThis resultwasshovn by Johnsmethodtoo.

Sampling rate is near 2 samplesper cycle: Whenthesamplingrateis near2 samplegpercy-
cle,theresponsef two transferfunctionsconverge to becomesssentiallythe same.This

meanthat we canuse TLM modellingwith samplingrate approaching? samplesper

cycle.
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Figure 6.15: Frequencyomaintransferfunctionwhenthesourceis at (50,50)andthereceiver
is at (50,64).Notethatthe X axis corvertedto samplegper cycle
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Figure 6.16: frequencydomaintransferfunctionwhenthesoureis at (50,50)andthereceiver
is at (60,605).Notethat the X axisconvertedto samplegper cycle
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Figure 6.17: Amplitudefor bothtransferfunctionsin frequencydomain.
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Figure 6.18: Phasefor bothtransferfunctionsin frequencydomain.
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6.4 Newsamplingtheory

Basedontheexperimentsn thelastsection,Thefollowing samplingtheoryfor TLM meshcan

bestated:

As adigital system,TLM modellingobeys all of the digital signalandsystem
theory This meanghatit canwork with ary signalaslong asthe samplingrateof
the signalobeys samplingratetheory Basedon samplingratetheory ary signal
canberegeneratedrom its samplesvhenthesamplingrateis higherthan2 sample
percycle for its higherfrequeng component.

The TLM meshbehaesasa?2 dimension® digital Iter. Thisdigital Iter has
differenttransferfunction which dependon wherethe recever is locatedrelative
to the sourceposition.

For TLM to beagoodmodelfor wave propagationall of thetransferfunctions
thatonecangeneratédoy placingreceversat differentplacesshouldbe the same.
The transferfunctionsfor thesesystems'® are equalonly when and hence

17 the size of the meshin the TLM, is selectedso that one of the following
criteriais met:

1. Samplingrateis muchhigherthan4 samplegpercycle

2. Samplingrateis lessthan4 sampleper cycle andnear2 sampleser cycle
(Oneshouldremembethatthe TLM responsédo the systenmwith 2 samples
percycleis 0).

6.4.1 Equal error samplingrates

As canbeseenfrom g[6.17], for eachsamplingratewhichis higherthan4 samplegercycle,
thereis a correspondingaamplingrate belov 4 samplesper cycle that hasthe sameamount
of error Thesetwo samplingrate would be called”Equal error samplingrates”. To nd the
relationbetweerthesetwo samplingrates,it shouldbe notedthatthesetwo samplingratesare
symmetricallyplacedon thefrequeng axiswith respecto the4 samplegercycle point. If the
frequeng relatedto 4 samplepercyclewill becalledas andthefrequencieghatrelatedto

thesetwo samplingrateswill becalledas and 8 we have:

(6.9)

152 dimensionTLM modellingis supposedhere.This theorycanbe extendedo 3 dimensiorsimply.

®Whenthereceier placesat differentpointsin themesh.

Yremembethat whenC is the speedf wave in therealmedium.

18 is thehighfrequeng with low samplingratewhichis near2 samplepercycleand is low frequeng with
high samplingrate( morethan4 samplepercycle)

142



Samplingrate

For ary frequeng we canwrite :

(6.10)

whereS is the samplingrate of the frequeng f in sampleper cycle. Placingthe value of
differentfrequenciedrom equation6.10into equatior6.9,andnotingthatthe samplingratefor

is 4 samplegpercycle,we have:

(6.11)
Solvingequation6.11to nd , equation6.12couldbefound.
—_— (6.12)
In thesameonecan nd:
(6.13)

With this equation(6.13) onecancalculatethe samplingratenear2 sampleger cycle which
generateshe sameamountof error asfrom the equalerror samplerate abore 4 samplesper

cycle. For example,onecanusea TLM for modellingwave propagatiorfor a signalwith 2.08
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samplepercycle insteadof 50 samplegercycle, since™:

(6.14)

6.5 Testingthe newsampling rate theory

To testthe new samplingrate theory samplemodellingin sec6.1.1 wasrepeatedwith the

appropriatssamplingratelessthan4 samplegercycle.

6.5.1 Casel:Samplingrate of 3.333sampleper cycle

The Samplingrate 3.333hasthe sameamountof error asthe samplingrate of 5 samplesper
cycle. In g[6.19] the receved signalsat diagonaland axial receversareshavn. The corre-

spondingwvave propagatiorshapds shavn in g[6.20]

6.5.2 Case2: Samplingrate is 2.222sampleper cycle

The Samplingrate2.222hasthe sameamountof errorasthe samplingrateof 20 sampleger
cycle. In g[6.21] therecevedsignalatdiagonalandaxialreceversis shavn. Thecorrespond-

ing wave propagatiorshapess shavnin g[6.22]

6.6 Using newsamplingrate for modelling wide band waves

If theinjectedsignalto the TLM is not singletonesignal,thenmakingsurethatthe sampling
ratefor all frequeny in thesignalis near2 samplegercycleis dif cult andsometimesmpos-

sible. Therearethreeimportantcase:

19Sincethe subscriptcan be interchangedn equation6.12 and6.13to go eitherone of theseequationgo the
otherone,thenit doesnt matteroneregards  asthesamplingratepercycle for higherfrequeng or asdenoting
ahigh samplingrate. Sincethelaterde nition is clearerit will beusedhere.
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Figure 6.19: Samplingateis 3.333.
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Figure 6.20: Wavepropagation shapewhenthe samplingrateis 3.333.
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Figure 6.21: Samplingateis 2.222.

Figure 6.22: Wavepropagation shapewhenthe samplingrateis 2.222.
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1. Signalbandis thanonetenthof theminimumfrequenyg in thesignal.

In thiscaseTLM canbeusedwith low samplerate.

2. Signalbandis betweeronetenthof theminimumfrequeng and1000timesof the mini-

mumfrequengy.

In this casethe bestway to useTLM modellingis to breakthe signalto somesmaller
bandsandmodeleachbandin a differentTLM meshwith low samplingrate. Theresult
would bethe sumof thesemodellingprocesse$’. In this casethereis somereductionin
the processinghatwould be donesincefor exampleif the signalbe modelledby using
50samplegercycle,insteadof 2.08samplegpercycle,thereare — times
morecalculationscomparedo whenit is modelledby 2.08samplespercycle. But if it is
breakdown to 10000differentTLM modelling?, the saving in breakingdown different

TLM meshesare —— timeslesscomputation.

3. Signalbandis morethan1000timesof the minimumfrequeng.

Thebestway to modelsuchsignalsis to usehighersamplingrateandone TLM mesh.

6.6.1 Using new sampling rate for modelling ultrasound wave propagation in
medical systems

Sincemostof the applicationsof ultrasoundn medicalsystemdalls to the secondcatayory in
the previous sectionthenthe bestway to modelthe ultrasoundwave propagationin medical
systemss to breakthe signalto somenarrav bandsignalsand model eachof themwith a
differentTLM andaddtheresultto eachother

6.6.2 Usingnewsamplingrate for modelling wave propagationin nonlinear medium

Sincebreakinghesignalto somenarrav bandsignalsanddoingdifferentmodellingandadding
theresultsto eachotheris only acceptabléor linearsystemsfor nonlinearsystemsif thesignal
bandwidth is larger than 0.1 of minimum frequeny in the signal, the only way thatonecan

modelthemis to usehigh frequeng samplingrate.

201t js basedbn the superpositiorconceptandis only acceptabldor linearmedium
Zwhentheoriginal sighalbandis 1000timesof theminimumfrequeny andit is breaksdown to signalsthatthe
sighalbandsare0.1 of the minimumfrequeng in thesignal
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6.7 Conclusion

In this chapterit wasshawvn thatit is possibleto useTLM with lessthan4 samplegercycle.
The Johnstheoryon samplingratefor TLM modellingisn't completeandit doesnt shawv the
possibilityof modellingthe TLM with about2 samplegercycle. By using2 samplegpercycle
for modellingwave propagationit is possibleo modelmorerealisticultrasoundgproblemswith

TLM in todays computersThenext exampleclearlyillustratethis:

Example:We have a mediumwherethe speedf soundis 1500m/s (metreper secondd?. We
wantto model ultrasoundwave propagationin the medium. The frequeng of ultrasoundis
1MHz andthesizeof themediumis cm. Themodellingtime?3 is . The

wavelengthof the signalin the mediumis :

(6.15)

casel: Samplingrate of 50 samplesper cycle The numberof nodes(NON) in eachX,Y,Z

axisshouldbe:

(6.16)

22ppproximatelythe speedbf soundin body (water)[48], [38]
ZTime for wave to propagateél0 cm.
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Thetotal numberof nodeTNON) is

(6.17)

We need32 byteof memoryfor eachnode thenthetotalamountof memorythatneedto

modelthis systemis:

(6.18)

Thememorythatis neededo modelthis systemwith 50 samplegercycle

GigaBytes! Thetime stepy(TS) for modellingis:

(6.19)

Theprocessindor eachnodeconsistof 4 additionsand4 multiplications.For simplicity

we assuméhatthetimefor multiplicationandadditionarethesamejt takes8 instruction
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to processanode.Thetotal precessindor atime step(TPTS)is:

(6.20)

Thetotal processindTP)is:

(6.21)

Today PCscandeliver morethan 1 giga instructionsper se@*. Time request(TR) to

modelthis systemis:

(6.22)

Thistimeis around100year!

Case2: Samplingrate of 2.08sampleper cycle The numberof nodes(NON) in eachX,Y,Z

24This numberis anapproximatevalue.
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axisshouldbe:

(6.23)

Thetotal numberof nodeTNON) is

(6.24)

We need32 byte of memoryfor eachnode thenthetotalamountof memorythatneeded

to modelthis systemis:

(6.25)

The memorythat neededo modelthis systemwith 2.08 sampleer cycle is about

GigaByte. This amountof memorycanbe found on supercomputertodayandshould
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bein the Pcswith in afew years.Thetime stepgTS) for modellingis:

(6.26)

Theprocessindor eachnodeconsistof 4 additionsand4 multiplications.For simplicity
we assumehatthetime for multiplicationandadditionarethe same it takes8 instruc-

tionsto processanode.Thetotal precessindor atime step(TPTS)is:

(6.27)

Thetotal processindTP)is:

(6.28)

TodayPCscandeliver up to instructionperse&®. Time reques{TR) to modelthis

%This numberis anapproximatevalue.
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Samplingrateis 50

Samplingrateis 2.08

Memory

GigaByte

GigaByte

Time

About100years

About 8 hours

Table 6.2: Comparisorbetweerdifferent samplingrate for modellingsystermexplainedin the

example

systemis:

Thistimeis about8 hours.

Thisresultshavsin table[6.2].
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Chapter7
Conclusionand further work

7.1 Intr oduction

This chaptersummariseshe main ndings of this thesisandthe work thatis reportedherein.

Theaim of thiswork wasto useTLM for modellingmedicalultrasoundvave propagation.

It wasshawvn thatwhenTLM is usedfor modellingmedicalultrasoundvave propagationthere
is a needfor a hugeamountof computationapower. This problemis the directresultof the
existing samplingtheoryfor TLM modelling. To solve the problem,a nev samplingtheory

wasfoundfor TLM modelling.

In thefollowing sectionsthe mainresultsof thiswork arepresenteéindsomeideasfor further

work areexplained.

7.2 The main resultsof this thesis

Themainresultsof this thesiscouldbe explainedasfollows:

7.2.1 TLM for modelling ultrasound wave propagation

TLM wasoriginally designedor modellingelectromagnetigvavespropagationin this thesis,

theuseof it for modellingultrasoundvavespropagatiorwasshavn.

7.2.2 UsingTLM to solve somemodelling problemsin medical ultrasound wave

propagation

TLM wasusedto modelultrasoundvave propagatiorand,in particular arraytransducerand

Dopplereffect.
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7.2.3 Newsamplingrate theory

It wasshawvn thatthe original samplingratethatwaspresentedby Johnsjs not completeand
a new theoryfor samplingrateis explained. The new samplingrate theory shaws the Johns
samplingrate theory as one part of a more completesolution. The nev samplingrate can
be usedin modellingultrasoundvave propagatioraswell asmodellingelectromagnetigvave
propagation.By usingthis new samplingratetheory the computationatompleity of TLM

modellingcanbereduceddramatically

7.3 Further work

Therearesereralareathatfurtherresearcltanbedone.

7.3.1 TLM asadigital lter

It wasshawvn thata TLM meshcanbe modelledastwo dimensionabigital Iter. Theeffect of

thistwo dimensionallter shouldbeinvestigatednoredetail.

7.3.2 Removing boundary effect

It wasshavn thatby modellingTLM asadigital lter, it is possibleto designa match lter to
terminatethe TLM meshandremaove boundaryeffects. SomesimpleFIR lters wereusedto
approximatehe match lter. Somemorecomple (FIR andlIR) Iters couldbe designedo

terminatethe TLM medium.

7.3.3 Doppler effectin somecomplexsituations

TheDopplereffectin somesituationsvaspresentedh thisthesis.Furtherresearcltanbedone
onusingthistechniqueon morecomple situationgFor examplewhensourceandrecever are

stationarybut thereareseveral objectsin the mediumthataremoving?).

Theresultof this experimentcanbe usedfor modellingultrasoundsystemshatuseDopplereffectto detectthe
bloodvelocity.
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7.3.4 Newtype of meshes

New type of meshesvould generateothertypesof digital Iters. Thesenew typesof digital

Iters couldhave bettertransferfunctionsfrom the point of modellingwave propagation.

7.4 Conclusion

It wasshavn thatTLM is a goodnumericaltechniquefor modellingmedicalultrasoundvave
propagation.A new digital Iter modelfor TLM meshwas proposedand explained. Based
on this digital lter model, a new way to terminatethe TLM meshto a matchingmediais

presented.

SinceTLM wasoriginally designedor modellingelectromagnetigvave propagationthere-
lationshipbetweerelectromagnetisvavesandsoundwaveswaspresentegothe TLM canbe

usedfor modellingultrasoundvave propagatiortoo.

Severalmodellingresultswerepresentedo shav how TLM couldbe useto modelsomeinter

estingwave propagatiorproblems.

It wasshavn how TLM canbeusedto modelcurved surfaces suchasafocusingmirror anda

circularmirror.

TLM wasusedto modelwave steeringin an arraytransducer It wasalsoshavn how to use

TLM to modelthe Dopplereffect.

It wasalsoshavn thatthesamplingratefor TLM modellingis notcompleteandanewx sampling

ratefor TLM modellingwaspresented.
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AppendixA
Original publication

This papemublishedn the proceedingf :
"First InternationalConferencen Advancesn Medical SignalandInformationProcessing”
organizedby IEEE andheldin Bristol, UK on Septembe2000[98].
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AppendixB
Developersguideto TLM classes

B.1 Abstract

In thisdocumentt is explainedhow to useclassesn TLM library to write aTLM model.

B.2 Intr oduction

TLM library is a collectionof classesandfunctionsfor writing TLM modellingin C++. The

classesn thislibrary consistof thefollowing classes:
CTImBasic:Thebasicclasswhich take careof memorymanagemenand processingiodes
andchangingdatabetweemodes.Thiglassby it selfcant beused.

CTImPPM:Thisclassis basedon CTiImBasicandaddthe functionality of savzing eachframe

in aPPM les tothe CTImBasic.This classcant beusedby itself.

CTimSimpleThesimplestTLM model. This classis the simplestfunctionalTLM model.

B.3 CTImBasic

Thisis thebasefor all otherTLM classes.Thenaintasksfor this classare:

Allocatethenecessarymemoryfor storingnodedata
De-allocatingmemoryat exit.

Do theiterationandcall necessarjunctionfor updatingnodedataandgettingdatafrom

sources.

ManagingNodedata
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B.3.1 De nition:

/I TImBasic.h: interface for the CTImBasic class.
I
i A A TR A | R R R A R | T R A VR T | R A | R T R A T B T T

#if !defined(AFX_T LMBASIC_H__ C45F5544 8065_11D2 837D_0000B4731445__ INCLULED))
#define  AFX_TLMBASIC_H__C45F5544 8065_11D2_ 837D _0000B4731445__INCLUDBED_

#if _MSC_VER>= 1000
#pragma once

#endif // _MSC_VER>= 1000
#include  <math.h>

#include  <dsp.h>

typedef enum {
DIR_PX=0,//  positive X
DIR_NX,// negative X
DIR_PY,//  positive Y
DIR_NY /[ negative Y
JTDIR;

class CTImBasic

{

public:

TNODENodeValue(int Xjint YY),

virtual TNODE Nodelntensity(i nt X,nt Y);
virtual TNODEMaxFramelntensi  ty( );
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virtual bool Init(int XDim,int  YDim,int  Time);
CTImBasic();

virtual “CTImBasic();

virtual bool DoModel();

protected:

int  m_Time;

virtual bool HandleBoundry(i nt X,int Y);
virtual bool ChangeData();

bool m_Aborted:;

virtual bool PreProcessFrame (int  Time);

virtual bool PostProcessFram e (int  Time);

virtual bool PreProcessNode (int X,int Y,int Time);
virtual bool ProcessNode (int X,int Y,int Time);
virtual bool PostProcessNode (i nt X,int Y,int Time);
virtual bool InitMesh();

int  m_TotalTime;

int m_YDim;

int  m_XDim;

TNODENodeData(int X,int Y, TDIR Dir);
TNODENodeData(int X,int Y, TDIR Dir, TNODEData);
private:

TNODE* m_NodeData;

h

#endif // !defined(AFX_TLM BASIC_H_ C45F5544 8065 11D2_837D_0000B4731445 |

B.3.2 Baseclass
CTImBasichasnt ary baseclass.
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B.3.3 Datatypes

TNODE:Thisis thetype of nodedata. if moreaccurag is neededTNODE maybechanged

to double.

TDIR: This enumtyperepresenthe4 directionarounda 2D node.

B.3.4 Global variables:

CTlmBasichasnt ary globalvariablewhichit's usercanchangeor useit.

B.3.5 Macros:

Pl : Plde nedasthevalueof (3.141592653589B238462643383279%5).

B.3.6 Functions:

virtual TNODE Nodelntensity(int X,int Y): Returnthevaluefor intensityof anode.In it's

simplestformatit returntheabsolutevaluefor sumof four voltagein a 2D node.

virtual TNODE MaxFramelntensity(): Returnthemaximumintensityfor anodein aframe.

Thsidatamaybeusedfor normalizingeachframe.

virtual bool DoModeling(boolFlag): This function do the actualmodeling. This function
will not returnuntil modeling nished or abortfunctioncalled. if Flag setto true,then
Do Modeling will createa nen threadand startto run on the new thread,otherwise
( Flag=false)thereisn't ary new threadandthe modelingwill be donein the current
thread.

virtual bool Init(int XDim,int YDim,int Time): Initialize a TLM mesh. XDim and YDim

aremeshsizeandTime is thetotal time thatthe modelingwill berun.
CTlmBasic(): Constructgrdo nothing.
virtual CTImBasic(): Destructordeletememoryallocatedfor modeling.

virtual bool HandleBoundry(int X,int Y): Ftercalculatingeachnodeandon changingdata

with othernnodes,Nodeswhich are on boundarymust be processedn a espicialway.
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Whenthe ChangeData(unction nd suchnodesthis functionwill becalledto process

them.Wherinvestigatingooundaryeffects,you may overridethis function.

virtual bool ChangeData(): For changingdatabetweemodes.After calculatingvoltagesfor
eachnode,DoModeling()call this functionto changedatawith neighboringnodes.Nor-

mally thereisn't ary needto overridethis function.

virtual bool PreProcessFramdint Time): Thisfunctionis calledby DoModeling()eachtime

processindor anew frameis started.This functiondo nothingby itself.

virtual bool PostProcessFramdint Time): Thisfunctionis calledby DoModeling()aftetthe

processindor eachframe nished.Thisfunctiondo nothingby itself.

virtual bool PreProcessNoddint X,int Y,int Time): This functionis calledbeforeprocess-

ing for eachnodestarted.This functiondo nothingby itself.

virtual bool ProcessNodgint X,int Y,int Time): Processindgor eachnodemustbe donein
this function.SinceCTImBasicis the basefor all TLM classesNothingis donein this

functionl

virtual bool PostProcessNode(in,int Y,int Time); Thisfunctionis calledaftertheprocess-

ing for eachnode nished.

virtual bool DoModeling(): This is the actualmodelingfunction. DoModeling(boolFlag)
call this functiondirectly or indirectly basedon the value of Flag.Thereis no needthat

you call this function.

virtual bool InitMesh(): Initialise TLM meshto zerobeforestartingmodeling. If you want

to initialize the meshto somethingelseotherthanzeroyou may overrideit.
TNODE NodeData(int X,int Y,TDIR Dir): Forreadingspeci c voltagefrom anode.

TNODE NodeData(intX,int Y,TDIR Dir, TNODE Data): For writing a speci c voltageto

anode.

B.3.7 Implementation:

ICTImSimpleusethis functionto implementa simplemedium.
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/[ TImBasic.cpp: implementation of the CTImBasic class.
I
i A A A A A A A A T T A A T A [ T T

#include <malloc.h>

#include <stdio.h>

#include "TImBasic.h"

#define RETURN_ON_FAILKk) { if(x==false) return  false;}

Wi A A T A T T A A T |/ T B A T 1 R T R T T T T TR |
/I Construction/De str ucti on

i A A A A A A A

CTimBasic::CTI mBasic( )
{

CTlmBasic::"CT ImBasic ()

{

delete [] m_NodeData;

}

bool CTImBasic::Init( int XDim, int YDim,nt Time)
{

m_XDim=XDim;

m_YDim=YDim;

m_NodeData=new TNODE[m_XDim*mYDim*4 ];
m_TotalTime=Ti me
return  true;

}
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TNODECTImBasic::Node Data(int X, int Y, TDIR Dir)
{

return  m_NodeData[((( X*m_YDi m)+Y)*4 )+ Dir] ;

}

TNODECTImBasic::Node Data(int X, int Y, TDIR Dir, TNODEData)

{

TNODEBuffer=m_NodeDa ta[ (( (X*m_YDim)+ Y)*4 )+ Dir ];
m_NodeData[((X *m_YDim)+Y)*4)+ Dir]= Data ;

return  Buffer

}

bool CTImBasic::Ini tMesh ()

{
for(int X=0;X<m_XDim;X++ )
{
for(int Y=0;Y<m_YDim;Y++ )
{

NodeData(X,Y,DI R _PX0);
NodeData(X,Y,DI R _NXO0 );
NodeData(X,Y,DI R_PY,0);
NodeData(X,Y,DI R _NY,0);
}
}

return  true;

}

167



Developersguideto TLM classes

bool CTImBasic::DoMod el ()

{

m_Aborted=fals e;

RETURN_ON_FAI ni tMesh() );

for(m_Time=0;m _Time<m Tot al Ti me;m_Ti me++)
{

printf("Proces si ng frame %d\n",;m_Time);
RETURN_ON_FAIP re Pro cess Frame(m_Time) );
for(int X=0;X<m_XDim; X+ +)

{

for(int Y=0;Y<m_YDim;Y+ +)

{

RETURN_ON_FAIP re Pro cess Node (X, Y, m_Ti me);
RETURN_ON_FAIP ro ces sNode( X, Y,m_Time) );
RETURN_ON_FAIKP ostPr ocessNode(X,Y ,m_Time)) ;

}

}
RETURN_ON_FAIP ostPr ocessFra me(m_Ti me) ;

ChangeData();

if(m_Aborted==  tr ue) return false;

}

return  true;

}

bool CTImBasic::PrePr ocessFrame(int Time)

{

return  true;

}

bool CTImBasic::PostP  ro cessFramei nt Time)
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{

return  true;

}
bool CTImBasic::Pre ProcessNode(i nt X,int Y,int Time)

{

return true;

}

bool CTImBasic::Pro cessNode(int X,nt Y,int Time)

{

return true;

}

bool CTImBasic::Pos tProc essNode(int X,int Y, int Time)

{

return true;

TNODECTImBasic::MaxF ramel nt ensi ty( )
{

TNODE Buffer,MaxData;

for(int Y=0;Y<m_YDim;Y++ }{

for(int X=0;X<m_XDim;X++ }{
Buffer=Nodelnte  nsit y( X,Y);

if (MaxData<Buffe 1) {

MaxData=Buffer;

}
}
}
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return MaxData;

}

TNODECTImBasic::Node Inte nsit y(i nt X, int Y)

{
TNODEBuffer=(NodeDat ~ a( X, Y, DIR_PX) +NodeData (X,Y ,DIR _NX+ NodeData( X, Y, DIR_PY)+Nod

return  (TNODE)fabs((dou bl e) Buffe 1) ;
}

bool CTImBasic::Chang eDat a()

{

TNODE Buffer;

for(int X=0;X<m_XDim; X+ +)

{

for(int Y=0;Y<m_YDim;Y+ +)

{

if((X!=0) & (Y'=0) & (X!I=m_XDim-1) & (Y!=m_YDim-1)) // not on boundry
{

Buffer=NodeDat a( X, Y,DIR_PX, NodeDat a( X+1, Y,DIR _NX));
NodeData(X+1,Y ,DIR_NXBuffer) ;

/[ Buffer=NodeData (X, Y, DIR_NXNo deData (X-1, Y, DIR_PX);
/[ NodeData(X-1,Y, DIR_PX, Buff er) ;

Buffer=NodeDat a( X, Y,DIR _PY, NodeDat a( X, Y+1,D IR _NY));
NodeData(X,Y+1 ,DIR_NY,Buffer) ;

/[ Buffer=NodeData (X, Y, DIR_NY,No deData (X,Y- 1, DIR_PY));
/[ NodeData(X,Y-1, DIR_PY, Buff er) ;

}

else

{
HandleBoundry( X, Y);
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}
}
}

return  true;

}

bool CTImBasic::Han dl eBoundry(int X, int YY)

{

if(X==0)

{

NodeData(X+1,Y, DIR_NXNo deData (X,Y, DIR_PX) ;

/I NodeData(X,Y,D IR_PX, 0.25 * NodeData(X,Y,DI R_PX)) :
}

else

if(X==m_XDim-1)

{

NodeData(X,Y,DI R_NXNodeData (X-1,Y, DIR_PX) ;

/I NodeData(X,Y,D IR_NX, 0.25 * NodeData(X,Y,DI R_NX) :
}

else{

NodeData(X,Y,DI R_PXNodeData (X+1,Y, DIR_NX) ;
NodeData(X,Y,DI R_NXNodeData (X-1,Y, DIR_PX) ;

if(Y==0)

{

NodeData(X,Y+1, DIR_NY,NodeData (X,Y, DIR_PY)) ;

/I NodeData(X,Y,D IR_PY, 0.25 * NodeData(X,Y,DI R_PY)) ;
}

else

if(Y==m_YDim-1)
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{
NodeData(X,Y,D IR _NY,NodeDat a( X,Y-1 ,DIR_PY)) ;
/I NodeData(X,Y,DI R_Ny, 0.25 * NodeData(X,Y,DI R_NY));

}

else

{
NodeData(X,Y,D IR_PY,NodeDat a( X,Y +1,DIR_NY)) ;
NodeData(X,Y,D IR_NY,NodeDat a( X,Y-1 ,DIR_PY)) ;

}

return true;

}

TNODECTImBasic::Node Valu e(int X, int Y)

{
if(X==0 && Y==99)

{
return  (NodeData(X,Y,DI R_PX)+ NodeDat a( X, Y,DIR _NX) +Node Data (X,Y ,DI R_PY)+ NodeDat a(

}

return  (NodeData(X,Y,DI R_PX+ NodeDat a( X, Y,DIR _NX) +Node Data (X,Y ,DI R_PY)+ NodeDat a(
}

B.3.8 Programming:

You mustinheritedfrom this classbeforeyou canuseit.In inheritedclassdo thefollowings:

1. OverrideProcessNodetp implementthe mediumproperties.

2. OverridePreProcessFramag) PreProcessNodei) addsourcesignalto the medium?

2if youhave onesourcesignalit is simplerto overridePreProcessNodegndif you have several sourcesignalit
is simplerto overridePreProcessFrame()
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3. OverridePostProcessFrameg) PostProcessNodet) save recever signal3

4. Add ary othercapabilitythatyou wantto your class.

In the mainprogramdo thefollowings:

1. Crateaninstanceof your class.

2. Initialize the TLM meshby calling Init().
3. Do ary initialization you classneeded.
4. Startto modelby calling DoModelling().

5. On exiting from your program,CTImBasicdestructowill cleanmemoriesthatit allo-

catedfor modeling.

B.4 CTImPPM:

CTImPPM addthe functionality neededo write framesin PPM format. CTImPPM doesnt

save eachframeby itself andtheinheritedfunctionmustcall SaveFarem()for saving frame®.

B.4.1 De nition:

/I TImMPPM.cpp: implementation of the CTImPPM class.

I

M A0 i
#include  <stdio.h>

#include  <string.h>
#include  "TImPPM.h"

i A A )

3if youhave only onereceierit is simplerto usePostProcessNodetgit if you have severalreceier or youwant
to save the datafor acompleteframethenyou mustusePostProcessFrame().
4This functionmaybecalledin PostProcessFrame()
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/I Construction/De str ucti on
i A A T A T T T T A T B T T A T/ T |

CTImPPM::CTImP PM)
{

m_FileNameTemp la te [0] =0;

CTImPPM::"CTIm PPM()
{

}
bool CTImPPM:SaveFra mei nt FrameNumber)

{
if(m_FileNameT enpl ate [0 ]= =0) return true;
char FileName[255];

int Red,Blue,Green ;

sprintf(FileNa mem_Fi le NameTempl at e, Fr ameNumker );
FILE * FPointer=fopen(F il eNarre," wb") ;

fprintf(FPoint er," P6\n");

fprintf(FPoint er," %d %d\n",;m_XDim,m_ YDm);
fprintf(FPoint er,"” 255\n") ;

I

TNODEMaxIntensity=Ma  xSig nal( );
for(int Y=m_YDim-1;Y>=0 ;Y -- ¥
for(int X=0;X<m_XDim;X+ +) {
if(IsOnAnObjec  t( X, Y)>=0)

{

Red=255;

Blue=255;

Green=255;

}
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else

{
RGBData(X,Y,Red ,Blu e, Green,MaxIn ten si ty );

/I draw boundry

if(X==0 || ==m_XDim-1 || Y==0 || Y==m_YDim-1){
/I Blue=255;

/I Green=255;

Red=255;

}

}

fwrite(&Red, 1,1 ,F Poin ter );
fwrite(&Green,1 ,1 ,F Point er);

fwrite(&Blue, 1, 1, FPoi nte 1) ;
}

}

fclose(FPointer );

return true;

}
bool CTImPPM::SetFi le Tenpl at e(char * Template)

{
strcpy(m_FileNa  meTemgdat e, Temgda te) ;

return  true;

#define MAXGREY(255)
#define MAXRANGE100)
#define  DAVE (1)

#define  PETER (2)

#define COLORSETURDAVE
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bool CTImPPM:RGBData(i nt X, int Y, int & Red, int & Blue, int & Green, TNODE Max

{
#f (COLORSETUP==ETER)

TNODEValue=Nodelnten si ty (X,Y);

if(Value> 5*  MaxFramelntensi ty) Value=MaxFrame In te nsi ty ;
Green = 0;

Red = Value * 255/MaxFramelnte nsit y;

Blue = (MaxFramelntensi ty -V al ue) *2 55/MaxFra mdn te nsity ;
#endif

#if (COLORSETUP== DAVE)

int  Colour = (int)(MAXGREY* (Nodeln te nsit y(X,Y)/ MaFramel nt ensi ty) );
if(Colour >MAXRANGB

Colour=MAXRANGE;

Colour*=255.0/ MAXRANG;

Il if(Colour>0)

I {
/I fprintf(fp,"%d %d \t%d\t%d\n",m_T ime, X,Y,Col our) ;
I}
if (Colour>MAXGREY) Colour=MAXGREY;
if  (Colour<0) Colour=0;
if (Colour<(MAXGREY /6))
{
Red = 0; Green = Colour*6; Blue = MAXGREY;
} else if (Colour<(MAXGRE Y/3))
{
Red = 0; Green = MAXGREY, Blue = MAXGREY- 6*(Colour - MAXGREY/6);
} else if (Colour<(MAXGRE Y*11/ 24))
{
Red = (Colour - MAXGREY/3)*8; Green = MAXGREY; Blue = 0;

176



Developersguideto TLM classes

} else if (Colour<(MAXGREY *7/1 2))

Red = MAXGREY; Green = MAXGREY- 8*(Colour - MAXGREY*11/24); Blue = 0;
} else if (Colour<(MAXGR EY*5/6) )

{

Red = MAXGREY; Green = 4*(Colour - MAXGREY*7/12); Blue = 0;

} else {
Red = MAXGREY; Green

MAXGREY; Blue = 12*(Colour - MAXGREY*5/6);

if (Blue < 0) Blue = 0;

if (Blue > MAXGREY)Blue = MAXGREY;

if (Red < 0) Red = 0;

if (Red > MAXGREY)Red = MAXGREY;

if (Green < 0) Green = 0;

if (Green > MAXGREY)Green = MAXGREY;
#endif

return true;

}

/*bool  CTImPPM::RGBData( int X, int Y, int & Red, int & Blue, int & Green,TlI
{

int  Nodelnt=(int)(2 55*(N odel nt ensit y( X, Y)/MaxFra mdn te nsi ty )) ;

unsigned int Palate[256]={ 0x000000, 0x003300, 0x006600, 0x009900, 0x0
0x000033, 0x003333, 0x006633, 0x009933, 0x00CC33, 0x00FF33,

0x000066, 0x003366, 0x006666, 0x009966, 0x00CC66, OxO0FF66,

0x000099, 0x003399, 0x006699, 0x009999, 0x00CC99, 0x00FF99,

0x0000CC, 0x0033CC, 0x0066CC, 0x0099CC, 0x00CCCC, Ox00FFCC,

Ox0000FF,  Ox0033FF,  0Ox0066FF, Ox0099FF,  OxO0CCFF, OxO0FFFF,

0x330000, 0x333300, 0x336600, 0x339900, 0x33CC00, 0Ox33FF00,
0x330033, 0x333333, 0x336633, 0x339933, 0x33CC33, 0x33FF33,
0x330066, 0x333366, 0x336666, 0x339966, 0x33CC66, Ox33FF66,
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0x330099,
0x3300CC,
0x3300FF,

0x660000,
0x660033,
0x660066,
0x660099,
0x6600CC,
0x6600FF,

0x990000,
0x990033,
0x990066,
0x990099,
0x9900CC,
0x9900FF,

0xCC0000,
0xCC0033,
0xCC0066,
0xCC0099,
0xCCO0O0CC,
OxCCOOFF,

O0xFF0000,
OxFFO0033,
OxFFO0066,
O0xFFO0099,

0x333399,
0x3333CC,
0x3333FF,

0x663300,
0x663333,
0x663366,
0x663399,
0x6633CC,
0x6633FF,

0x993300,
0x993333,
0x993366,
0x993399,
0x9933CC,
0x9933FF,

0xCC3300,
0xCC3333,
0xCC3366,
0xCC3399,
0xCC33CC,
O0xCCS33FF,

O0xFF3300,
OxFF3333,
OxFF3366,
OxFF3399,

0x336699,
0x3366CC,
O0x3366FF,

0x666600,
0x666633,
0x666666,
0x666699,
0x6666CC,
Ox6666FF,

0x996600,
0x996633,
0x996666,
0x996699,
0x9966CC,
O0x9966FF,

0xCC6600,
0xCC6633,
0xCC6666,
0xCC6699,
0xCC66CC,
OxCCG66FF,

OxFF6600,
OxFF6633,
OxFF6666,
OxFF6699,

0x339999,
0x3399CC,
O0x3399FF,

0x669900,
0x669933,
0x669966,
0x669999,
0x6699CC,
O0X6699FF,

0x999900,
0x999933,
0x999966,
0x999999,
0x9999CC,
0x9999FF,

0xCC9900,
0xCC9933,
0xCC9966,
0xCC9999,
0xCC99CC,
OxXCC99FF,

O0xFF9900,
OxFF9933,
OxFF9966,
OxFF9999,
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0x33CC99,
0x33CCCC,
0x33CCFF,

0x66CCO00,
0x66CC33,
0x66CC66,
0x66CC99,
0x66CCCC,
0x66CCFF,

0x99CCO00,
0x99CC33,
0x99CC66,
0x99CC99,
0x99CCCC,
0x99CCFF,

0xCCCCO00,
0xCCCC33,
0xCCCC66,
0xCCCC99,

0xCCCCCC,
OXCCCCFF,

OxFFCCO0,
OXFFCC33,
OXFFCC66,
OXFFCC99,

0x33FF99,
O0x33FFCC,
Ox33FFFF,

0x66FF00,
OX66FF33,
Ox66FF66,
O0x66FF99,
O0x66FFCC,
Ox66FFFF,

0x99FFO00,
Ox99FF33,
O0x99FF66,
O0x99FF99,
O0x99FFCC,
OX99FFFF,

O0xCCFFO00,
OxCCFF33,
OxCCFF66,
OxCCFF99,
OxXCCFFCC,
OXCCFFFF,

OxFFFFOO,
OXFFFF33,
OxFFFF66,
OxXFFFF99,
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OXFFOOCC, OxFF33CC, OxFF66CC, OxFF99CC, OxFFCCCC, OxFFFFCC,
OXFFOOFF,  OxFF33FF, OxFF66FF, OxFF99FF, OxFFCCFF, OxFFFFFF };

/Il int  Nodelnt=(int)( oxf ff ff * (Nodeln te nsit y(X,Y)/ MaFramel nt ensi ty) );
Red =((unsigned char)(Palate[No del nt > >16));
Green=((unsigne d char)(Palate[No del nt ]> >8)) ;
Blue =((unsigned char)(Palate[No del nt]) );

/  if(Nodelnt!=0)

1A

1

/l Red= ((unsigned char)(Nodelnt>>  16)) ;

/I Green=((unsign ed char)(Nodelnt>>  8));

/[ Blue= ((unsigned char)(Nodelnt)) ;

I}

=~

/I Red=(int)(255* (Nodeln te nsit y( X,Y)/ MaxFra melnt ensi ty ));
/I Blue=Red;
/I Green=Red;

return  true;

}
*

TNODECTImPPM::MaxSig nal ()
{

return 1;

}
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B.4.2 Baseclass:

CTImPPMis basedn CTImBasic.

B.4.3 Datatypes

CTImPPMhasnt ary internaldatatypes.

B.4.4 Global variables:

This classhasnt ary globalvariablethatit' s usercanreador changehem.

B.4.5 Functions:

virtual bool SetFileTemplate(char* Template): Setthe le templatefor writing eachframe
with thathname.for exampleif thetemplatesetto "frame d” thenthe rst frame( frame
) will be save as”frame .ppm” andframe as”frame .ppm”. File templateusethe

samerulesasprintf formatstring.
CTImPPM(): Constructar
virtual CTImPPM(): Destructor

bool SaveFrame(int FrameNumber): Save aframein PPMformat. File namefor saving is
createcbasedn two parameterfFileTemplateandframeNumberFor moreinformation

seeSetFileEmplate().

virtual bool RGBData(int X,int Y,int Red,int Blue,int Green,TNODEMaxFramelntensity):
ThisfunctionreturntheRGB valuefor eachnode.Itmaybeoverriddento createa colorful

imagebasedn propertiesof the mediumor wave properties.

B.4.6 Implementation:

/[ TImPPM.cpp: implementation of the CTImPPM class.
I
i A A A A A A A A R A R T A A T [ T T

#include <stdio.h>
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#include  <string.h>

#include "TImPPM.h"

i A A A | I R T O [ R A R T B [ A T A T R A 1T
/I Construction/D estr uct io n
M A A R A T T B T T O T R T B VB /B T R T R A [ B

CTImPPM::CTImPP M()
{

m_FileNameTempl at e[ 0]

I
e

CTImPPM::"CTImP PM)
{

}

bool CTImPPM::SaveF ra me(in t FrameNumber)

{
if(m_FileNameTe mga te [0] ==0) return true;
char FileName[255];

int Red,Blue,Green;

sprintf(FileNam e, m_Fi leN ameTenpl ate ,F ra meNumber) ;
FILE * FPointer=fopen (Fi le Nameg" wb");

fprintf(FPointe r, "P6\n") ;

fprintf(FPointe r, "%d %d\n",m_XDim,m_Y Dim);
fprintf(FPointe r, "255\n" );

I

TNODE MaxIntensity=Ma  xSi gnal () ;
for(int Y=m_YDim-1;Y>=0; Y--) {
for(int X=0;X<m_XDim;X++ }{
if(IsONnAnObject (X,Y)>=0)
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{

Red=255;
Blue=255;
Green=255;
}

else

{
RGBData(X,Y,Re d, Bl ue, Green, MaIn te nsit y) ;

/[ draw boundry

ifX==0 || ==m_XDim-1 || ==0 || ==m_YDim-1){
/I Blue=255;

Il Green=255;

Red=255;

}

}

fwrite(&Red, 1, 1, FPoin ter) ;
fwrite(&Green, 1,1, FPoin ter) ;
fwrite(&Blue,1 ,1 ,F Pointer);

}

fclose(FPointe r ;
return  true;

}
bool CTImPPM::SetFile Temgda te (ch ar * Template)

{
strcpy(m_FileN  ameTempa te ,T enpla te );

return  true;
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#define MAXGREY(255)
#define MAXRANGE100)
#define  DAVE (1)

#define PETER (2)

#define COLORSETURDAVE

bool CTImPPM::RGBData (in t X, int Y, int & Red, int & Blue, int & Green,TNO
{

#if (COLORSETUP==PEER)

TNODEValue=Nodelnten sit y( X, Y);

if(Value> .5*  MaxFramelntens it y) Value=MaxFramel nt ensi ty;
Green = 0;

Red = Value * 255/MaxFrameln te nsi ty ;

Blue = (MaxFramelnten sit y- Valu e) *25 5/ MaxFra melnt ensi ty ;
#endif

#if (COLORSETUP== DAVE)

int  Colour = (int)(MAXGREY*( Nodelnt ensi ty (X,Y) /MaxFramneln te nsit y) );
if(Colour >MAXRANGBH

Colour=MAXRANGE

Colour*=255.0/M AXRANC;

/ if(Colour>0)

1A

[ fprintf(fp,"%d %d \t%d\t%d\n",m_Ti meX,Y ,Colo ur);

I}

-

-

if (Colour>MAXGRE Y) Colour=MAXGREY;
(Colour<0) Colour=0;
if (Colour<(MAXGR EY/6))

J—

{
Red = 0; Green = Colour*6; Blue = MAXGREY;

} else if (Colour<(MAXGR EY/3))
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{

Red = 0; Green = MAXGREY, Blue = MAXGREY- 6*(Colour - MAXGREY/6);
} else if (Colour<(MAXGRE Y*11/ 24))

{

Red = (Colour - MAXGREY/3)*8; Green = MAXGREY; Blue = 0;
} else if (Colour<(MAXGRE Y*7/12))

{
Red = MAXGREY; Green = MAXGREY- 8*Colour - MAXGREY*11/24); Blue = 0;
} else if (Colour<(MAXGRE Y*5/6))
{
Red = MAXGREY; Green = 4* Colour - MAXGREY*7/12); Blue = 0;
} else {
Red = MAXGREY; Green = MAXGREY; Blue = 12*(Colour - MAXGREY*5/6);
}
if (Blue < 0) Blue = 0;
if (Blue > MAXGREY)Blue = MAXGREY;
if (Red < 0) Red = 0;
if (Red > MAXGREY)Red = MAXGREY;
if (Green < 0) Green = 0;
if (Green > MAXGREY)Green = MAXGREY;
#endif

return  true;

}

/*bool CTImPPM::RGBData (i nt X, int Y, int & Red, int & Blue, int & Green,TNODE N
{

int  Nodelnt=(int)( 255*( Nodeln ten si ty (X,Y )/M axFranel nte nsit y) );

unsigned int Palate[256]={ 0x000000, 0x003300, 0x006600, 0x009900, 0x00CCO00,
0x000033, 0x003333, 0x006633, 0x009933, 0x00CC33, O0x00FF33,

0x000066, 0x003366, 0x006666, 0x009966, 0x00CC66, O0x00FF66,

0x000099, 0x003399, 0x006699, 0x009999, 0x00CC99, O0x00FF99,

0x0000CC, 0x0033CC, 0x0066CC, 0x0099CC, O0x00CCCC, O0x00FFCC,

Ox0000FF,  Ox0033FF, Ox0066FF,  Ox0099FF, OxO00CCFF, Ox00FFFF,
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0x330000,
0x330033,
0x330066,
0x330099,
0x3300CC,
0x3300FF,

0x660000,
0x660033,
0x660066,
0x660099,
0x6600CC,
0x6600FF,

0x990000,
0x990033,
0x990066,
0x990099,
0x9900CC,
0x9900FF,

0xCC0000,
0xCC0033,
0xCC0066,
0xCC0099,
0xCCO00CC,
0xCCOOFF,

0x333300,
0x333333,
0x333366,
0x333399,
0x3333CC,
O0x3333FF,

0x663300,
0x663333,
0x663366,
0x663399,
0x6633CC,
0x6633FF,

0x993300,
0x993333,
0x993366,
0x993399,
0x9933CC,
0x9933FF,

0xCC3300,
0xCC3333,
0xCC3366,
0xCC3399,
0xCC33CC,
OxCC33FF,

0x336600,
0x336633,
0x336666,
0x336699,
0x3366CC,
O0x3366FF,

0x666600,
0x666633,
0x666666,
0x666699,
0x6666CC,
OX6666FF,

0x996600,
0x996633,
0x996666,
0x996699,
0x9966CC,
0x9966FF,

0xCC6600,
0xCC6633,
0xCC6666,
0xCC6699,
0xCC66CC,
OxCC66FF,

0x339900,
0x339933,
0x339966,
0x339999,
0x3399CC,
O0x3399FF,

0x669900,
0x669933,
0x669966,
0x669999,
0x6699CC,
O0x6699FF,

0x999900,
0x999933,
0x999966,
0x999999,
0x9999CC,
0x9999FF,

0xCC9900,
0xCC9933,
0xCC9966,
0xCC9999,
0xCC99CC,
OxXCC99FF,
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0x33CCO00,
0x33CC33,
0x33CC66,
0x33CC99,
0x33CCCC,
O0x33CCFF,

0x66CCO00,
0x66CC33,
0x66CC66,
0x66CC99,
0x66CCCC,
0x66CCFF,

0x99CCO00,
0x99CC33,
0x99CC66,
0x99CC99,
0x99CCCC,
0x99CCFF,

0xCCCcCOo0,
0xCCCCa33,
0xCCCC66,
0xCCCC99,

0xCCCCCC,
OXCCCCEFF,

0x33FFO00,
O0x33FF33,
0x33FF66,
0x33FF99,
0x33FFCC,
Ox33FFFF,

0x66FFO00,
O0x66FF33,
Ox66FF66,
0x66FF99,
0x66FFCC,
Ox66FFFF,

0x99FFO00,
O0x99FF33,
0x99FF66,
0x99FF99,
0x99FFCC,
Ox99FFFF,

O0xCCFFO0O0,
OxCCFF33,
OxCCFF66,
OxCCFF99,
OxCCFFCC,
OXCCFFFF,
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OXFFO000,  OXFF3300, OxFF6600,  OxFF9900, OxFFCCO00, OxFFFFOO,
OXFF0033, OxFF3333, OxFF6633, OxFF9933, OxFFCC33, OxFFFF33,
OXFF0066,  OXFF3366, OXxFF6666, OXFF9966, OxFFCC66, OXFFFF66,
OXFF0099,  OXFF3399, OxFF6699, OxFF9999, OxFFCC99, OxFFFF99,
OXFFOOCC, OXFF33CC, OxFF66CC, OxFF99CC, OxFFCCCC, OxFFFFCC,
OXFFOOFF,  OXFF33FF, OxFF66FF, OXFF99FF, OXFFCCFF, OxFFFFFF };

/lint  Nodelnt=(int)(0x ff ff ff *(N odel nt ensit y( X, Y)/MaxFra mdn te nsi ty )) ;
Red =((unsigned char)(Palate[No deln t] >>16) );
Green=((unsign ed char)(Palate[No dein t] >>8)) ;
Blue =((unsigned char)(Palate[No deint] )) ;

/I if(Nodelnt!=0)

I {

I

/I Red= ((unsigned char)(Nodelnt>  >16));

/[ Green=((unsigne d char)(Nodeilnt>  >8)) ;

/[ Blue= ((unsigned char)(Nodelnt) );

I}

/I Red=(int)(255*( Nodel nt ensi ty( X, Y)/MaxFra mdn te nsity )) ;
/I Blue=Red;

/I Green=Red;

return  true;

}
*
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TNODECTImPPM::MaxSig nal ()
{

return 1;

}

B.4.7 Programming:

you mustinheritedfrom this classbeforeyou canuseit.In inheritedclassdo thefollowings:

1. OverrideProcessNodep implementthe mediumproperties.
2. OverridePreProcessFrameg) PreProcessNodei) addsourcesignalto themedium?®
3. OverridePostProcessFrameg) PostProcessNodet) save recever signal®

4. Whenyou wantto save a framedatd, call SaveFrame(with appropriatdramenumber

(usuallytime stampof theframe).

5. If youwantto addcolorto imagebasedon mediumpropertyor wave property override
RGBData().

6. Add ary othercapabilitythatyou wantto your class.

In the mainprogramdo thefollowings:

1. Crateaninstanceof your class.

2. Initialize the TLM meshby calling Init().

3. Initialize PPM le namecreationby calling SetFileEmplate().
4. Do ary initializationyour classneeded.

5. Startto modelby calling DoModelling().

%if you have onesourcesignalit is simplerto overridePreProcessNodegndif you have severalsourcesignalit
is simplerto overridePreProcessFrame()

8if youhave only onereceierit is simplerto usePostProcessNodetgit if you have severalreceier or youwant
to save the datafor acompleteframethenyou mustusePostProcessFrame().

"usuallythis functionis calledin PostProcessFrame()
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