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Abstract

This thesisintroducesTLM asa new methodfor modellingmedicalultrasoundwave propaga-

tion.

BasicTLM theoryis presentedandhow TLM is relatedto Huygensprincipleis discussed.Two

dimensionalTLM modellingis explainedin detailandonedimensionalandthreedimensional

TLM modellingareexplained.

ImplementingTLM in singleCPUcomputersandparallelcomputersis discussedandseveral

algorithmsarepresentedtogetherwith their advantagesanddisadvantages.InverseTLM and

modellingnonlinearwavepropagationanddifferenttypesof mesharediscussed.

A new ideafor modellingTLM asadigital �lter is presentedandremoving theboundaryeffect

basedon digital �lter modellingof TLM is discussed.

Somemodellingexperimentssuchas:

� Focusingmirror.

� Circularmirror.

� Array transducers.

� Dopplereffect.

arepresentedandhow to useTLM to modeltheseexperimentsis explained.

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

makesthemodellingof a muchlargerspacespracticalon agivenhardwareplatform.
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Chapter1

Intr oduction

Ultrasoundis widely usedin many areasin medicine.It providesasafeandef�cient meansfor

diagnosticsandtherapy. Unfortunatelyourknowledgeof how ultrasoundwavespropagateand

interactin acomplex mediumsuchasbodyis limited.

1.1 Why it is necessaryto modelultrasound wavepropagation

Wehaveenoughknowledgeof how ultrasoundwavespropagatein asimplemedium,but when

the mediumbecomescomplex with several objectsof differentsizesandshapes,solving the

wavepropagationformulabecomesvirtually impossible[10]. Insidethebodythecaseis much

morecomplex sincenotonly eachorganhasits own shapeandsize,theultrasoundpropagation

speedis differentfor eachtissue. Modelling becomesmuchmorecomplex whenoneknows

thattissuesarenotahomogenousmediumfor ultrasoundwavepropagation.Fig[1.1] shows an

artery. As canbeseenfrom this �g, evena speci�c placein thebodyhasdifferentshapesand

propertieswhenit is normalandwhenit is abnormal.Physiciansarevery interestedto detect

abnormalitiesin arteries,sothatthey canprescribetheright medicineto thepatient.Onegood

Figure 1.1: Anarterywhenit is normalandwhenit is abnormal[1].

1



Introduction

Figure 1.2: An ultrasoundimage froman artery [2].

solutionis to useultrasoundimaging1. An ultrasoundimageof anarteryis shown in �g[1.2].

1.1.1 Ultrasound tissuecharacterization

Oneof theactive researchtopicsin medicalultrasoundsystemsis tissuecharacterizationwith

ultrasound[11], which is determiningthe type of tissueby usingan ultrasoundimage. The

simplestway is to usethegraylevel of theultrasoundimageasanindicationof thetissuetype.

For example,in �g[1.3], a simplemethodto determinethe type of plaguein an artery( see

�g[1.2]) is shown. This methodis verysimplebut inaccurate.

Thereareseveralothertechniquesfor tissuecharacterization.Themostcommonis spectrum

analysis[12], [13] which is basedonthefactthatthespectrumof thebackscatteredultrasound

signaldependson the type of tissuebeing imaged. Thereis not a clearunderstandingwhy

andhow eachtissuechangesthespectrumof thereceivedsignal.Oneotherproblemin tissue

characterizationwith spectrumanalysisis thatthereceivedsignalis affectedby theintervening

tissuein thepropagationpath. This effect maychangethe resultdramatically. Unfortunately

1This kind of ultrasoundimagingcalledIntraVascularUltra Sound(IVUS).
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Figure1.3: A simplemethodfor tissuecharacterization[1].

knowledgeof theeffectof othertissuein theultrasoundwavepropagationpathis poor.

Sinceit is not possibleto modelthe ultrasoundwave propagationmathematically2 , it is not

possibleto predicttheeffect of eachtissueon thebackof thetissuebeingimagedfor thediag-

nosticpurpose[14]. Onewayto solvethisproblemis to modeltheultrasoundwavepropagation

numerically.

1.1.2 Ultrasound transducer design

Theaccuracy andperformanceof anultrasoundsystemdependson its ultrasoundtransducer3.

The shapeof an ultrasoundtransducerdeterminesthe shapeof its transmittedpropagation

beam. To understandexactly how an ultrasoundimageis createdoneshouldknow how the

ultrasoundwave is generatedandtheultrasoundwavebeamshape.

Therearesomeexpensive piecesof equipmentfor �nding the beamshapeof an ultrasound

transducer. To usethis equipment,one shouldmake the transducerand then test its beam

shape.

The situationis morecomplex for arraytransducerssincefor thesetypesof transducers,the

beamshapenot only dependson eacharrayelementbut alsoon wheneachelementis �red

comparedits neighbours.

The bestway to make an ultrasoundtransduceris to model it to predictthe beamshapeand

2Thebodystructuresaresocomplex thatit is notpossibleto modelultrasoundwavepropagationmathematically
in thebody.

3The electronicsectionof an ultrasoundsystemcanbe modelledin several waysand thereareseveral good
commercialsoftwarepackagesavailableon themarket to do this.

3



Introduction

thento adjustthetransduceruntil thebeamshapeis closeequalto thedesiredone. Only then

thetransducershouldbemade.

1.1.3 Doppler ultrasound

By using the Dopplereffect, someultrasoundsystemsdetectmovement4 anddeterminethe

speedof a movementin thebody5. In all of theseexamples,theDopplershift is very complex

sincethemovementmaybeverycomplex. To �nd theexactspeedof blood�o w, for example,

oneshouldknow how thiscomplex movementwill generateDopplershifts.

SincetheDopplershift dependson movementandthemovementis very complex, modelling

theDopplereffect in thesecasesis very complex. This complexity makesit very dif�cult or

sometimesimpossibleto solve theproblemmathematically.

1.2 TLM modelling

Transmissionline matrix (TLM) modellingis a numericalmodellingtechniquefor wave prop-

agation[15]. It is usedextensively in modellingelectromagneticwave propagation[16]. As it

is amodelfor wave propagation,it canbeusedto solve severalof theproblems6 in ultrasound

wavepropagationin medicalsystems7.

The work that presentedin this thesisis to demonstratehow to usethe TransmissionLine

Matrix (TLM ) for modellingultrasoundwavepropagation.Thismodellingcangiveusamore

detailedunderstandingof how ultrasoundwavesarere�ectedandscatteredby differenttissues

in thebody.

AlthoughTLM modellingwasoriginally developedfor modellingelectromagneticwaveprop-

agation,therehasbeensomelimited work on usingTLM for modellingacousticwaves[17],

[18], [19] . Sinceelectromagneticwavesandultrasoundwavesarevery similar in propaga-

tion behaviour, a tableto show how thesetwo wavesarerelatedto eachotheris presented(see

chapter4).

4For exampledetecttheheartmovementof a fetusin a pregnantwomen.
5For exampleto determinethespeedof blood�o w in avessel
6In this thesis,TLM will beusedto modelarraytransducersandtheDopplereffect.
7It canbeusedfor othertypesof ultrasoundmodellingto, but only medicalultrasoundis presentedhere.
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1.3 The thesisorganization

This thesisconsistsof 7 chapters.The �rst 3 chapterscontainsbackgroundinformation. In

chapter1 (this chapter),thereasonfor doingthis work is explained.

Chapter2 is aboutmedicalultrasoundsystems.It is usefulfor any engineerwhohasn't aback-

groundin medicalultrasoundsystems.It containssomeinformationabouthow anultrasound

imagingsystemworksandwhat typeof ultrasoundimagingsystemsarethere.Sometypesof

ultrasoundtransducersarealsoexplainedin this chapter.

Thebasictheoryof wave propagationandin particularsound/electromagntic wavespropaga-

tion is presentedin Chapter3. In this chapter, the basicidea of a transmissionline is also

explained.

In chapter4 TLM will be introduced. In this chapter, the mathematicaltheorybehindTLM

is given andby focusingon 2 dimensionalTLM modelling the propertiesof this modelling

techniquewill be explained. Somealgorithmsfor TLM modellingwill be presentedin this

chapterandadvantagesanddisadvantagesof eachalgorithmareexplained. Onedimensional

and3 dimensionalTLM is also introducedand inverseTLM is discussed.SinceTLM was

originally usedfor electromagneticwave propagationmodelling,usefor ultrasoundsystemsis

explained.

In chapter5, Somemodellingresultswill bepresented.This modellingis achievedwith mod-

ularsoftwarewhichcanbeusedasthebasisfor modellingcomplex problems.

Sincethe theTLM modellingis a computerizedmodelling,theamountof memoryandcom-

putationalpower that needsdependson the wavelengthof the wave in the medium. Since

theultrasoundwave propagationspeedin thebody is not very fast8 thewavelengthof theul-

trasoundwaves in the body is very short. This shortwavelengthmakes the TLM modelling

very complex anddoingrealisticmodellingis nearlyimpossible.To solve this problema new

samplingtheoryis presentedin chapter6. The resultof this samplingtheoryshows that it is

possibleto modelrealisticultrasoundwave propagationwith computersavailablenow.

8Comparingto thespeedof electromagneticwave in theair.
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Chapter2

Medical ultrasound

2.1 Intr oduction

Ultrasoundwavesarewidely usedin medicine[20],[21]. As diagnosticultrasoundrepresents

no generalhazard(but somespeci�c areaof hazard)to the healthof a patient, its usageis

growing rapidly[22] [23] [24]. Ultrasoundis well known for imagingbut it hasseveral other

usesin medicinesuchas:

� Movementdetection

� MedicalTherapy

� Lithotripsy

Ultrasoundimaging,themostimportantandwidely known applicationof ultrasound,will be

explainedin this chapter. It shouldbe notedthat the resultsof this researchcanbe usedfor

modellingultrasoundwavepropagationin otherapplicationstoo.

Theprincipalattractionsof medicalultrasoundimagingare:

Hazard risk: It is consideredby medicalexpertsto representno hazardto the healthof a

patient[24].

Price: It is cheaperthanotherimagingsystems[25].

Suitability for soft tissue: It is goodfor imagingsoft tissuestructuresin detail[2].

Portability: Portableultrasoundsystemsareavailable.

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

ple themovementof bloodin theheartor in thearteries.
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Ultrasoundimagingis consideredto besafe[26].Althoughsomereportshavebeenpresentedto

indicatethatultrasoundis hazardous,thesereportshave provento beunfounded[24]. Medical

expertscurrentlybelievethatexposingapatientto theclinical level of ultrasoundhasnodanger

to thepatient[26].This providestheopportunityfor repeatedclinical examinationof a patient

withoutworry aboutthesideeffects.

2.2 Generalultrasound imaging

Ultrasoundcanbeusedto constructimagesof thehumanbodydueto theinteractionbetween

thebodytissueandtheultrasoundvibration[27] [28] [29]. It is usedfor imagingmany partsof

thebodyincluding:

� Heart

� Fetus

� Vascularsystem

� othersmallpartssuchaskidneys andliver

In �g[2.1] a typical ultrasoundsystemis shown. As seenfrom this �gure, a typical ultrasound

systemconsistsof 3 parts:

Transducer: Transduceris usedfor producingultrasoundwavesanddetectingbackscattered

ultrasoundwaves. Transducersarepiezoelectriccrystalswhich aredesignedto vibrate

at a speci�c frequency. This frequency is calledthenaturalfrequency of thetransducer.

For medicalsystems,this frequency is typically 1 MHz to 30 MHz. Theultrasoundwill

be createdby applyinga shortdurationvoltagepulseto the transducer.The durationof

this pulseis selectedin sucha way that the producedsignal is only for a few cycles

duration.After theultrasoundwave is created,thetransducerchangesits modeto actas

a receiver. In this modethe transducerdetectstheultrasoundwavesandconvertsthem

to correspondingvoltages.Thesevoltageswill beusedby electroniccircuitsin thedata

acquisitionandprocessingsectionto generatean image. Sometypical transducersthat

arenormallyusein medicalimagingareshown is �g[2.2].
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Transducer

Signal

Processing

Image display

Figure 2.1: Theblock diagramof a typicalmedicalultrasoundimaging system.

Figure 2.2: Sometypical transducers thatusednormallyin medicalimaging [3].
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Figure2.3: Theblock diagramof thesignalprocessingsectionof a typicalmedicalultrasound
imaging system(TGC=TimeGainControl).

Data acquisition and processing: In this section,the received signal from the transduceris

�rst ampli�ed basedon the time that it is received and�ltered to remove someadditive

noise.Thenanenvelopedetectoris usedto detecttheenvelopeof theampli�ed signal.

The output of the envelopedetectoris digitisedand the digitised datais processedto

createtherequiredimage.A typicalultrasoundsystemblockdiagramis shown in �g[2.3]

Display: Typically a CRT monitor is usedto displaythe generatedimages.Sincethe ultra-

soundimagesare high resolution,theseCRT monitorsare high resolutionmonitors.

Someultrasoundsystemscanprint theimageson a thermalprinterandsomeotherscan

print themon normalpaper. Sincethephysiciansusethemonitor to seetheimagesand

in mostcasesthey do their diagnosticsbasedon their observation,thesedisplaysshould

beveryaccurateandwith goodquality. In �g[2.4] anormalultrasoundsystemis shown.

2.3 Differ ent typesof medicalultrasound systems

Thereareseveral typesof medicalultrasoundsystem.Eachof thesetypesis designedto suite

a speci�c usagein medicalimaging. For exampletherearesomeultrasoundimagingsystems
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Figure 2.4: A typicalmedicalultrasoundsystem.Thedisplaysectionis a CRTmonitor[4].
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which aredesignedto monitorheartactivity while someothersaredesignedto monitor foetal

andpregnantwoman.Differentultrasoundsystemsusedifferenttransducers(frequency, shape,

numberof elementsif it is anarray, scanningtype,etc.) , displayingmode( A-Mode,B-Mode,

M-Modeand3D) andtheway thattheimageis created( Re�ection or transmissionimaging).

2.3.1 Re�ective and transmissionbasedultrasound

An ultrasoundsystemcreatesanimageby calculatinghow anultrasoundwaveis changedwhen

it propagatesthroughthebody. Therearetwo waysthatanultrasoundsystemcancalculatethe

way thatanultrasoundwave is propagatingin amedium:

Transmission: Theimageis producedbasedontheamountof wavethatis transmittedthought

thebody.

Re�ection: There�ectedwave from differentpartsof thebodyis usedto createanimage.

2.3.1.1 Transmissionultrasound imaging

Eachpartof thebodyabsorbsa speci�c amountof ultrasoundwave energy. Thetransmission

ultrasoundimagingsystemusesthis factandmeasuretheamountof wave incidentto the re-

ceiverandcreatesanimagebasedonit. In �g[2.5], asimpli�ed transmissionultrasoundsystem

is shown [30] [31].

In this typeof ultrasoundsystems,therearetwo transducers,onefor generatingtheultrasound

waveandtheotherfor detectingtheultrasoundwave. Thepatientbodywill beplacedbetween

the transmitterand the receiver transducers.The received signal strengthat the receivers is

measuredandbasedon thesemeasurementstheimageis created.Thetime takenfor anultra-

soundpulseto passthroughthesystem( from thetransmitterto thereceiver) is a transmission

basedsystemin givenby equation[2.1]

.

,

/

	

(2.1)

Whered is thedistancebetweenthe transmitterandthe receiver andC is thespeedof sound

in the medium. It is worth noting that the transmittercangenerateseveral pulsesbeforethe
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Transmitter

Receiver

Object

Figure 2.5: A simpli�ed transmissionultrasoundsystem.

receiver detectthe �rst one1. In this casethe frameratesof the ultrasoundimagesarevery

high.

2.3.1.2 Re�ective ultrasound imaging

Thespeedof anultrasoundwave in eachpartof thebodyis differentfrom any otherpartof the

body. Whenanultrasoundwave is reachestheinterfaceof two partsof thebody, a smallpart

of the incidentenergy will be re�ected back. Theamountof re�ected ultrasounddependson

the relative impendenceof the two part of thebody. This amountcanbe calculatedby using

equation2.2.
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where
A


 is theimpedanceof thebodypartthatsoundis trying to enterand
A

� is theimpedance

of the materialthat the soundwave is trying to leave. In a re�ective ultrasoundsystemthis

re�ected(or scatteredback)signalis measuredandanimageis createdbasedon it. Erroneous

1The time differencebetweeneachtwo pulseshouldbe so that the �rst pulsewould be received by all the
receiversbeforethenext pulsereceivedby any of them.
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Transmitter

Object

(a) Transmittingphase

Object

Receiver

(b) Receiving phase

Figure 2.6: Thebasicprincipleof a re�ectiveultrasoundsystem.

multiple re�ection canoccurandbedetected.Distinguishingmultiple re�ectionsfrom normal

singlere�ection canbeverydif�cult andsometimesimpossible.In �g[2.6] thebasicprinciple

of a re�ective ultrasoundsystemis shown.

2.3.2 Imaging format

Thereareseveralway to displayultrasounddataandhenceseveral imagingformatsfor ultra-

soundsystems.Theseimagingformatsare:

1. A-Mode imaging.

2. B-Modeimaging.

3. M-Mode imaging.

4. 3D and4D imaging.

Thesemethodsfor displayingultrasoundimageswill beexplainedin thefollowing sections.

2.3.2.1 A-Mode imaging

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

sionalimagingtechniqueandhaslimited applicability. As it is thesimplestway to displaythe
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Figure 2.7: A sampleA-Modedisplay.

ultrasounddata,it will helpauserto understandall othertypesof displaymodalities.

In �g[2.7] a sampledisplayfrom an A-Mode ultrasoundsystemis shown. As it canbe seen

from this �gure, thereceivedsignalis displayedonthescreenin asimilarmannerto displaying

a voltagesignalon an oscilloscope.The X axis of the displayis time andthe Y axis of the

displayis the amplitudeof the received signalafter demodulation.Oneimportantthing that

oneshouldnotehereis thatasthewave is travelling in thebody, it will beattenuatedandhence

this attenuationshouldbe compensated2. Time gain compensation(TGC) is a popularway

to do this. In TGC, the received signalis ampli�ed basedon the time differencebetweenthe

time thattheoriginalpulseis generatedandthetime thatthere�ectedsignalis detectedby the

transducer. In somenew systems,TGCis automated.

2.3.2.2 B-Mode imaging

B-Mode or brightnessmodeis a successorto the A-Mode imaging. It canbe usedfor dis-

playing2 dimensionaland1 dimensionalimages,however, it is mostlyusedfor displaying2

dimensionalimages.A 1 dimensionalB-Mode imagewould appearon thescreenasa single

straightline of dots. Thebrightnessof eachdot dependon theintensityof thereceivedsignal

over time. If therewill be morethanonetransducer3 (see�g[2.8]) thentherewill be several

2It shouldbenotedthatit is only appliedto re�ective imaging.
3This is thelineararraytransducer.
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Figure2.8: A linear array transducercanbeusedto createa B-Modeimage [5].

linesandit will createa2 dimensionalimage.

Limitation of computer monitors (and human eye) Moderncomputermonitorsquantizethe

coloursthat they display. The coloursareconstructedfrom red,greenandbluecompo-

nentsandeachof theread,greenandbluearequantisedto 256or shades,making ��%�&NM

(or 16.7million) coloursin all. Grayscalesareshown ascombinationsof red,greenand

bluein equalmeasures,sothereare256availableshadesor gray. Thelimited numberof

availablegrayscaleshadesmakestheB-modeinferior to A-modein thecaseof 1 dimen-

sionalimages.It is unlikely thatcomputermonitorswill beableto displaymorecolours

in future,asit is generallyacceptedthatthehumaneye can't differentiateany morethan

256shadesof eachred,greenandblue.

In orderto show greaterdetailin grayscaleimages,B-modeimagesareusuallylog trans-

formedandscaledso that full scaleis between30 and60dB.This effectively ampli�es

smallultrasoundsignalssothatbecomemoreclearlyvisible. For example:At 50dBfull

scale,a signal25dB smallerthanthe strongestsignalwill appearas
+5�

���5� grey after log

transforming.If the log transformwasomitted,thena signal25dBbelow thestrongest
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signalwould appearas
+

���5� grey (almostblackandbarelyvisible above theblackback-

ground).

2D imageconstruction in real time Theadvantageof B-modeimagingis that successive 1-

dimensionalimagesof neighbouringregionscanbeconstructedinto a compositeimage

that is 2-dimensional(as in �g[2.9]). This scanningand imageconstructioncould be

donein real time andastheresult,the imagewould beappearasa truly 2-dimensional

to theuser.

Many commercialultrasoundsystemshave a framerateof 25 (or 30) framespersecond.

This meansthatevery different1-dimensionalscanhasbeenperformed25 timesevery

secondand a new 2-dimensionalimagehasbeenconstructedand displayed25 times

everysecond.

2D imageconstruction: Transducersteering Betweensuccessive1-dimensionalscan,thetrans-

ducermustsomehow steer(or shift) so that a differentpart of the target imageareais

scanned.Thereareseveral commonmeansof doing this, all of which areautomated.

Thesteeringprocessandthetypeof transducerthat it usesfor steeringareexplainedin

section2.3.3

2D imageconstruction: Raw RF signal processingTheprocessingthatisperformedbetween

thescanandtheimagedisplayis very importantto any ultrasoundimagingsystem.The

signalsaretypically �ltered, demodulated(or envelopedetected),log transformed,and

geometricallytransformed.

In their raw form, theultrasoundsignalsarenotsuitablefor displayin eitherA-modeor

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

Demodulationattemptsto provide an envelopedetectionfunction. This is commonly

performedwith Hilbert transform. The Hilbert transformis de�ned as a �lter whose

transferfunctionis givenin thefollowing equation:

OQP

DI89RH4�2S<5TVUXW

,

YZ

Z

[

Z

Z\

(^]_,a`cb�dHeSf

g

Uih
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B

]_,a`kj
dHeSf

g

Uil

�

�

U

,��

(2.3)

Theoutputof this�lter is thencalledHilbert[yn)], andis theoriginalsignalwith thephase

of every Fourier componentchangedby m �

�

. Hilbert[y(n)] is de�ned in the following
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Figure 2.9: A typicalB-Modedisplay.

equation:
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The �nal demodulatedsignalis obtainedby applyingthe following equationto the re-

ceivedsignaly(n):
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(2.5)

Sincelargenumberof transducersoperateby rotatingtheultrasoundbeam(eitherusing

rotationor a phasedarray),consequentlyit is often necessaryto performa geometric

conversion(usuallyinvolving a conversionfrom polar to rectangularco-ordinates).The

scandataoftenusespolarco-ordinatesandall displaymonitorsusearectangulardisplay

grid. Theco-ordinateconversionis typically performedusingbilinearinterpolation.

A typicalB-Modeimageis shown in �g[2.9] 4.

4This is anultrasoundimagefrom my son:Ariasun,whenhewas16 weeks
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2.3.2.3 M-Mode Imaging

M-Mode(or motionmode)imageresultsfrom a1 dimensionalscan,thatis scrolledacrossthe

screenover time (asa seriesof 1 dimensionalB-Modelines). Thescrollingcanbehorizontal

or vertical. Thetransducerwill generallybeheldstationaryor nearstationary, for this typeof

scan.Theframeratefor this typeof scanis veryhigh e.g600framepersecond(fps) [32]

2.3.2.4 Thr eedimensionaland four dimensionalimaging

A new developmentin ultrasoundimagingis theadventof threedimensionalimagingandthe

so calledfour dimensionalimaging. The four dimensionalimagingis the real time threedi-

mensionalimagingwith time asthe !

<>‡

dimension[33]. In thethreedimensionalimaging,the

transduceris physicallymoved in order to createa 3D image. Sincephysicallymoving the

transduceris a slow process,currentlytherearenot any real time threedimensionultrasound

systems.In a typical threedimensionalultrasoundsystem,the transduceris rotatedthought
ˆ

& �

�

in quantizedstepswhile scanning2D imagesat eachstep.Therearetwo commontech-

niqueusedfor thethreedimensionalvisualisation(which is calledrendering):

Surfacerendering: The techniqueis basedon de�ning a seriesof connectedpolygonsthat

combineto form thecompleteshapeof theobjectbeingrendered.In somegraphicpack-

agesthis leadsto a renderingthatappearschunky asa resultof curvedobjectsnot being

well suitedto modelwith �at polygons.Somenewerpackagesattemptto simulatecurved

objectswith curve �tting betweenthede�ned pointsof thepolygons.In mostcasesthis

techniqueis successfulandprovidesrealistic looking 3D images.The most important

advantageof this techniqueis thatit is computationallythemostef�cient known method

for rendering3D images.Onedisadvantageof thistypeof renderingis thatif thenumber

of polygonsusedto rendera surfaceis too few, thenthesurfacedetailwill be lost. The

otherdisadvantageof this methodis that it givesinformationaboutsurfaceandnothing

abouttheunderlyingstructuralinformation.Sincestructuralinformationis importantin

medicalimaging,this is notagoodmethodfor medicalimagerendering.For this reason

its usewill berestrictedto sometypesof imagingsystemssuchasB-Modeimages.

Volumerendering: This techniqueinvolves specifyingthe object to be renderedas a three

dimensionalset of ”VOXEL” (VOXEL=Volume Element,the 3D equivalent of a 2D

pixel). In the simplestcase,eachvoxel is speci�ed asopaqueor transparent(that is ,
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Figure2.10: Sometypical3D images[6].

assolid massor emptyspace). Volumerenderingis superiorto surfacerenderingfor

applicationsrequiringtissuecharacterization.Onedrawbackof thevolumerenderingis

thatnoisein thesignaltendsto beenhancedin the�nal 3D images.

Recentlynew techniqueshaveemerged, suchas”semi-transparentvolumerendering”[34] and

”augmentedreality” [35]. Two typical3D imagesareshown in �g[2.10].

2.3.3 Ultrasound Transducers

Theultrasoundtransducersaremadefrommaterialsthatcontainpiezoelectriccrystals.A piezo-

electriccrystalwill vibratewhenexcitedby anAC electricsignalof theright frequency (trans-

mit mode).Converselyit couldgenerateasmallelectricsignalwhenforcedto vibrate(received

mode).

Thetransduceris usedto convert electronicsignalsto ultrasoundwaveswhich aretransmitted

to the body and also for converting the received ultrasoundwaves to electronicsignals. A

simpletransducermaybeusedin A-mode(onedimensionalscanning)ultrasoundsystems.In

2D and3D ultrasoundsystemsonepartof thebodywould bescannedandhencea simpleone

elementtransducercan't beusedunlessit is mechanicallyscanned.Thereareseveral typeof

transducersthatcanbeusedin this typeof medicalimagingsystems[36]:

1. LinearArray transducer
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2. Phasedarraytransducer

3. Mechanicalscantransducer

2.3.3.1 Linear array transducers

In this typeof arraytransducers,eachelementof the transducerwill beworking independent

of theothers(�g[2.11]). For eachgroupsof elements,a 1 dimensionalB-Modeimagewill be

created.By putting all of theseonedimensionalimagesnext to eachother, a 2-dimensional

B-Mode imagewill be created.In a typical ultrasoundsystem,someof theseelementsmay

be �red at thesametime to make a morepowerful beam.A typical lineararraytransduceris

shown in �g[2.12].

2.3.3.2 Phasedarray transducers

In a phasedarraytransducer, eachelementwill be �red with a time delaycomparedto other

elementsin the array. By changingthis delay, the wave front could be steeredto different

placesin the body. In �g[2.13] the steeringprocessis shown. In �g[2.14], a typical phased

arraytransduceris shown.

2.3.3.3 Mechanicalscantransducer

In a mechanicalscantransducer, a single transduceris usedfor transmittingand receiving.

The transducermechanicallyrotatesto scanthe interestedmedia. The structureof a typical

mechanicaltransducerwhich is usedin intravascularimagingsystemis shown in �g[2.15].

2.4 Doppler systems

The basisof Dopplerultrasoundsystemsis the fact that re�ected/scatteredultrasonicwaves

from a moving interfacewill undergo a frequency shift [37], [38]. In generalthe magnitude

andthe directionof this shift will provide informationregardingthe motionof this interface.

To appreciatethisverygeneralfactweneedto considertherelationshipbetweenthefrequency,
‰�Š

, of wavesproducedby a moving sourceandthefrequency,
‰N‹

, of thewavesreceivedby a

moving receiver. For simplicity weshallassumethatthesourceandreceiver aremoving along
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Figure 2.11: A linear array transducerusedto scana medium[7].
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Figure2.12: A typical linear array transducer[3].

thesameline. Theargumentthatfollows canbegeneralisedto threedimensionsif wave speed

is isotropicandthesourceproducessphericalwaves.

At t=0, let thesource,S,andreceiver, R, beseparatedby a distanced.

At t=0 let Semit awave thatreachesR ata time t laterasshown in thefollowing �g.
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Figure 2.13: Thesteeringprocessin a phasedarray transducer[7].
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Figure2.14: A typicalphasedarray transducer[3].

Figure2.15: Thestructure of a mechanicalscantransducer[1].
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In this time t thereceiver will have moveda distanceandthewave, propagatingwith velocity

C will have travelledadistance.Thus
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Thusfor thereceiver theinterval betweenthewaveshasbeen
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whereasfor thesourcetheinterval betweenthewaveshasbeen• . Now thenumberof waves
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emittedin •

Ž

by thesourcemustbeequalto thenumberof wavesreceivedby thereceiver in i.e
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Substitutingthevalueof ‘
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(2.10)

2.5 Conclusion

Somebackgroundinformation about using ultrasoundin medical systemswere presented.

Sincemedicalultrasoundimagingis widely usedby physicians,it wasexplainedin moredetail.

Array transducerswereintroducedandhow they canbe usedto scana region by �ring each

elementof thearraysequentiallywasshown.

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

receiver wasmoving theDopplershift wascalculated.
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Chapter3

Waveand soundtheory

In this chaptersomebackgroundinformationaboutthetheoryof ultrasoundwave propagation

will be presented.This backgroundinformationshouldrefreshthe mind of readersto have

a betterunderstandingof the mathematicsbehindthe modellingpresentedin chapter5. The

mathematicsthat will be presentedhereis very short and is only for refreshingthe readers

mind. Thereisn't any proof for mostof the formulaein this chapterandthe interestedreader

mayconsultthereferencesfor mathematicalproof.

3.1 Intr oduction

Ultrasoundis a soundwave whosefrequency is higherthanthehearinglimit of humanswhich

is about20kHz. Thefrequency in medicalultrasoundsystemsvariesbetween2 MHz to about

30 MHz. The frequency of a normalmedicalimagingultrasoundsystemis about3.5 MHz.

Somemedicalultrasoundsystemswith very high resolutionoutputmayuseultrasoundwaves

with higherfrequencies.

In the�rst sectionof thischaptersomebackgroundinformationonsoundwavegenerationand

propagationwill bepresented.SincetheTLM is basedon transmissionline theory, Thebasic

transmissionline theorywill bepresentedin thenext sectionof thischapter.

3.2 Waves

3.2.1 Basicwave theory and de�nitions

In this subsectionbasicwave theorywill beexplained.This theorycanbeextendedto sound

wavesandelectromagneticwaves.
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Figure3.1: Graphicalrepresentationof a simpleharmonicoscillation. Notethat theX axisis
timesteps.

3.2.1.1 Simpleharmonic oscillation

It canbeshown thatasimpleharmonicoscillationis representedmathematicallyas[39] :

“

T

.

W

,

1

�c”J•—–

TVU

.

W

(3.1)

Where
U

is theangularvelocityof theoscillationand
“

T

.

W

is thewaveamplitudeat time
.

. The

graphicalrepresentationof aharmonicoscillationis shown in �g[3.1].

Thefrequency
‰

of theoscillationcanbefoundby usingthefollowing equation:

‰

,

U

� ˜

(3.2)

Thefrequency of anoscillationis, by de�nition, thenumberof oscillationpersecond[40]. If

thetime for oneoscillationis T, thenthefrequency canbefoundasfollow:
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‰

,

�

�

(3.3)

In a discretisedsystemin which thetime is discretised,thefrequency canbefoundasfollow:

‰

,

�

�����

(3.4)

Where ��� is thetime betweenadjacentsamplesand � is thenumberof samplesin onecycle.

3.2.1.2 The wave equation in onedimension

It canbeshown thatthewave equationin onedimension(directionof movementis z) is:

“

Tš™N›

.

W

,

1

�c”J•>–

TVU

.
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(3.5)

Where
.

is timeand
™

is thedistancefrom theorigin (assumingthatthewave sourceis located

at
™

,a� ).
“

Tš™N›

.

W

is thewave amplitudeat time
.

at place
™

.
U

and œ de�ned as:

œ ,

� ˜

ž

U

,

� ˜�	

ž

where
ž

is thewavelength1 andC is thewave speedin themedium.

1Wavelengthis thedistancethatwave propagatesin onecycle.
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3.2.1.3 Waveequationsin 3 dimensions

It couldbeshown thatany waveequationshouldsatisfythefollowing relations[41][42]:
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In onedimension,theseequationsreduceto :
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It couldbeshown thatequation3.5cansatisfythisequation:
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Figure 3.2: Longitudinalwaves[8].

and:
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3.2.1.4 Longitudinal and transversewaves

If thevibrationis parallelto thedirectionof propagationthenthewave is a longitudinalwave

[43] (see�g[3.2]).

If the vibration is perpendicularto the directionof propagationthenthe wave is a transverse

wave (see�g[3.3]).
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Figure 3.3: Transversewaves[8].

3.2.1.5 Scalarand vector waves

If thewave is propagatedin thez directionthenfor a longitudinalwave,only thevalue2 of the

wave at eachpoint is importantsincethedirectionis de�ned andis parallelto thedirectionof

wave propagationwhich is z direction.This kind of wave3 is calleda scalarwave sinceonly a

numberis neededto identify thewave ateachpoint in themedium.

Thecasefor a transversewave is morecomplex, sincethedirectionof vibrationcouldbeany

direction in xy plane. For a transversewave, not only the value4 of the wave at eachpoint

shouldbespeci�ed,but alsoits direction5 shouldbespeci�ed [44]. Thesekind of waves6 are

calledvectorwavessinceto identify thewaveateachpoint,notonly avaluebut alsoadirection

shouldbespeci�ed.

2Amplitude
3Longitudinalwaves
4Amplitude
5In theplaneperpendicularto thedirectionof wave propagation
6Transversewaves
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3.2.1.6 Mechanicaland non-mechanicalwaves

Mechanicalwavesarewavesthatneeda mediumfor propagation[45], [46]. Non-mechanical

wavesdo not needa mediumto propagate.For exampleseawavesaremechanicalsincethey

needamedium(seawater)to propagate.Light is anon-mechanicalwavesinceit canpropagate

in vacuum.

3.2.2 Soundwaves

Soundwavesaremechanicalwaves. They arelongitudinalwavesandhencearescalarwaves

[47].

Thegeneralsoundwave equationin 3 dimensionis [45], [40]7 :
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Where© canbefoundfrom thefollowing equation:

©E,

�

� •®

(3.9)

In this equation
®

is thecompressibilityand


is thedensity.

3.2.3 Electromagneticwaves

Electromagneticwavesarenon-mechanicalwaves.They aretransversewavesandhencevector

waves.

Theelectromagneticwave equationin 3 dimensioncanbewrittenas:
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Wherec is thewave speedin mediumandcanbecalculatedby usingthefollowing formula:

©E,

�

�

��¯ (3.11)

7This is thesoundwave equationin air whenthewave amplitudeis smallandsothemediumis a linearsystem.
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Where
�

is thepermeabilityand
¯

is thepermittivity.

3.2.4 Wavere�ection and refraction

If a wave arrivesat the interfacebetweentwo media8, thentherewould be a re�ected (back

scattered)wave anda refractedwave. If thenew mediumis denserthantheoriginal medium,

then the wave re�ects with �#° �

�

phasedifference,otherwise the re�ected backsignal is in

phasewith the original wave [45]. Thewave in thenew mediumis alwaysin phasewith the

originalwave. Thebackscatteredwave is calledthere�ectedwaveandthepropagatedwave in

thenew mediumis calledtherefractedwave.

3.2.4.1 The law of re�ection and refraction

There�ection law is:

There�ectedandincidencewavesarein a planeandtheangleof incidentand
re�ection arethesame:

±

�

,

±

M

(3.12)

Where
±

� is theincidentangleand
±

M

is there�ection angle(see�g[3.4]).

Therefractionlaw is:

The refractedandincidencewavesarein a planeandtheanglesof incidence
andre�ection arerelatedto eachotherby thefollowing equation:

�

�
”J•>–
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”J•>–

±


 (3.13)

Where
±

� is theincidentangleand
±


 is therefractionangle(see�g[3.4]). Here �

�

is a dimensionlessconstantcalledthe index of refractionfor medium1 and �


 is
theindex for refractionof medium2.

The index of refractionof a mediumdependson thewave speedin themedium. It is mostly

calculatedbasedon the wave speedin a referencemedium. For electromagneticwaves this

8It is assumedthatthesizeof this interfaceasseenby thewaveis muchbiggerthanthewavelengthof thewave.
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Figure 3.4: Re�ectionandrefractionlaw.

referencemediumis theemptyspace.For soundthis referencemediumcouldbe air9. If the

speedof awave in themediumis ³ andthespeedof awave in thereferencemediumis © , then

theindex of refractioncanbecalculatedasfollow:

�o,

©

³

(3.14)

By substitutingthevalueof the refractive index from this equationto equation3.13,onecan

write thefollowing equation:
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 (3.15)

9It doesn't matterwhich mediumis the referencemediumas long as the referencemediumis the samefor
calculatingboththe µN¶ and µ

g .
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3.2.4.2 Total re�ection

Equation3.15shows therelationshipbetweenincidentangleandrefractionangle.Onemaytry

to �nd therefractionangleandrewrite thisequationasfollow:

±
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w

�
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³




³

�
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±

�

W

(3.16)

As seenfrom this equation,
±


 hasn't any valueunless ·

g

·

¶

”J•>–

±

� is between(¸� and � . If the

valueof ·

g

·

¶

”J•—–

±

� is greaterthan � or lessthan (_� , thenthereisn't any refractedwave andall

of thewave will bere�ectedback.Theminimumanglethattotal re�ection is occurredcanbe

foundasfollow10:
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3.2.5 WaveScattering

In the previous section,it wasassumedthat the interfacesizeis muchbiggerthanthe wave-

lengthandthe wave speedin the two mediachangesabruptly. Most interfacesin the human

bodyarenot compatiblewith there�ection interfacecriteria. In somecasesthesizeof theob-

ject is comparable(or smaller)withthewavelength11 andin othercasesthespeedis changing

graduallyfrom onemediumto thenext12. In mostcasestheactualinterfaceis a combination

of thesetwo cases.Theway thatwave interactin thesecasesis calledscattering.

Comparedto re�ection, thecasefor scatteringis muchmorecomplex. Thescatteringpattern

notonly dependson theobjectsizecomparedto thewavelengthbut alsoto theshapeandwave

speedin the object[48]. Sincethis theoryis very complex, several authorshave tried to �nd

the scatteringpatternsfor someknown shapessuchascylindrical scatters[49] andspherical

scatters[50]. Eventhoughttherearesolutionsfor a limited rangeof othershapes,spheresand

10Since» is thewave speed,it is alwaysa positive numberandhence ¼S½

¼J¾

and ¼5¾

¼7½

arepositive numbers.
11For exampletheinteractionof bloodcellsandultrasoundfalls to this category sincethesizeof thebloodcells

areverysmallcomparingto thewavelength.
12For exampletheinterfaceof skin andtheunderlyingtissuefalls to this category
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cylinderscanapproximateawide rangeof scattersin biology [51], [52].

3.2.5.1 Basicscattering theory

Thereare variousformulationsfor scattering,and the one usedhereconsidersthe medium

to have no absorptionandsmall �uctuations in the density


� andcompressibility
®

� about

constantvalues


� and
®

� insideaninhomogeneousvolume Œ . Soinsidetheobject:
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where ©�,

�

� Å}ÆSÇ#Æ . This equationcanbesolved by Green's functionmethod[53]in which the

right handsideis consideredasthesourceterm,andtheGreen's functionis thesolutionof the
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above equationwith right handsideequalto apoint sourceradiator. Thesolutionis:
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Solvingthis integral equationis only possiblefor somecertainsimpleobjects.In thegeneral

caseit is possibleto solve it only by approximation. The most importantapproximationis

Born's approximation.This approximationis valid only whenthescatteringis weakandboth
À



T

r

W

and
À

®

T

r

W

are very small. If this approximationis not true (at leastone of the
À



T

r

W

or
À

®

T

r

W

arenot small), thentheonly way thatonecansolve this equationis by usingnumerical

techniques.

Sincein thebodythisapproximationmaynotbetrue13 , it is notpossibleto solveit analytically.

Thetheoryof scatteringby humantissuehasbeenreviewedby Chivers[54]. Inverseproblem

of scatteringis anotherproblemwhichseveralresearchgroupsareworkingon [52].

3.3 Transmissionline

A transmissionline isadevicefor transmittingorguidingenergy fromonepointtoanother[55],[56].

Theenergy maybefor lighting, heatingor performingwork, or it maybein theform of signal

information(speech,pictures,data,music).Basicallya transmissionline hastwo input termi-

nalsinto which power (or information)is fed andtwo outputterminalsfrom which power (or

information)is received.Thusa transmissionline mayberegardedasa four-terminaldevice.

Transmissionlinesareeverywhereandthereareof in�nite varietyof them.However, regardless

of type,length,or construction,all operateaccordingto thesameprinciples[57].

Oneeasilyimaginabletransmissionline is a deeplong straightwaterway. If a signalis gener-

13Our knowledgeaboutthe humanbody tissueon the scalelessthanthat of the ultrasoundwavelengthis very
limited
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atedin oneendof thewaterway by disturbingthewater, thisdisturbanceswill propagatein the

waterway andeventuallywill bereceivedat theothersideof thewaterway.

The received signalat theendof thewaterway is weaker thanthegeneratedsignalat the be-

ginning of the waterway. This is becausethe energy in the signal converts to heatduring

transmission.Thewaterway hasacharacteristicimpedance(
A

� ).

If thereis a rockor islandin thewaterway, whenthewaterwavesreachtheisland,they will be

re�ectedbackby theisland.

If thewaterway is in�nitely long, thenthewave travelsin it until it is completelyattenuatedor

absorbed.If thewaterway is not in�nite, whenthewave reachestheendof thewaterway, it is

re�ected backby thewall at theendof thewaterway. Theonly way to prevent this re�ection

is to haveamatchingterminationat theendof thewaterway. Thismatchingterminationwould

have a matchingload impedance(
A^×

) which matchesthe propagationcharacteristicsof an

in�nity long waterway in a tunnelof �nite length.

If thewaterway lengthis
�

andthetimethatit takesfor thedisturbancesto travel thewaterway

is
.

, thenthewavespeedor propagationspeedin thewaterway canbecalculated:

³�,

�

.

(3.21)

Thetimedelaycouldbespeci�edis threeways:

1. Seconds.

2. Periodictime(T)

3. Phasedelay

If thewave consistsof two or morefrequencies,thenthebehaviour of thewaterway for each

of thesefrequenciesis different.Thewave speedis mostlikely frequency dependent,sosome

wavesmove fasterandsomewavesmovesslower in thewaterway. This frequency dependent

wavespeedis calleddispersion.Also theattenuationmaybedependsonfrequency, soattheend

of thewaterway thedifferentcomponentswould bereceivedwith differentamplitude(related

to attenuation)andphase(relatedon wave speed).This will make the shapeof the received

signaldifferentfrom theoriginalone.
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V

V

V

Figure3.5: A transmissionline canbemodelledasa seriesof interconnectedlumpedsystems.

3.3.1 Modelling Transmissionlines with lumped components

As wasexplained,a transmissionline is a distributedsystem.To understandthewave propa-

gationpropertyof a distributedsystem,it is betterto modelit asa seriesof lumpedsystems.

Lumpedsystemsaresystemswhosesizeis zero,so it takesno time for a wave to propagate

throughthem. Thereis no real lumpedsystemin theworld but whenthesizeof thesystemis

verysmallcomparingto thewavelength,thenonecanassumethatthey arelumpedsystems.A

transmissionline modelledasaseriesof lumpedsystemsis shown in �g[3.5].

To do this model, the transmissionline is broken to small interconnectedtransmissionlines

with the lengthof �

 

. The lengthof thesesmall transmissionline shouldbeselectedso that

the wavelengthof the signal in the mediumbe much larger than the size of eachof these

transmissionlines. If thewavelengthis
ž

then:

žÙØ

�

 

(3.22)

For alineartransmissionline,eachof theselumpedsystemscanbemodelledasacombinations

of inductor, capacitorsandresistors.If thetransmissionline is losslessthenthereis no resistor

in themodel.

42



Waveandsoundtheory

L L

C

Figure 3.6: Modellinga smallsectionof a transmissionline by discretelumpedcomponents.

3.3.1.1 Modelling a lumped systemwith discretecomponents

If a transmissionline is broken into small sectionswherethe size of eachsectionis much

smallerthanthewavelengthfor thehighestfrequency in thetransmissionline, eachsectioncan

bemodelledasa lumpedsystem.Furthermorethis lumpedsystemcanbemodelledasshown

in �g[3.6].

Thevalueof 	 and
�

dependon thetransmissionline characteristics.

3.3.1.2 Dispersionin a transmissionline

As wasshown in �g[3.5] and�g[3.6], a long transmissionline canbemodelledby a seriesof

connected	 and
�

sections.To �nd the transmissionline dispersioneffect, it is suf�cient to

�nd thedispersioneffect of eachsmallsection,sincethetransmissionline dispersioneffect is

thesumof thedispersioneffectof eachof thesmallsections[58].

Theinputandoutputcurrentsandvoltagesarerelatedto eachotherasfollows:
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(3.23)

Where
n

and á indicateinputandoutputrespectively. Theover-baris usedfor showing aphasor

quantity. The !

�

! matrixT is calledtransmissionmatrixandis in thegeneralform of:
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(3.24)

Where
®

is thephaseconstantand ' is thesizeof eachsection.

TheT modelfor eachsectionasshown in �g[3.6], canbebrokendown to 3 seriessegmentsas
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L L

C

T1 T2 T3

Figure3.7: Breakingdowna T modelto 3 segments.

shown in �g[3.7]. SincetheT sectionis thecascadeof threesectionsasshown in �g[3.7], T

canbefoundasfollows:
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Where�

� and �


 and �

M

arethetransmissionmatricesfor thethreesectionsshown in �g[3.7].

Section1 and3 arethesame,hencetheir transmissionmatricesarethesame.Thetransmission

matrix for thesetwo sectionsis asfollow:
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Where
U

is theangularfrequency of thewave in themediumand �

.

is thetimefor thewave to

propagatethroughthesection.

It canbeshown thatthetransmissionmatrix for themiddlesection�


 is :
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Substitutingthevaluesfor �

� and �


 and �

M

in equation3.25,and�nding thevalueof T and

comparingit with thegeneralform of � asshown in equation3.24,thetransmissionparameter

for thesectioncanbefound:
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As seenfrom this equation,thephaseconstantfor thetransmissionline,
®

, is relatedto the
U

,

theangularfrequency of thewave.
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3.4 Conclusion

Soundwaves are mechanical,longitudinal, scalarwaves. Electromagneticwaves are non-

mechanical,transverse,vectorwaves.

Whenawave reachesanobjectin themedium,thentheremaybesomere�ection or scattering.

Re�ection is simpleto understandandmodel,but scatteringis complex anddif�cult to model

mathematically.

Any devicethatguidesenergy from onepoint to anotheris atransmissionline. Thewavespeed

in a transmissionline mayberelatedto its frequency, This is calleddispersion.

45



46



Chapter4
TLM for modelling wavepropagation

and its implementation

4.1 Intr oduction

TLM ( TransmissionLine Matrix Modelling ) is anumericaltechniquefor modellingfor wave

propagation.TLM wasoriginally usedfor modellingelectromagneticwave propagation[59],

[60], [61] but sinceit is basedon Huygensprinciple(seesection4.2.1on page48 ) it couldbe

usedfor modellingany phenomenawhich obeys this principle.ResearchersshowedthatTLM

canbeusedto solve thefollowing problems:

� Diffusionproblem[62].

� Vibration[63]

� Heattransfer[64]

� Radar[65]

� Electromagneticcompatibility[66]

In this chapter, Huygensprinciple is explainedandthenit is shown how this principle could

be usedto model wave propagation.Two dimensionsTLM modellingwill be explainedin

detailedandonedimensionalandthreedimensionalTLM modellingwill beintroduced.TLM

canbeusein time reversal.This capabilityis explainedin section4.5on page79. SinceTLM

wasoriginally designedfor electromagneticwaves,in section4.7 on page80 therelationship

betweenthesetwo waves(electromagneticandultrasound)will bepresented.

4.2 From the Huygensprinciple to TLM modelling:

TLM modellingis basedon theHuygensprinciple. In this sectionthis principle is explained

andit is shown thattheTLM is thediscreteversionof thisprinciple.
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4.2.1 The Huygensprinciple

About300yearsago,ChristianHuygenspublishedhisprinciplewhich is [67], [68]:

All pointsonawavefrontserveaspointsourcesof sphericalsecondarywavelets.
After a time � thenew positionof thewave front will be thesurfaceof tangency
to thesesecondarywavelets.

This principleis shown in �g[4.1]. At time 0 thecentralpoint scattersa wave. Thewave front

at time
.

� is shown in �g[4.1(b)]. At this time (time =
.

� ) we canassumethatall pointson the

wave front areactingasa point sources(shown in �g[4.1(c)]) andthewave front at any time

later( for example
.


 ) is thewave front from thesesecondarypoint sources(�g[4.1(d)] )

4.2.2 TLM modelling

Johns[59] modelledthis principle by samplingthe spaceandrepresentingit with a meshof

passive transmissionline components1. He modelledthe wave propagationas voltageand

currenttravelling in this mesh.Time wasalsosampledandtherelationshipbetween��� , the

sampleinterval and ��' , thesamplespace,is:

��'),-���Õ	 (4.1)

Where 	 is thewave speedin themedium.In �g[4.2] wave propagationin a two dimensional

TLM meshis shown.

Assumethatat time zero,an impulseis incidentto themiddle node(�g[4.2(a)] 2). This node

scattersthe wave to its 4 neighbouringnodes. The scatteredwave reachesthe neighbouring

nodesat time = ��� (�g[4.2(b)] 3). Now these4 nodesscatterwaves to their neighbouring

nodes(�g[4.2(c)] 4). At time = ����� the wave front canbe found by �nding wavesscattered

from pointsin �g[4.2(b)] asshown in �g[4.2(d)] 5. At eachtime step,eachnodereceivesan

1This is two dimensionTLM modelling. In section4.4 ( page77 ) TLM modelling in onedimensionandin
threedimensionswill beexplained.

2Comparethiswith �g[4.1(a)] onpage49.
3Comparethiswith �g[4.1(b)] onpage49.
4Comparethiswith �g[4.1(c)] onpage49.
5Comparethiswith �g[4.1(b)] onpage49.
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Figure4.1: Huygensprinciple.

49



TLM for modellingwave propagationandits implementation
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(a) At time ûýüÿþ thecentrepoint scattersa wave. (b) Wave front at time ûýü����
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Figure4.2: Wavepropagationin a twodimensionalTLM mesh
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incidentwave from its neighboursandscattersit to its neighbours.By repeatingthe above

calculationfor eachnode,thewavedistribution on themediumcanbecalculated6 .

4.3 Two dimensionalTLM modelling

Basedon theaccuracy andcomplexity of themodellingmedium,onecanuse1, 2 or 3 dimen-

sionalTLM modelling. Two dimensionalTLM modelling is the mostpopularoneas it can

modelmostof theproblemsandis moreef�cient comparedto 3 dimensionalTLM modelling.

In thissectiontwo dimensionalTLM modellingis explainedin depthandin thesection4.4(on

page77)TLM modellingin oneandthreedimensionswill beexplain.

4.3.1 TLM modelling of a homogeneousmedium

Whenall sectionsof a mediumhave thesameproperties,themediumis referredashomoge-

neous.For modellinghomogeneousmediait doesnot needto considerthemediumproperties

andhenceit is possibleto usethesimplemeshshown in �g[4.2]. Themeshshown in �g[4.2]

consistsof severalnodes.Themodelfor onenodeis shown in �g[4.3]. In this�g, Œ
	 represents

theincidentwave (voltagein thetransmissionline) and Œ

Š

representsthescatteredwave.

The relationshipbetweenthe incidentwave ( voltagein transmissionline ) andthe scattered

wave is:
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(4.2)

�

standsfor the incidentwave voltagesand � standsfor the scatteredwave voltages,K and

K+1 arearbitraryconsecutive time stepsseparatedby thesampleinterval ��� . Basedon this

equation,if themagnitudeof thewave (voltagein theTLM modelling)is known at any time

œ ��� thenthemagnitudeof wavein themeshcouldbefoundattime
T

œ

B

�

W

��� . By repeating

this for eachtimestep,wave propagationcouldbemodeled7.

6TLM implementationwill bediscussedin section4.3.6on page64
7TLM implementationwill bediscussedin sec4.3.6onpage64.
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(b) Actualmodel

Figure 4.3: Modelfor a nodein a TLM mesh

4.3.2 TLM modelling of a non homogeneousmedium

In theTLM modelexplainedin sec4.2.2thewavepropagatesthroughahomogeneousmedium

andthe propertiesof mediumneednot be considered.Whenmodellinga non homogeneous

medium,oneshouldconsiderthepropertiesof themediumin themodel.For this reasonanew

modelfor anodeis createdasshown in �g 4.4[69][70].

This model is valid whenthe mediumis lossless.Whentherearesomelossin the medium,

thereis a resistorin parallelto thecapacitor( �g[4.5] ) to modeltheloss[71].

For calculatingscattering,oneshouldcalculatethescatteringvoltagebasedonequation4.2and

thenapplytheimpedancesshown in �g[4.6].

4.3.3 Dispersionof velocity of wavesin a TLM mesh

JohnsandBeurle[59]showed that thespeedof wave propagationin themeshdependson the

frequency of thewave. They calculatethefollowing dispersionrelationfor propagationalong
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Figure4.4: Modelfor a nodein a nonhomogeneousmedium(
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Figure 4.5: Modelfor anodein anonhomogeneousmediumwhenthemediumhassomelosses.
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Figure 4.6: Equivalentcircuit for a nodein a nonhomogeneousmedium.

themainmeshaxes( ? and @ axesin �g4.2):
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is thepropagationconstant.In �g4.7 the resultingratio of velocitieson thematrix andin

freespaceis shown.

Whenthewavepropagatesin axialdirection(directionalongX or Y axis),thecut-off frequency

is at ì

è

A

,

�

� (
ž

is the freespacewavelengthof thewave). However, no cut-off occursin the

diagonaldirection,wherethevelocity of wave is frequency independentasis equalto B

�


 . In

intermediatedirectionsthevelocity ratio liessomewherein betweenthetwo curves.

Whenthewave frequency is so that !����DC

ž

thenthespeedof wave in theaxial directionis

approximatelyequalto B

�


 andhencetheTLM meshmodelanisotropicmedium8.

This phenomenonis shown in �g[5.5] on page90. In chapter6 on page121this phenomenon

is explainedin moredetail.

8Sincethere is a samplefrom signal on every �FE and the wave length is G , then the TLM is an isotropic
propagatingmediumwhenthesamplepercycleof all frequenciesin themediumbemuchhigherthan4 sampleper
cycle.
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In conclusion:TheTLM network simulatesanisotropicpropagatingmediumonly aslongasall

frequenciesarewell below thenetwork cutoff frequency, in whichcasethenetwork propagation

velocitymaybeconsideredconstantandequalto B

�


 where 	 is thewave speedin freespace.

4.3.4 Wavepropagationin a TLM mesh

As it wasseenin theprevioussection,thespeedof thewavein themediumis equalto B

�


 (when

all frequenciesin themediumarewell below cutoff frequency). This behaviour is investigate

in moredetail in thissection.

4.3.4.1 Notations

As the wave propagatesin the TLM mesh,it passesthoughtseveral nodesto reachto it' s

destination.Toshow thepaththatthewaveispassingto reachto apoint,thefollowing notations

areused.Thewave shouldstartfrom thesourceandif thewave goesto left onewouldwrite L

andif thewavesgo up hewould write U andsoR for right andD for down. At eachpoint in

thepaththesignof thesignalwould becalculated(if thesignalsignchangedat thatpoint the

directionwouldbewritten in low caseletter: r u l d respectively).

4.3.4.2 Diagonaldir ection

If thesourceis atpoint(50,50)andthereceiveratpoint(51,51),thedistancebetweenthesource

andthereceiver is ì

è

�


 . Thewave reachesto thereceiver at time ����� , Therearetwo pathfor

wave to reachto thereceiver andthey are:

1. RU

2. UR

If thesourcegenerateanimpulse(Delta)signalasde�ned:

Ñ

T

�´�

W

,

Y

[

\

� �o,��

� H

.

y

`�rJI

nLK

`

(4.4)

The received signal amplitudeis �

|

% . Thereisn't any path that the signal can reachto the

receiver with time delayof
ˆ

��� . Thereare24 pathsthat thesignalcanreachto the receiver

55



T
LM

form
odellingw

ave
propagationandits

im
plem

entation

MON

PQ

MON

P

R

MON

PS

MON

PT

MON

S

MON

S Q

MON

S

R

MON

S S

MON

S T

MON

U

MON

UQ

M M
N

M P MON

V MON

V P MON

Q MON

Q P MON

W

XZY\[^]`_badcfehgji
kZgjalY^m\conqp

rts
u

X

Y

[ ]

_

a

c

e

g

i

v

[

g
wx

g
y

m

p

z
{

|

}•~

c

_

a
€

[

Y
•

_‚ _

n

c

Y

y

ƒ c

_‚ Y

y

_

a

€

[

Y
•

_‚ _

n

c

Y

y

F
igure

4.7:D
ispersion

ofthe
velocityofw

avesin
a

tw
o-dim

ensionalTLM
netw

ork.

56



TLM for modellingwavepropagationandits implementation

with time delayof !���� . Thesepathsareshown in table[4.1].

# Path Amplitude # Path Amplitude # Path Amplitude

1 RRlU -0.062500 2 RRUL 0.062500 3 RlrU 0.062500

4 RlUR -0.062500 5 RURl -0.062500 6 RULr -0.062500

7 RUUd -0.062500 8 RUdu 0.062500 9 RDuU -0.062500

10 LrRU -0.062500 11 LrUR -0.062500 12 LURR 0.062500

13 URRl -0.062500 14 URlr 0.062500 15 URUd -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 pointasshown in �g[4.8] with time delayof
��


ì…„

The wave comeswith positive sign from 8 of thesepathsandwith negative sign from 16 of

thesepaths,the received signalat the receiver is -0.05. Thesesignalis very weakcomparing

to theoriginal signalthat reachesto the receiver with time delayof 2 andso it hasnegligible

effect on the output. The signalsthat reachesto this point with time delayof 6, 8, 10 ,.. are

muchweaker. Sinceall othersignalsotherthanthesignalthatreachesto thereceiver with time

delayof 2 areveryweak,it is possibleto ignorethemandassumethatthesignalreachesto the

receiver only with time delayof ����� .9 Thereasonthat thespeedin diagonaldirectionis B

�




canbeeseenin �g[4.8]. Thewave reachesto point A at time = ����� but its distancefrom the

source(pointO) is only � ����� . Thespeedcanbecalculatedasfollow:

Œ

,

†Ùn‡K

.

Ä•�ä©"`

�

ntˆ

`

(4.5)

Œ

,

���

�

�

�

���

�

�

(4.6)

Œ

,

���

���

�

�

� �

(4.7)

Œ

,

	

� �

(4.8)

9It is anapproximationandto show how onemaycalculatethespeedin diagonaldirection.It would show later
thatthismethoddoesn't show why thespeedin theaxialdirectionis relatedto speedandhenceisn't agoodmethod
for studyingspeedin theTLM mesh.
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Figure4.8: Wavewill reach to pointA at time ����� But thedistancebetweenpointO andA is
only � ���Ï� .

4.3.4.3 Axial dir ection

In theaxial direction,it is muchmorecomplicatedsincethewave will reachto a point at �����

at time ����� , so it seemsthat thespeedof wave in this directionshouldbe 	 andnot B

�


 as

shown in �g[4.9].

But a morecarefulinvestigationof how wave will be propagatedin themediumwould show

that this theoryisn't correct. This investigationcanbe doneby �nding how thewave will be

received at any speci�c point in the medium. The selectedpoint is shown in �g[4.10]. The

distancebetweenthispointandthesourceis ������� . The�rst signalreachesto thispointat time

������� . This pathfrom sourceto thepoint is clearly theshortestoneandis the line between

thesetwo point. If thesourcegenerateanimpulse(Delta)signalasde�ned:

Ñ

T

�´�

W

,

Y

[

\

� ��,a�

� H

.

y

`#rJI

n‡K

`

(4.9)

ThereceivedsignalatpointA at this time ( �����

.

) is:

T

�

�

W

���

,am

|

$ &�%�&���%J‰
w

�5�
�

(4.10)
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AO

Figure 4.9: Wavewill reach to pointA at time ����� andthedistancebetweenpointO andA is
����� .

AO

Figure4.10: ThedistancebetweenpointA andsourceis ������� .
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Thereisn't any paththat the signalcanmove alongandreachto point A with time delayof

���#��� . Whenthe time delayis �#����� thereare144paths.All of thesepathsshown in table

4.2.

# Path Amplitude # Path Amplitude # Path Amplitude

1 RRRRRRRRRRRl -0.000244 2 RRRRRRRRRRlr 0.000244 3 RRRRRRRRRRUd -0.000244

4 RRRRRRRRRRDu -0.000244 5 RRRRRRRRRlrR 0.000244 6 RRRRRRRRRURD 0.000244

7 RRRRRRRRRUdR -0.000244 8 RRRRRRRRRDRU 0.000244 9 RRRRRRRRRDuR -0.000244

10 RRRRRRRRlrRR 0.000244 11 RRRRRRRRURRD 0.000244 12 RRRRRRRRURDR 0.000244

13 RRRRRRRRUdRR -0.000244 14 RRRRRRRRDRRU 0.000244 15 RRRRRRRRDRUR 0.000244

16 RRRRRRRRDuRR -0.000244 17 RRRRRRRlrRRR 0.000244 18 RRRRRRRURRRD 0.000244

19 RRRRRRRURRDR 0.000244 20 RRRRRRRURDRR 0.000244 21 RRRRRRRUdRRR -0.000244

22 RRRRRRRDRRRU 0.000244 23 RRRRRRRDRRUR 0.000244 24 RRRRRRRDRURR 0.000244

25 RRRRRRRDuRRR -0.000244 26 RRRRRRlrRRRR 0.000244 27 RRRRRRURRRRD 0.000244

28 RRRRRRURRRDR 0.000244 29 RRRRRRURRDRR 0.000244 30 RRRRRRURDRRR 0.000244

31 RRRRRRUdRRRR -0.000244 32 RRRRRRDRRRRU 0.000244 33 RRRRRRDRRRUR 0.000244

34 RRRRRRDRRURR 0.000244 35 RRRRRRDRURRR 0.000244 36 RRRRRRDuRRRR -0.000244

37 RRRRRlrRRRRR 0.000244 38 RRRRRURRRRRD 0.000244 39 RRRRRURRRRDR 0.000244

40 RRRRRURRRDRR 0.000244 41 RRRRRURRDRRR 0.000244 42 RRRRRURDRRRR 0.000244

43 RRRRRUdRRRRR -0.000244 44 RRRRRDRRRRRU 0.000244 45 RRRRRDRRRRUR 0.000244

46 RRRRRDRRRURR 0.000244 47 RRRRRDRRURRR 0.000244 48 RRRRRDRURRRR 0.000244

49 RRRRRDuRRRRR -0.000244 50 RRRRlrRRRRRR 0.000244 51 RRRRURRRRRRD 0.000244

52 RRRRURRRRRDR 0.000244 53 RRRRURRRRDRR 0.000244 54 RRRRURRRDRRR 0.000244

55 RRRRURRDRRRR 0.000244 56 RRRRURDRRRRR 0.000244 57 RRRRUdRRRRRR -0.000244

58 RRRRDRRRRRRU 0.000244 59 RRRRDRRRRRUR 0.000244 60 RRRRDRRRRURR 0.000244

61 RRRRDRRRURRR 0.000244 62 RRRRDRRURRRR 0.000244 63 RRRRDRURRRRR 0.000244

64 RRRRDuRRRRRR -0.000244 65 RRRlrRRRRRRR 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 RRRUdRRRRRRR -0.000244 74 RRRDRRRRRRRU 0.000244 75 RRRDRRRRRRUR 0.000244

76 RRRDRRRRRURR 0.000244 77 RRRDRRRRURRR 0.000244 78 RRRDRRRURRRR 0.000244

79 RRRDRRURRRRR 0.000244 80 RRRDRURRRRRR 0.000244 81 RRRDuRRRRRRR -0.000244

82 RRlrRRRRRRRR 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 RRUdRRRRRRRR -0.000244 92 RRDRRRRRRRRU 0.000244 93 RRDRRRRRRRUR 0.000244

94 RRDRRRRRRURR 0.000244 95 RRDRRRRRURRR 0.000244 96 RRDRRRRURRRR 0.000244

97 RRDRRRURRRRR 0.000244 98 RRDRRURRRRRR 0.000244 99 RRDRURRRRRRR 0.000244

100 RRDuRRRRRRRR -0.000244 101 RlrRRRRRRRRR 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 RUdRRRRRRRRR -0.000244

112 RDRRRRRRRRRU 0.000244 113 RDRRRRRRRRUR 0.000244 114 RDRRRRRRRURR 0.000244

115 RDRRRRRRURRR 0.000244 116 RDRRRRRURRRR 0.000244 117 RDRRRRURRRRR 0.000244

118 RDRRRURRRRRR 0.000244 119 RDRRURRRRRRR 0.000244 120 RDRURRRRRRRR 0.000244
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Figure 4.11: A graphicaldemonstration of pathRRRRRRRURDRR( 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 UdRRRRRRRRRR -0.000244 134 DRRRRRRRRRRU 0.000244 135 DRRRRRRRRRUR 0.000244

136 DRRRRRRRRURR 0.000244 137 DRRRRRRRURRR 0.000244 138 DRRRRRRURRRR 0.000244

139 DRRRRRURRRRR 0.000244 140 DRRRRURRRRRR 0.000244 141 DRRRURRRRRRR 0.000244

142 DRRURRRRRRRR 0.000244 143 DRURRRRRRRRR 0.000244 144 DuRRRRRRRRRR -0.000244

Table4.2: Pathsfrom sourceto pointasshown in �g[4.10] with timedelayof
��


ìŠ„

For examplepathfor RRRRRRRURDRR(pathnumber20 in table4.2)shown in �g[4.11].

Thereceivedsignalwith a time delayof �#����� canbecalculatedby addingtheamplitudesfor

all of thesepaths,which is equalto �

|

ˆ

!

ˆ

$ % �‹‰

w

�5�5


. Comparedto thereceivedsignalfor time

delay ������� , even thoughthat the received signal from eachpath is weaker, therearemore

paths,sothetotal signalthatwill bereceivedis stronger.

If one tries to �nd pathsfor time delays �"!����

10, onewould �nd that thereare8281paths

from thesourceto receiver at point (10,0).Thesignalfrom 4856pathswill bereceivedwith a

positive signandfrom 3416pathsit will bereceivedwith anegativesign.Theamplitudeof the

received signalfrom eachpathis &

|

���

ˆ

%ð�#&J‰

w

�5�5+

andthe total received signalat point (10,0)

with time delay14 is:

10Thereisn't any pathwith timedelay13
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Comparingthis with time delay �#����� , it couldbe seenthat thesignalamplitudeis stronger.

The reasonis that even if the signal from any onepath is weaker, therearemorepathsthan

beforeandthis compensatesthe fact that the signal from eachpath is weaker. By doing the

sameprocedurefor timedelay �#&���� it couldbeseenthatthesignalfor thistimedelay( �#&���� )

is weaker thansignalfor time delay �"!���� . Thereceived signalsfor time delaysgreaterthan

�"!���� areweaker thanreceived signalfor time delay �"!���� . Table4.3 show this phenomena

in detail. Thecasefor time delay �#°���� is different. If thereceivedsignalfor this time delay

Delay Totalpaths + paths - paths Pathamplitude Totalamplitude
������� 1 1 0 m

|

$ &�%�&���%J‰

w

�5�
�

m

|

$ &�%�&���%J‰

w

�5�
�

�#����� 144 120 24 �
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Table4.3: Comparisonbetweenreceivedsignalwith different timedelay.

is calculatedit is strongerthan the received signal for time delay �"!���� but the sign of the

received signalis negative . As thenumberof pathsis increasingrapidly, it is not possibleto

�nd aclearunderstandingof how thereceivedsignalis generatedbasedon thesourcesignal.

4.3.5 TLM meshasa digital �lter

SinceTLM algorithmis an iterative algorithm, the authorsuggestedto model it asa digital

�lter 11 . Eachnodecanbe modelledasa digital �lter with four input andfour output. The

TLM meshis an interconnectedmeshof thesefour input / four output digital �lters. This

11This modellingis very importantsincewhena TLM meshis modelledasa digital �lter , onemaythink of why
thesamplingratetheorywhich tells that it would bepossibleto recreatea signalwith only two sampleper cycle
doesnotwork hereandalsoonemaytry to �nd to a transferfunctionfor theTLM mesh.All of theseinvestigations
leadstheinvestigatorto �nd anew samplingratetheorywhich is explainedin chapter6 onpage121.

62



TLM for modellingwavepropagationandits implementation

(a) TheTLM meshasainterconnectedmeshof dig-
ital �lters.

V2k

V2k+1 V4K

V4k+1

V3k+1V3k

V1k+1 V1K

(b) Onenodein a TLM meshasa four input/ four
outputdigital �lter .

Figure 4.12: TheTLM meshcanbemodelledasan meshof interconnecteddigital �lter s.

shown in �g[4.12].

For �nding thedigital �lter modelfor anode,theequation4.2which is in matrix format,could

bewritten in thefollowing form:

Œ<’

�
�

�

2

,

�

�

T

(

Œ

’

�

D

BiŒ

’




D

BiŒ

’

M

D

BiŒ

’

�

D

W

(4.15)

Œ
’

�
�




2

,

�

�

T

Œ
’

�

D

(

Œ
’




D

BiŒ
’

M

D

BiŒ
’

�

D

W

(4.16)

Œ<’

�
�

M

2

,

�

�

T

Œ
’

�

D

BÊŒ
’




D

(

Œ
’

M

D

BiŒ
’

�

D

W

(4.17)

Œ
’

�
�

�

2

,

�

�

T

Œ

’

�

D

BÊŒ

’




D

BiŒ

’

M

D

(

Œ

’

�

D

W

(4.18)

To make it morelike aniterative algorithmit couldbewrittenas:
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Figure4.13: Thedigital �lter realizationfor
�

� of a node.

Eachof theseequationscanberealizedby a digital �lter asshown in �g[4.13]. By combining

thefour sectionof anodeto eachotherthemodelfor awholenodecanbecreatedasshown in

�g[4.14].

4.3.6 Implementing a TLM model

SinceTLM is a numericalmodel,it shouldbe implementedin softwareor hardware. Imple-

mentingit in softwareis thefastestway to createa modelbut by implementingit in hardware,

thefastestway for modellingwavepropagationcouldbeobtained.

Thealgorithmfor implementingTLM in softwareandhardwareis approximatelythesame.It

consistof two steps:

Incident: At thisstepthevalueof outputvoltagesfor next timestepwill becalculated.It could
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Figure4.14: TheDigital �lter realizationfor a node.
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bedoneby usingthefollowing setof formula:
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Scattering: At this step,theoutputvoltagefrom eachnodewould beusedastheinput of the

neighbouringnodes.This couldbedoneby usingthefollowing setof formulae:
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This is shown in �g[4.15].

Theseformulaeare for two dimensionalTLM. For one dimensionaland threedimensional

TLM modelling,thestepsarethesamebut thenumberof inputandoutputvoltagesis different,

dependingonthenumberof dimensionsbeingmodelled,for examplefor onedimensionalTLM

modellingwe have only two voltagesandhencethe formulawill be reducedto two formulae

for eachstep.

4.3.6.1 In a singleCPU computer

Whenworkingwith asingleCPU,all of theprocessingis donein oneCPUandhencethesame

algorithmcouldberepeatedfor all nodesin themedium.

Therearetwo typeof algorithmsfor implementationof TLM :

Speedoptimized: This modelhasthefastestpossiblespeed.

Memory optimized: Thismodelusestheleastpossiblememory.
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Figure 4.15: Nodeplacementfor scatteringstep.
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4.3.6.2 Speedoptimized implementation

In this typeof implementation,morememorywill beusedbut thenumberof executedinstruc-

tion is less,soit is fasterthantheotherversionof thisalgorithm.

In this algorithm,thereis 8 memorylocationsfor eachnode.Four of thesememorylocations

arefor input voltagesandtheotherfour locationsarefor outputvoltages.During theincident

step,thevalueof thenext outputvoltagesarecalculatedbasedon input voltagesandput in the

memorylocationsthatarereservedfor theseoutputvoltages.In thescatteringstep,theoutput

voltagesof eachnodeis appliedasthe input voltagesfor neighboursnodes.Thealgorithmis

asfollow:

Require: 8 memorylocationfor eachnode.

1: Initialize memorylocations.

2: for all time stepsin simulationtime do

3: for all nodesin themeshdo

4: Calculatetheoutputvoltagesandput themin outputvoltagememorylocations.

5: for all nodesin themeshdo

6: Exchangevoltagesbetweennodes.Putoutputvoltagesto theinputof neighbouring

node.

7: end for

8: end for

9: end for

Thetotalmemoryneededto modelamediumwith N nodesandT timestepsis:
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For calculatingeachoutputfor eachnode(incidentsection)andexchangeit with neighbouring

nodes(scatteringsection),thefollowing operationsshouldbedone12:
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12Theadditionsare16 for incidentcalculationand4 to �nd neighbouringnodes.
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Sothenumberof operationsthatshouldbedoneto �nish a TLM modellingwith N nodesand

T time stepswouldbe:
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Thisalgorithmis usefulwhenonewantsto modelasmallmeshfor alongtime. In thissituation,

sinceasmallmeshis modelled, hencetheincreasein memoryis not important.It is alsogood

for implementingin hardwareastheoperationsat eachnodeareseparatedfrom operationsat

all othernodes.Oneway for designinga hardwareimplementationof TLM modelis to design

a small CPU for eachnodewith 8 memorylocationon it and then interconnectthesesmall

CPUsto eachotherto makeamesh.

4.3.6.3 Memory optimized implementation

With this algorithm,lessmemorywill be usedbut the numberof operationsis higher(com-

paredwith thepreviousalgorithm). Thereis only needfor 4 memorylocationsfor eachnode.

The numberof operationsis highersincesomekind of temporarymemoryfor holding data

during operationsshouldbe usedandthenthesetemporarydatashouldbe returnedto origi-

nal memorylocationswhich addssomememorymovesto theoperation.Thealgorithmis as

follow:

Require: 4 memorylocationsfor eachnodeand4 temporarymemorylocations.

1: Initialize memorylocations.

2: for all timestepsdo

3: for all nodesin themeshdo

4: Calculateall of theoutputvoltagesandput themin temporarymemorylocations.

5: Transferthe contentof the temporarymemorylocationsto the input voltagesloca-

tions.

6: for all nodesin themeshdo

7: TMP Ÿ
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10: TMP Ÿ
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13: end for

14: end for

15: end for

In this algorithm4 memorylocationsis neededfor eachnode,so in the caseof modellinga

meshwith N node,thetotalmemoryneededis:
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Thenumberof operationsneededto processon eachnodeis:
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Sothenumberof operationsrequiredto �nish aTLM modellingwith N nodesandT timesteps

wouldbe:
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Thisalgorithmis agoodalgorithmwhenonewantsto modelabig meshoverashorttimesteps.

70



TLM for modellingwavepropagationandits implementation

4.3.6.4 In a parallel computer

SinceTLM needsa largeamountof memoryandCPUpower to modelwave propagation,it is

impossibleto modela realwave propagationproblemwith normalcomputers13. For example

if thesizeof themediumthatwe wantto modelis 1cmby 1cmby 1cmandweareusingthree

dimensionalTLM modellingandthespeedof wave in themediumis �#% ���

•

¡

14 andthewave

frequency be1.5MHZ15 then:
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For creatinga homogeneousmedium,thereis a needto model with at least50 sampleper

cycle16, sowe need( SPC= SamplePerCycle) :
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If for storingeachdatawe use8 bytes(doubleprecision)theneachnodeneeds32 bytesof

memoryandthememoryneededfor modellingis:

13At thetimeof this writing, a goodworkstationhas512Mega-byteof RAM.
14Approximatelythespeedof soundin thewater[48], [38].
15Thenormalfrequency for medicalultrasoundimaging.
16In chapter6 on page121 a new samplingrate theorywill be explainedwhich will dramaticallyreducethis

number.
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This amountof memoryis availableonly in parallelcomputers17. For this reason,especially

whenthemodelis 3 dimensional,themodellingshouldbedonein parallelcomputers.

For modellingin aparallelcomputer18, wedivide amediumto somesectionsandthenprocess

eachsectionon oneCPU,theresultof theseprocesswould beexchangedwith eachother. In

�g[4.16], themediumthatwe want to modelis shown. Beforewe candivide themediumwe

should�nd out how many CPU's areavaliable19. If we have N CPU's we shoulddivide the

mediuminto N sections.Thebestway is to divide it in a symmetricalway20. In �g[4.17] this

division for somenumberof CPU is shown. After dividing the mediumto sub-media,each

processormodelsonesub-media.At theboundary, whenit is necessaryto exchangedatawith

next sub-media,the datais put in a buffer. whenthe processingfor oneincidentstepis �n-

ished,thebuffer on eachCPUis exchangedwith thecorrespondingbuffer in theneighbouring

CPU.Sinceit is very dif�cult to show this procedurein 3D, A 2 dimensionalmodelis shown

in �g[4.18]. Themodellingstartsby settingup thebuffer andmediumnodedatato initial con-

ditions(�g[4.18(a)]). Duringtheincidentstep,whenany nodeat theboundaryneedsdatafrom

a neighbouringnodewhich resideson a differentCPU,it shouldgetit from thecorresponding

buffer (�g[4.18(b)]) After theincidentstep,thescatteringstepfor all nodesin thesubmedium

would be done. The scatteringdatafrom a nodeon the boundarythat would be written to

a nodein a mediumon anotherCPU,shouldbe written to thebuffer (�g[4.18(c)]). Thenthe

buffer oneachCPUwouldbeexchangedwith thecorrespondingbuffer in theneighbourCPU21

(�g[4.18(d)]). Thisprocesswould berepeatedfor all timesteps.

17It shouldbenotedthatit is trueat thetime of writing.
18Theexactalgorithmthatshouldbeusedin a parallelcomputerdependsof typeof parallelcomputerin useand

thelanguagethatthesoftwarewantsto write with it. Therearesomeothertypesof algorithmsfor differentparallel
computerstructure[72] [73]. MPI (MessagePassingInterface)wasusedfor writing parallelcodesthatcanberun
onseveralplatforms[74] andtheprogramminglanguageis C.

19In MPI usecommand:MPI Comm size().
20In MPI usecommand:MPI Dims create().
21In MPI usecommands:MPI Isend()andMPI Irecv()
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Figure 4.16: A 3 dimensionmediumfor modelling.

Dead lock Deadlock happensin parallelprogramming22 whenoneCPU is waiting for an-

otherCPUandtheotherCPUfor somereasonis waiting for the �rst CPU(see�g[4.19]). In

thesimplestform, CPUA is waiting for CPUB (for exampleto receive datafrom it) andCPU

B is waiting for CPUA asshown in �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 asshown in �g[4.19(b)].

Deadlockshouldbe solved by usingsomeof theparallelcomputerfeatures23. If the parallel

computerfeaturecan't help us to solve the problem,the following algorithmcansolve it. It

will beexplainedfor changingthebuffersamongtheCPUsin theX direction.It canbesimply

extendedto exchangebuffers in Y and Z directions. The CPUsshouldbe numberedin X

direction.TheoddnumberedCPUsusethefollowing algorithm:

Require: OddnumberedCPU(CPUnumberis 2n+1)

1: Sendcorrespondingbuffer to CPUnumber2(n+1)

22Theoreticallythisproblemshouldn't bein aserialprogram.
23In MPI, datawould besentin a nonblockingformatandthenaftersendingall of thebuffers(4 buffer for 2D

modellingand6 buffer for 3D modelling)theprogramshouldwait to receive datafrom theotherCPUs.
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Figure4.17: Divisionof themediumto sub-media.
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(b) During the incidentstepwhenany nodeat
theboundaryneedsdatafrom a nodeon a sub-
media on a different CPU, it is got from the
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(c) During thescatteringstep,datafrom a node
on boundarywhich wantsto go to a nodeon a
sub-mediaonadifferentCPUwouldbewritten
to thebuffer.

CPU CPU CPU

CPU

CPU
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(d) At theendof scatteringon eachsub-media,
the buffers betweentwo adjacentsub-media
would beexchangedwith eachother.

Figure 4.18: Algorithmfor modellingin a parallel computer.
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(b) CPUA is waits for CPUB while CPUB is waiting
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Figure 4.19: Deadlock in modellingwith a parallel computer.
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Figure4.20: TLM modellingin onedimension.

2: Receivebuffer from CPUnumber2(n+1)

3: Sendcorrespondingbuffer to CPUnumber2n

4: Receivebuffer from CPUnumber2n

TheevennumberedCPUsshouldusethefollowing algorithm:

Require: EvennumberedCPU(CPUnumberis 2n)

1: Receivebuffer from CPUnumber2n-1andput it in a temporarybuffer.

2: Sendcorrespondingbuffer to CPUnumber2n-1

3: write thevalueof temporarybuffer to originalbuffer.

4: Receivebuffer from CPUnumber2n+1andput it in a temporarybuffer.

5: Sendcorrespondingbuffer to CPUnumber2n+1

6: write thevalueof temporarybuffer to originalbuffer.

It shouldbenotedthatef�ciency of thesealgorithmsdependsontheparallelcomputerhardware

andsoftwareandis outwith thescopeof thiswriting.

4.4 Onedimensionaland thr eedimensionalTLM modelling

The two dimensionalTLM modellingwasexplainedin detail in the previous section. TLM

modellingin onedimensionandthreedimensionsis explainedherebrie�y . Mostof thetheories

for 2 dimensionalmodellingcaneasilybeextendedto onedimensionalandthreedimensional

modelling.

4.4.1 OnedimensionalTLM modelling

OnedimensionalTLM modellingis very similar to thetransmissionlinesexplainedin section

3.3. A onedimensionalTLM modelis shown in �g[4.20].
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Figure 4.21: TLM modellingin threedimensions[9].

4.4.2 ThreedimensionalTLM modelling

In threedimensionalTLM modelling,eachnodeconnectsto 6 neighbouringnodesasshown in

�g[4.21].

Thenodemodeldependson thewave type: vectorwave or scalarwave.

Sinceelectromagneticwavesarevectorwaves,thenodemodelfor themis verycomplex. Since

thesoundwavesarescalarwaves,it is possibleto usea scalarTLM to modelthem.Thenode

modelfor ascalarTLM modelis shown in �g[4.22].
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Figure 4.22: Nodemodelfor scalarTLM modelling.

Therelationshipbetweeninputvoltagesto eachnodeandscatteredvoltagesfrom eachnodeis:
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4.5 InverseTLM modelling

SorrentinoandHoefer[75]showedthattheTLM canbereversed. They showedthatthetrans-

missionmatrix for eachnode � andits inverse�

w

�

areequal(Thisassumesa linear, Homoge-

79



TLM for modellingwave propagationandits implementation

neousmedium):
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This meansthat it shouldbe possibleto usethe TLM modellingalgorithmfor inverseTLM

modelling[76].

Whenweareworkingwith inverseTLM modelling,weareworking in inversetimesothatwe

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

4.6 Other topics in TLM modelling

4.6.1 Modelling non linear waveswith TLM

By replacingC and/orL to anonlineardevice,TheTLM canbeusedto modelnonlinearwaves

[80].

4.6.2 Different type of meshes

TheTLM meshthatwasexplainedherewassquaremeshes,Therearesomeactive researchon

othertypesof meshes[81].

4.7 TLM modelling of ultrasound wavepropagation

The TLM was originally usedfor modellingelectromagneticwave propagation. In electro-

magneticwave propagationmodelling, the electricandmagneticwavesaremodelledin the

transmissionline by voltageandcurrentrespectively. For modellingtheultrasoundwaveprop-

agationwe canusethe similarity betweenthe electromagneticwaves and ultrasoundwaves

(Table4.4)[82],[83].
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Thenthemechanicalultrasoundwave is modelledelectricallyasanequivalentelectromagnetic

wave. This followsalongestablishmentpracticeof modellingmechanicalsystemsaselectrical

analog.

ElectromagneticWave UltrasoundWave

ElectricField PressureField
MagneticField DisplacementField

Current Velocity
Permittivity ( « ) Compressibility( ¬ )
Permeability(  ) Density( ® )

Table4.4: SimilaritybetweenElectromagneticwavesandUltrasoundwaves

4.8 Conclusions

TLM is anumericaltechniquefor modellingwave propagation.It is anef�cient techniquethat

canbeimplementednotonly in singleCPUcomputersbut alsoin parallelcomputers.

TLM meshcanbemodelledasadigital �lter . Foratwo dimensionalTLM modelling,eachnode

canbemodelledasa four input- four outputdigital �lter andtheTLM meshcanbemodelled

asa connectionbetweenthesedigital �lters.

Sincesoundwavesarescalarwaves,scalarthreedimensionalTLM canbeusedfor modelling

wavepropagation.

InverseTLM is TLM in time reversal.InverseTLM couldbeusedto �nd theorigin of a wave

propagationwhenthewavedistribution in themediumis known.

TLM canbeusedto modelultrasoundwave propagationaswell aselectromagneticwaves.
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Chapter5
Experimentswith TLM

5.1 Intr oduction

In this chapterTLM is usedto modelsomewave propagationphenomena.In mostof cases

a point sourceis placedin themediumandthe shapeof wave propagationis saved frameby

frame. Someof theseframeswill be shown here. By usingall of the framesmovies were

createdshowing how the wavespropagate.Sinceit is only possibleto show a few framesin

this thesisanimationshasbeenincludedonaCD thatcomeswith thethesis.Thischapterdeals

with theuseof TLM for modellingwave scatteringfrom a smallobject,wave re�ection from

a large object,wave interference,arraytransducersandtheDopplereffect. First thesetup is

explained,sincethesetupandthenotationis thesamefor all of themodellingexamples.

5.2 Experimental setup,input, output and notation

In thissectionmodellingsetupis explained,includinghow inputor outputis generatedandthe

notationthatis used.

5.2.1 The modelling setup

All of themodellingexamplesin this chapteraredoneby a TLM modellinglibrary developed

by theauthorin C++. Thelibrary is in pureC++ andcanbecompiledon any platform. Here,

a PC computerwith an AMD K5 processorrunningat 166 MHZ wasused. The computer

has128Mbyte of RAM. The library is fastenoughandusesthe”Low memory” techniqueas

explainedin section4.3.6.3on page69.

All of themodellingis of a2 dimensionTLM. Themediumsizeis alwaysnormalizedby ��� so

whenthemediumsizementionedas �����

�

����� , it meansthatthemediumsizeis ���������

�

��������� .

All of theaddressin themediumis relative to bottomleft cornerof themedium.For example

point ( 50,100) in amediumwith size �����

�

� ��� is exactly in themiddleof themedium.
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Themodellingtime is alsonormalisedby ��� . A modellingtime of ����� meansthat themod-

elling time is ��������� .

5.2.2 Inputs

Sincethis is digital modelling,all of thesignalsis injectedto themediumshouldbein digital

form. Themostimportantsignalthatis injectedinto thesystemis asinusoidalsignal.Thepeak

amplitudeof thesinusoidalsignalis always1 andits frequency expressedbasedonthenumber

of samplespercycle. For exampleif thenumberof samplespercycleof thesinusoidalsignalis

20,it will beexpressedas”a sinusoidalsignalwith 20samplespercycleor in theshortform as

a20samplessinusoidal”.If thesinusoidalsignalisn't continuousthedurationof thesignalwill

beexpressedin termsof samplestoo. For example”a 20samplesinusoidalsignalwith duration

of 100” meansthata sinusoidalsignalthat is sampledat 20 samplespercycle is injectedinto

thesystemfor thedurationof 100samples( Therewould be5 cyclesof thesinusoidalsignal

in theinjectedsignal.).

5.2.3 Modelling output

Theoutputof themodellingprocesswill bepresentedin oneof thefollowingsway:

Time amplitude graph This graphshows the received signal at one of the mediumpoints

duringmodellingtime.

Frame by frame Herethesignalpowerateachpoint in themediumis savedataspeci�c time.

Thesevaluesareusedto draw some2 dimensionsor 3 dimensions�gures.

5.2.3.1 Time amplitude graph

As anexampleto this typeof output,assumethata receiver is placedat thepoint (50,60)anda

pointsourceat thepoint (50,50)in amediumwith size �����

�

����� asshown in �g[5.1].

A 20samplessinusoidalsignalwith thedurationof 100samplesis usedasthesourcesignaland

thecorrespondingsignalat thereceiver is saved. Thesignalat thesourceplace1 andreceived

signalareshown in �g[5.2]. Thehorizontalaxisis timein ��� andtheverticalaxisis amplitude.

1This is thesignalasseenby a receiver at thesourceplaceandnot thegeneratedsignalby thesource.
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ReceiverSource

Figure 5.1: Mediumsetupfor modellingexample.
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Figure5.2: Signalat thesourcepointandreceivedsignalfor modellingexample.

Fromthissimpleexamplethefollowing propertiesof TLM modellingcanbedetermined:

1. The time delaybetweenthe received signalandsourcesignal is 14, which is equalto

���

�

� � . Sothespeedin themediumis B

�


 . Where 	 is thespeedof wave in thereal

medium.

2. Thereceivedsignalis muchweaker thanthesourcesignal.

3. After themainsignal,thereis a very weaksignalwith a frequency equalto thenatural

frequency of theTLM which is asinusoidalsignalwith four samplein acycle.

5.2.3.2 Frame by frame

In this typeof presentation,oneimagepertime stepis created.Sincetherearethreevariables:

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

3 Dimensions.

Colour code: In this type of presentation,the amplitudeof signalat eachpoint is converted
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Figure 5.3: wavepropagation in a mediumby using Colour codedrawing (Time difference
betweeneach twopicturesis 5 ��� ).

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

understandhow thesepicturesarecreated.Thefollowing stepswereused:

1. At theendof eachtime stepin theTLM modelling,theamplitudein eachpoint is

calculatedby addingthe4 voltagesincidenton thenode.

2. The absolutevaluefor the amplitudeof eachnodeis usedandconvertedto RGB

(Red, Green, Blue ) colourcodes.

3. Thesevaluesareusedto createanimage�le in PPMformat

(seehttp://www.swin.edu.au/astronomy/pbourke/dataformats/ppm/ )

4. ImageMagick(http://www.simplesystems.org/ImageMagick/) wasusedto convert

themto EPSformatandthenaddingthemto this thesis.

In �g[5.3] a sampleoutput is shown. The time differencebetweenadjacentpicturesis

%���� . Thiskind of representationis goodwhenthepropagationshapeneedsto beshown.

3 Dimensional: In this type of representation,amplitudeis useon the Z axis to createa 3

dimensionalimage.This typeof imagesis createdby usingthefollowing steps:

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

calculatedby addingthe4 voltagesincidenton thenode.
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2. For eachframe,thenodeamplitudesaresavedin a �le.

3. GNUPLOT (http://www.gnuplot.org/) is usedto draw a 3 dimensiongraphbased

on theeach�le (onegraphfor eachframe).

4. Thegraphsareexportedin EPSformatfor addingto this thesis.

This typeof representationis goodfor representingwaveamplitudeatdifferentpointsin

themedium.

Movie: It is possibleto createamoviebasedonaseriesof relatedframes.A moviewascreated

showing how a wave propagatesin themedium. For creatingthesemovies,Mpeg2enc

(http://www.mpeg.org/MPEG/MSSG/)is usedto convertPPMimagesto MPEGmovies.

ImageMagickis usedto convert exportedimagesfrom GNUPLOT to PPMformat. The

moviesareaddedto theCD thatcomeswith this thesis.All of themoviesarein MPEG

format. Most of theMEPGplayerscanplay thesemoves.Windows mediaplayeris the

bestonefor playingthesemovies in windows operatingsystem.Themovie thatshows

the wave propagationasrepresentedin �g[5.3] is in �le ”
K

Ä

ˆ•Œ

�š`•¯K©"áK�šáKr

|

ˆ•ŒýÂ

” andthe

movie thatshowsthewavepropagationasrepresentedin �g[5.4] is in �le ”
K

Ä

ˆ•Œ

�š`•¯

ˆ

/

|

ˆ•ŒýÂ

”.

5.3 The speedof a wave in the mesh

As explainedin sec4.3.3on page52, When the samplingrate2 is near4 sampleper cycle,

the wave speedsin the axial andthe diagonaldirectionsaren't the same.This phenomenais

illustratedin �g[5.5]. Thesamplingratefor theexperimentin �g[5.5] is 5 samplespercycle3.

Whenthe samplingrateis muchhigherthan4 sampleper cycle, the wave propagatesin the

diagonalandtheaxial directionswith thesamespeed.This speedis B

�


 , where 	 is thespeed

of wave in therealmedium.For exampleif thetransmitteris at point
T

���

›

���

W

andthereceiver

is at point
T

���

›

� �

W

thenit takes ���

�

� �

�

��� or about �"!���� for the wave to reachthe to

receiver from thetransmitter. In �g[5.6], thewave propagationshapeis shown for thecaseof

20samplespercycle.

In �g[5.7], the received signalat the receiver is shown. Despitethe fact that thedistancebe-

tweentransmitterandreceiver is ������' thesignalis received at thereceiver at time ���
�

�����

2Theterms”samplingrate”and”samplepercycle” will beusedinterchangeably.
3The related MPEG for this series is shown in °²±%³F´‹Eµž¶"·¸±�û*¹»º•¼¥½•¾¸º•¿L½»E½•À»Á ³F´•Â and

°²±"³D´‹Eµž¶"·¸±�ûÃ¹•º•¼¥½•¾Äº•Å»ÆJÁ ³F´•Â on theCD accompany thethesis.
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Figure 5.4: wavepropagation in a mediumby plotting data in 3 dimensions( Timedifference
betweeneach twopicturessis 5 ��� ).
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Figure5.5: Whenthe samplingrate is near 4 sampleper cycle, wavepropagation isn't the
samein different directions.Thesamplingratehere is 5 sampleper cycle.( Time
differencebetweeneach two pictures is 5 ��� ). The setupfor this experiment
are as follow:Mediumsize:�����

�

����� Source Position:(50,50)Receiverposition:
(60,50)

Figure5.6: Whenthesamplingrateis much higherthan4 sampleper cycle, wavespropagate
in diagonalandaxial directionwith thesamespeed.Thesamplingratehere is 20
samplepercycle.( Timedifferencebetweeneach twopicturesis 5 ��� ). Thesetup
for this experimentare asfollow:Mediumsize:�����

�

����� SourcePosition:(50,50)
Receiverposition: (60,50)
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Figure 5.7: Thespeedof the wavein the TLM meshis
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�



	 . C is the speedof wavein the

real medium.Thesetupfor this experimentare asfollow:Mediumsize:�����

�

�����

SourcePosition:(50,50)Receiverposition: (60,50)

which is �"!���� . This is becausethespeedof thewave in theTLM meshis B

�


 when 	 is the

speedof wave in therealmedium.

5.4 Boundary effect

The TLM is a numericalmodel that is mostly modelledon computers.Sincethe amountof

RAM and CPU power of a computeris limited, it is not possibleto model in�nite media.

Limited mediahave boundariesandthemediumat theseboundariesshouldbe terminated.If

this terminationis notcorrect,thewave is re�ectedbackfrom theboundaryandinterfereswith

theoriginalwave4. This effect shown in �g[5.8] 5.

Somewaysto terminatethe mediumhasbeenproposed[84], [85], [86], [87]. Most of these

modelsarebasedon Maxwell's equations.Theauthorhasdevelopeda new digital �lter (See

section4.3.5on page62) modelof theTLM to help �nd a new way for terminatingtheTLM

4This is similar to a wire thatshouldbe terminatedwith matchingimpedanceotherwisethewave in it will be
re�ectedback.

5The related MPEG for this series shown in ÇL½•È µŽÆÉ±"À•ÊËº»·Ä¹•ÌJEÍ¹‘¿�û*µ>µ‹¶Ëº•¿L½»E½•À»Á ³F´•Â and
Ç‡½»ÈKµÎÆÉ±%À•ÊËº»·Ä¹•ÌJEÍ¹‘¿;ûÏµ>µŽ¶Ëº•Å»ÆJÁ ³F´•Â .
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Figure5.8: Wave re�ection from the boundary.( Time differencebetweeneach two pictures
is 10 ��� ).Thesetupfor this experimentare as follow: Mediumsize:� ��� �

� ���

SourcePosition:(150,100)Receiverposition:(160,100).

boundary. As shown in �g[5.9] the terminatingmediumcan be modelledas a Multi-input

Multi-output IIR �lter .

Theoutputof the�lter at eachnodeis relatedto theinputsat all nodesat differenttimes.This

factis written in thefollowing equation:
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(5.1)

Where H

„

”

¤J• ¥

– is theoutputfrom thenodeat thepoint
T† ¡›

t

W

at time � and
�

„

w

D

”

¤J• ¥

– is theinput to

thenodeatpint
T† �›

t

W

at time �•(

n

,
n�Ð

� . Ä

D

, p

D

and ©

D

arerealor complex6 weights.

By reviewing the�lter modelof theTLM wewill eventually�nd that:

6For a homogenousmediumtheweightsarereal,andfor a non-homogenousmediumthey arecomplex.
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Figure 5.9: To correctly terminatinga mediumwecanterminateit to a matching Multi-input
Multi-outputIIR �lter
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Basedon theseequations,the �rst approximationfor theIIR �lter is whenwe assumethatall

coef�cients otherthan Ä

� arezero. In this casetheIIR �lter reduceto a very simpleFIR �lter

with thetransferfunctionof:

H

„

”

¤J• ¥

–

,�Ä

�

�

„

w

�
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¤J• ¥

– (5.4)

The value of Ä

�

, �

|

% can be found by inspectingthe digital �lter model and its transfer

function.Theresultof usingthismethodof removing boundaryeffect is shown in �g[5.10] 7.

A better �lter could be built by approximatingthe equation5.1 as shown in the following

7The MPEGS for these experiments can be found in: ÇL½•È µŽÆÉ±%À»ÊËº•·Ä¹‘³:½•Â%¹ÉÑ‘º•¿‡½�E½•À»Á ³D´JÂ and
ÇL½•È µŽÆÉ±%À»ÊËº»·¸¹—³Ò½»Â%¹ÓÑ‘º»Å»ÆJÁ ³D´JÂ
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Figure 5.10: Using the �lter approximationas shownin equation5.4 for removing re�ection
from boundary. ( Time differencebetweeneach two pictures is 10 ��� ). The
setupfor this experimentare as follow: Mediumsize:� ��� �

� ��� Source Posi-
tion:(150,100)Receiverposition:(160,100).

equation:
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By assumingthat8:

�

„

w

�

”

¤J• ¥

–ŠÔ

�

„

w

�

”

¤J• ¥

�
�‡–

�

„

w

�

”

¤J• ¥

–
Ô

�

„

w

�

”

¤J• ¥

w

�‡–

�

„

w

�

”

¤J• ¥

–
Ô

�

„

w




”

¤J• ¥

–

(5.6)

and�nding:
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8This approximationscouldhelpto save memorywhenimplementingTLM
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Figure5.11: Using the �lter approximationasshownin equation5.7 for removing re�ection
from boundary. ( Time differencebetweeneach two pictures is 10 ��� ). The
setupfor this experimentare as follow: Mediumsize:� ��� �

� ��� Source Posi-
tion:(150,100)Receiverposition:(160,100).

the�lter approximationreducedto:
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– (5.7)

Theresultof usingthismethodof removing theboundaryeffect is shown in �g[5.11] 9 .

For comparisonof thesemethod,�g[5.12] is drawn. Fromthis �g, it is clearthatthe�lter ap-

proximationis workingandis reducingtheenergy in there�ectedsignal.A betterresultcould

beobtainedby doinga betterapproximation.This approximationwasconsideredsuf�ciently

goodfor thework reportedin this thesis.

5.5 Wave interfer ence

Whentwo wavestravel in a mediumthey interferewith eachother[44], [88]. As theresultof

this interference,nodeandanti-nodesarecreated(destructive andconstructive interference).

Nodesarecreatedatplaceswherethesetwo wavessubtractfrom eachother. If thesetwo waves

9The MPEGS for these experiments can be found in: Ç‡½»È µŽÆÉ±%À•Ê•º•·Ä¹‘³:½•Â%¹•��º•¿‡½�EÕ½»À•Á ³D´JÂ and
ÇL½•È µŽÆÉ±%À»ÊËº»·¸¹—³Ò½»Â%¹•�»º»Å»ÆJÁ ³D´JÂ
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Figure 5.12: Here all signalsare shownin onegraph. Thesignalbetween�"!���� and ���"!����

is theoriginal signalthatcomesdirectlyfromthetransmitter. There�ectedsignal
fromtheboundaryarrivesat thereceiverat time �#��$ ��� . Thesetupfor thisexper-
imentareasfollow: Mediumsize:� ��� �

� ��� SourcePosition:(150,100)Receiver
position:(160,100).
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Figure5.13: Whenthere are two wavesin a medium,they interfere with each other. In this
modellingexample, the frequencyand amplitudeof the two waveare the same.
Time differencebetweeneach two pictures is ������� . Thesetupfor this experi-
mentare as follow: Mediumsize:�����

�

����� Source 1 Position:(30,1)Source 2
Position:(70,1).

have the sameamplitudethenthereisn't any energy at the nodes. Anti-nodesarecreatedat

placeswherethesetwo wavesareaddedto eachother. Thepositionof nodesandanti-nodes

canbecalculatedby measuringthedistancebetweenthepoint in andthethetwo source.If the

distanceis suchthat the two wavesreachthe point in phasethenthat point is a anti-node.If

thedistanceis suchthat thewave is reachingto thepoint with 180degreedifferencein phase

thanthepoint is a nodepoint. This phenomenahasbeenmodelledby TLM andis shown in

�g[5.13] 10.

5.6 Wavesand objects

Whenthereis anobjectin themedium,it will changethewaythatwavepropagatesits vicinity.

If thesizeof objectis muchbiggerthanthewavelengththenre�ection takesplace.In re�ection

thewave re�ects backfrom theobjectandhencewehaveanew wave in front of theobjectand

ashadow behindtheobject.

10The related MPEG for this series shown in Ö×±%Â%¹—Ø�µ�û*¹—À�ÌJ¹‘À�¹5µŽ¿5¹•º—¿L½»E½»À•Á ³F´JÂ and
Ö×±%Â%¹‘Ø�µ�û*¹‘ÀÓÌJ¹‘À»¹JµŽ¿L¹»º•Å»ÆJÁ ³F´•Â .
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Figure 5.14: Thereceivedsignalsat receivers whenthere isn't anyobjectin themedium.

If the object size as seenby the wave is much smaller than the wave length, then thereis

scattering.In scattering,objectsact aspoint sourcesandtransmitswavesin the medium. In

scattering,thereisn't any shadow atthebackof theobjectbut thereisanew wavein themedium

whichhasbeenmadeby theobjectactingasapointsource.

For experimentsin thissectionof thethesisamediumwith thesizeof (100,200)is used.There

are196pointsourcesto createaplainwaveandseveralreceiversatthepoints(5,100),(15,100),

(25,100),(35,100),(65,100),(75,100),(85,100),(95,100).Thereceivedsignalat thesepoints

is shown in �g[ 5.14]whenthereisn't any objectin themedium.Thesesignalsshouldbeused

asreferencesfor comparingwith theresultwhenthereis anobjectin themedium.Thewave

lengthof thesignalis ������' andthedurationis ������� . Thusthereis oneperiodof thesignalin

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

generatedsignal).
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5.6.1 Modelling wavere�ection

Whenwavespropagatein a medium,containinganobjectwhosesizeis muchbiggerthanthe

wave lengthof signal in the mediumthenre�ection takes place. In this casethe wavesare

re�ected backby the objectandthereis a shadow behindthe object. TLM is usedto model

wave re�ection hereandtheresultis shown in �g[5.15] 11.

The signalsat the receiversareshown in �g[5.16]. Sincethe signalsat the receivers located

behindtheobjectareveryweak,thisexperimentshows thatthereis ashadow behindtheobject

(comparewith thereceivedsignalsshown in �g[5.14]).

To show the re�ected signal, the signalat the receiver at point (15,100)is draw againstthe

received signalfrom thesamereceiver whenthereis not anobjectin themedium(�g[5.17]).

Thereceivedsignalsat thispoint in thesetwo experimentsarethesameexceptfor there�ected

signal.

5.6.2 Modelling wavescattering

When a wave propagatesin a medium,if thereis an object whosesize is smallerthan the

wave lengthof signalin themediumthenscatteringtakesplace.In this casetheincidentwave

is scatteredbackby the objectand the objectact asa point source. The actualwave shape

dependsontheobjectshapeandits sizerelative to thewave length.In thismodellingtheobject

is assumedto beverysmallcomparedwith thewave lengthandhencetheobjectactsasapoint

sourceandwill generatewavesin all directions.Theresultsshown in �g[5.18] 12.

Thesignalsat thereceiversshown in �g[5.19].

To show the scatteredsignal from the object, the received signalat point (25,100)is drawn

for two case:whenthereisn't any object in the mediumandwhenthereis a small objectin

themedium. As seenfrom �g[5.20], thereis a small signalaroundtime ��������� . This is the

scatteredsignalfrom theobject.

11The related MPEG for this series shown in Ö×±%Â%¹•ÙÄÇ*ÚÓ¹‘¿;ûtº•·Ä¹•ÌJEÍ¹‘¿;ûÏµÛ½LµÜº•¿‡½�E½•À»Á ³D´JÂ and
Ö×±%Â%¹—ÙÄÇÃÚÓ¹‘¿;ûÃº»·Ä¹•ÌJEÍ¹‘¿;ûÏµœ½}µÜº»Å•ÆJÁ ³F´JÂ .

12The related MPEG for this series shown in Ö×±%Â%¹•ÙÄÇ*ÚÓ¹‘¿;ûtº»°²¿L±�û†û*¹—À•µ>µ‹¶Ëº•¿L½»E½•À»Á ³F´•Â and
Ö×±%Â%¹—ÙÄÇÃÚÓ¹‘¿;ûÃº�°²¿L±�û†û*¹‘À»µ>µ‹¶Ëº»Å•ÆJÁ ³D´JÂ .
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Figure 5.15: Whenthesizeof anobjectin themediumis bigger thanthewavelength,thewave
is re�ected by the object. There is a shadowat the back of the object and a
re�ectedwavein frontof theobject.Timedifferencebetweeneach twopicturesis

%���� . Theobjectis an rectangularobjectfrom(40,70)to (60, 130). Theobject
sizeasseemby thewaveis & ����� .
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Figure5.16: Thesignalsat the receivers whenthe sizeof the object is bigger than the wave
length. SinceThere is a shadowat the back of the object, the signalsat the
receivers behindthe objectare very weak. Theobject is an rectangularobject
from(40,70)to (60,130).Theobjectsizeasseemby thewaveis & �����
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Figure 5.17: Thereceivedsignalsat point (15,100).Theobjectis an rectangularobjectfrom
(40,70)to (60,130).Theobjectsizeasseemby thewaveis & �����

5.6.3 Mixed signaland objects

If therearetwo or moresignalsin the mediumandoneor moreobject, thentherearesome

interestingeffects.Sinceeachsignalmayreactdifferentlywith theobject,somekindof �ltering

mayoccur. Thefollowing subsectionsdemonstratethisbehaviour.

5.6.3.1 Two addedsignal

In this experimentthe generatedwave is the summationof two signals. One signal is high

frequency andtheotheris low frequency. Thereis an objectin themedium. Thesizeof this

objectis selectedin sucha way that it is scatteringoneof thesignalsandre�ecting theother

one.Thegeneratedsignalis shown in �g[5.21].

Thewavelengthof thehighfrequency signalis ������' andthewavelengthof thelow frequency

signalis ��������' . Theobjectis a rectangularobjectfrom (40,80)to (60,120).Themediumsize

is � ���

�

� ��� . Thereceivedsignalatpoint (65,100)is shown in �g[5.22].

As canbeseenfrom �g[5.22], for a receiver placedbehindtheobject,theobject�lters out the
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Figure5.18: Whenthesizeof an objectin themediumis smallerthanthewavelength,waves
are scatteredby theobject. If theobjectsizeis verysmallcomparedto thewave
lengththentheobjectactsasa pointsourceandwill generatewavesin all direc-
tions. Thetime differencebetweeneach two pictures is %���� . Theobjectis an
rectangularobjectfrom(40,99)to (60,101).Theobjectsizeasseemby thewave
is ����'
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Figure 5.19: Thesignalsat receivers whenthe objectin the mediumis small compared with
thewavelength. Sincethere isn't anyshadow, thereceivedsignalson all of the
objectsare strong (Compared with the re�ection case). It shouldbe notedthat
sincethe scattered signal from the object is very weak,it can't be seenin this
�gure. Theobjectis an rectangularobjectfrom(40,99)to (60, 101). Theobject
sizeasseemby thewaveis ����'
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Figure5.20: Thereceivedsignalsat point (25,100)whenthere is an objectin themediumand
whenthere isn't any objectin the medium.Theobject is an rectangularobject
from(40,99)to (60,101).Theobjectsizeasseemby thewaveis ����'
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Figure 5.21: Thesourcesignalfor addedsignalexperiment.

106



Experimentswith TLM

-0.15

-0.1

-0.05

0

0.05

0.1

0.15

0 50 100 150 200 250 300 350 400

Received signal at point(65.100)

Figure 5.22: Thereceivedsignalat point (65,100)whenthetwo signaladdedto each other.

high frequency signalasit actsasa re�ector for this signal13. Thewave propagationshapeis

shown in �g[5.23] 14..

5.6.3.2 Amplitude modulation signals

In this experimenta wave is generatedthat is amplitudemodulation[89] of two signals.One

signalis highfrequency (Themodulatedsignal)andtheotheris low frequency (Themodulating

signal).Thereis anobjectin themedium.Thesizeof thisobjectis selectedin suchawaythatit

scattersoneof thesignalsandre�ects theotherone.Thegeneratedsignalis shown in �g[5.24].

Thewavelengthof thehighfrequency signalis ������' andthewavelengthof thelow frequency

signalis ��������' . Theobjectis a rectangularobjectfrom (40,80)to (60,120).Themediumsize

is � ���

�

� ��� . Thereceivedsignalatpoint (65,100)is shown in �g[5.25].

As canbeseenfrom �g[5.25], theobjectdoesn't affect in any way the low frequency or high

13This is similar to thefact thatwhenthereis a loadmusicplaying,peoplesin otherroomscanhearonly to the
low frequency sectionof themusic.

14TherelatedMPEGfor this seriesshown in Ö×±%Â%¹—ÙÄÇÃÚÓ¹‘¿;ûÃº»ÝŠÆÉÆ%¹‘Æ"º—¿L½»E½»À•Á ³F´JÂ .
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Figure5.23: Thewavepropagationshapewhenthetwo input signalsaddedto each other.
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Figure5.24: Thesourcesignalfor theamplitudemodulationexperiment.
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Figure 5.25: Thereceivedsignalatpoint(65,100)whenthereis anamplitudemodulatedsignal
in themedium.

frequency signal1516. Thisis becausethereis nolow frequency signalcomponent,only acarrier

(high frequency) andtwo sidebandscloseto thecarrier. Thewave propagationshapeis shown

in �g[5.26] 17..

5.6.4 Curved objects

In thissectionanobjectwith acurvysurfaceis modelled.Therearetwo scenarios:A focusing

mirror andacircularmirror.

5.6.4.1 Focusingmirr or

In this examplea focusingmirror is modelled. In a focusingmirror, theplanewaveswill be

focusedon a point which is the focal point for the mirror [40]. This modelling is shown in

15We arelucky sinceif theobject�lters or altersthesignalin any way thenwe couldn't have AM radios!
16Thechangein modulationindex is theresultof TLM mediumthatactedasa �lter to differentsignals.
17TherelatedMPEGfor this seriesis shown in Ö×±%Â%¹—ÙÄÇÃÚÓ¹‘¿�ûtº»Ý¸Þ×º—¿L½»E½•À»Á ³F´JÂ .
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Figure5.26: Thewavepropagationshapewhenthethere is an amplitudemodulatedsignalin
themedium.

�g[5.27] 18..

5.6.4.2 Cir cular mirr or

If a point sourceis placedin a circularmirror, thenwhenthewave propagatesfrom thesource

it will bere�ectedbackby thecircularmirror [40]. This re�ection is suchthatall of thewaves

will becollectedatanotherpoint in themedium.Thisphenomenonis modelledin �g[5.28] 19.

5.7 Array transducers

In thissectionTLM is usedto modelarraytransducers[90]. At �rst thesetupis explainedand

thentheuseof TLM to steerwavesin themediumis shown.

5.7.0.3 Setup

The TLM mediumfor theseexperimentsis a � ���

�

� ��� and the time stepfor modelling is

��% ����� . Thereare20 sourceat pointsfrom (1,90)to (1,110).Thesamplingratefor thegener-

18TherelatedMPEGfor this seriesis shown in Ö×±%Â%¹•ÙÄÇ*ÚÓ¹‘¿;ûtº•ßÄ½»¿‡ÈŽà5µ>µŽ¶�á“³:µœÀ•À»½•ÀÓº—¿L½»E½•À»Á ³F´JÂ .
19TherelatedMPEGfor this seriesis shown in Ö×±%Â%¹•ÙÄÇ*ÚÓ¹‘¿;ûtº»â¸µœÀ»¿LEÍ¹…á<³:µœÀ•À»½•ÀÓº—¿L½»E½•À»Á ³F´JÂ .
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Figure 5.27: Wavepropagation shapewith a focusingmirror in the medium(time difference
betweeneach twopicturesis �#%���� ).

Figure 5.28: Wavepropagation shapein a circular mirror (timedifferencebetweeneach two
picturesis � ����� ).
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Figure5.29: Wavepropagation shapefor an array transducerwhenthere isn't any steering.
(timedifferencebetweeneach twopicturesis ������� ).

atedsignalis 2.0820, thusthenew samplingratetheoryis beingusedhere.

5.7.1 Wavepropagationwithout any steering

In thisexperimentnosteeringis used.Thiscanbeusedasa referenceexperimentfor theother

experimentswherethewave is steered.Theresultshows in �g[5.29] 21.

5.7.2 Wavepropagationwith steeringto the left

Hereanarraytransduceris modelledfor thecasewhenthebeamis steeredto the left22. The

timedifferencebetween�ring eachtwo transduceris �#��� . With this timedelaythewave will

besteeredapproximately!�%

�

. Theresultshows in �g[5.30] 23.

20In thechapter6 onpage121,theuseof TLM modellingwith lessthan4 samplepercycle is shown.
21TherelatedMPEGfor this seriesis shown in ÝŠÀ•À»±%ÊÉ�…À»±#µÜà5ÆÉÈJ¿5¹‘À�º»ã:½�° ûÃ¹—¹‘À»µ>µ‹¶Ëº•¿‡½�E½•À»Á ³D´JÂ .
22Left andright directionsarebasedon thewave propagationdirection.
23TherelatedMPEGfor this seriesis shown in ÝŠÀ•À»±%ÊÉ�…À»±#µÜà5ÆÉÈJ¿5¹‘À�º»¼¥¹»ÌzûÃ° ûÃ¹—¹‘À»µ>µ‹¶Ëº•¿‡½�E½•À»Á ³D´JÂ .
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Figure 5.30: Here thewaveis steered to the left. Thesteeringangleis approximatelyis !�%

�

.
(timedifferencebetweeneach twopicturesis ������� ).

5.7.3 Wavepropagationwith steeringto the right

Steeringto theright24 is modelledby TLM in thesameway thatit wasusedto modelsteering

to the left. The only differenceis that the time delaybetween�ring eachtwo adjacentnode

is -1 insteadof 1 that wasfor steeringto left. With this time delaythe wave will be steered

approximately()!�%

�

. Theresultis shown in �g[5.31] 25.

5.7.4 Steeringin other angles

By changingthe time delay between�ring eachtwo adjacentnode,and also changingthe

distancebetweentwo adjacentnode,it is possibleto changethesteeringangle.For exampleto

steerto theleft with steeringangleof lessthan1, onemayuseanarrayof transducerwherethe

distancebetweeneachtwo adjacentnodein thearrayis ����' .

Theotherchoiceis to changethesamplingrate,asit will changethequantizationerrorof ��� .

To summarize,to modelsteeringwith any arbitraryangle,onecanchangeany of thefollowing

parameters:

24left andright directionsarebasedon thewave propagationdirection.
25TherelatedMPEGfor this seriesshown in ÝŠÀ•À»±%ÊÉ�…À»±#µÜà5ÆÉÈJ¿5¹‘À�º»·¸µž¶"äzûÃ° ûÃ¹—¹‘À»µ>µ‹¶Ëº•¿‡½�E½•À»Á ³D´JÂ .
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Figure5.31: Steeringto the right showshere. Thesteeringangleis approximatelyis ()!�%

�

.
(timedifferencebetweeneach twopicturesis ������� ).

1. Distancebetweeneachtwo adjacentnodes.

2. Timedelaybetween�ring eachtwo adjacentnodes.

3. Samplingrate.

5.8 Doppler effects

TLM canbeusedto modelDopplereffects[38]. In theseexperimentsTLM modellingis used

to modeltheDopplereffectscausedby thereceivermoving toward(or away)of thetransmitter.

This is the�rst time thatTLM is usedto modelDopplereffects.

5.8.0.1 Setup

Themediumsizeis % �

�

� ��� andthetransmitteris locatedat (25,10).Thereceiver is initially

locatedat (25,70)andmovestoward (or away) of the transmitter. The speedof the receiver

movementis normalizedto thespeedof wave in themediumso thata speedof
�

+ meansthat

thespeedof thereceiver in themediumis B

+ when 	 is thespeedof wave in themedium.The

directionof movementis thedirectionfrom thereceiver to thesource,soapositivespeedshows

that thereceiver is moving toward thesourceanda negative numberfor speedshows that the
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Transmitter Receiver

Figure5.32: Thesetupfor modellingtheDopplereffect.

receiver is moving away from thesource.Thesetupis shown in �g[5.32]. Thesamplingrateis

20 samplepercycleunlessotherwisestated.

5.8.0.2 Speed,

�

+

In theseexperiments, the receiver movestoward (or away) from thesourceandthespeedof

receiver is
�

+ . Thereceivedsignalis shown in �g[5.33]. Therearethreesignalsin this �g 26:

Speed,�� : Thereceiver doesn't move. This signalis addedto this �gure to have a reference

thattheothersignalscanbecomparedwith.

Speed,

�

+ : Herethereceiver is moving toward thesourcewith thespeedof
�

+ . In this case

thefrequency of thereceivedsignalis increased.

Speed, (

�

+ : Here the receiver is moving away from the sourcewith the speedof
�

+ . The

receivedsignalfrequency is lessthantheoriginal transmittedsignal.

As canbe seenfrom the �g[5.33], sincethe movementof the receiver is a discretised,noise

accompaniesthesignal. This noiseis smallerwhenthespeedis lower or thesamplingrateis

higher. Theeffect of this noisecanbeseenclearly in the frequency domainrepresentationof

thesignals.To �nd thefrequency domainrepresentationof thesignals,anFFT wasused.The

resultis shown in �g[5.34] 27.

As seenfrom this�gure, discretisingthemovementgeneratessomenoiseathigh frequency. To

reducethisnoise,we canreducethespeedor increasethesamplingrate.

26Theamplitudefor thecasewhenthespeedis ¶

å is higherthanthecasewhenthespeedis á

¶

å sincein the�rst
casethe receiver moves toward sourceandhenceit' s amplitudeis increasingbut in the secondcasethe receiver
movesfar from sourceandtheamplitudein decreasing

27A 64 sampleFFT is usedandthesampleswerecollectedthesteadystatesectionof thesignals( from sample
180to sample244).The�gure shows signalmagnitude.Thephaseis notshow here.

115



Experimentswith TLM

-0.15

-0.1

-0.05

0

0.05

0.1

0.15

0 50 100 150 200 250 300

Speed =0
Speed = -1/5

Speed =1/5

Figure 5.33: Thereceivedsignalsin thetimedomainwhenthespeedis *
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Figure 5.35: Thereceivedsignalin timedomainwhenthespeedis *

�

��� .

5.8.1 Speed
�

���

To show how the speedeffects the descretisingnoise,the experimentswererepeatedwith a

receiver speedof
�

��� . The resultsareshown in �g[5.35] and �g[5.36]. As canbe seen,the

noiselevel is lessherecomparedwith whenthespeedis
�

+ . In �g[5.37] thesignalsfrom both

experimentsaredrawn sothatcomparingthemwith eachotherbecomesimpler.

5.8.2 Sampling rate 50

In thisexperimenttheeffectof thesamplingrateonthedigitisingnoiseis shown. Thesampling

ratehereis 50 samplepercycle. Theresultis shown in �g[5.38 and�g[5.39]. As seemfrom

thesepicturesthedescretisingnoisehereis lessthanthepreviousexperiments.
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Figure 5.38: Thereceivedsignal in the timedomainwhenthespeed,Ò*
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Chapter6

Sampling rate

In this chaptera new theory for samplingrate in TLM modelling will be introduced. The

original samplingratethat waspresentedby Johns[59] wasbasedon wave propagationin a

transmissionline. Thenew samplingrateis basedonsystemtheoryandthe�ltering effectof a

TLM mesh.

6.1 Johnstheory for sampling rate

In his �rst paperon TLM modellingfor electromagneticwave propagation[59], Johnsshows

that the wave propagationin the axial direction1 is frequency dependentbut the speedin the

diagonaldirection2 directionis alwaysconstantandis equalto B

�


 whereC is thespeedof wave

in therealmedium.He shows thatthespeedof thewave propagationin theaxialdirectioncan

befoundfrom equation[6.1]:

”J•>–

ª

®

F

��'

�

¬

,

�

�

”J•>–

ª

U

��'

��	

¬ (6.1)

where
®

F

is the propagationconstantof the medium.
®

F

is relatedto the frequency andthe

speedof thewave propagationin theTLM meshandthespeedof thewave propagationin the

realmediumby thefollowing equation:

æ

F

	

,

U

®

F

	

(6.2)

1Axial directionis thedirectionalongtheX or Y direction(see�g[6.3])
2Diagonaldirectionis directionalongthediagonalof squaresin theTLM mesh(see�g[6.3])

121



Samplingrate

whereC is the speedof the wave propagationin the real mediumand æ

F

is the speedof the

wavepropagationin theTLM medium.Thevalueof
®

F

canbefoundfrom equation6.2:
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Thenormalizedvaluefor thewave propagationspeedandthesamplingrate3 maybe de�ned

as:

Œ

,

ç‘è

B

Normalizedspeed

� ,

A

ì

è Samplingrate

By substitutingtheabove valuesin equation6.2:
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(6.4)

3In theoriginalJohnswork, heuses
îÜð

ñ , which is theinverseof samplingrate.Usingsamplingrateheremake it
simplerto understandtheresult.
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Figure 6.1: Relationshipbetweensamplingrate and the wavepropagation speedin a TLM
mesh.

Fig[6.1] shows thespeedof wave for differentsamplingrates.It canbeseenfrom �g[6.1] that

whenthe samplingrateis very high, the speedof thewave propagationin theTLM medium

is B

�


 , whereC is the speedof the wave propagationin the real medium. As the sampling

rateis reduced4 thenthespeedof thewave propagationis reduced.Fig[6.2] shows thewave

propagationspeedfor samplingratesnear4 samplespercycle. As canbe seenfrom �g[6.1]

and�g[6.2], thespeedof thewave propagationis reducedwhenthesamplingrateis reduced

to 4 samplespercycle. Unfortunatelythis methodcan't show uswhat is happeningwhenthe

samplingrateis lessthan4 samplespercycle5.

6.1.1 Examining wavespeedfor different sampling rates

Thissection,shows how thesamplingratewill affect thewave propagationspeed.

4This is equalto increasingthefrequency of thesignalwhenthesamplingrateis constant.
5Fromthesamplingtheoryit is clearthatonecansamplesa signalwith 2 sampleper.
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Figure6.2: A closerlookat therelationshipbetweenthesamplingrateandthewavepropaga-
tion speednear4 samplespercycle.

6.1.1.1 TLM meshsetup

Fig[6.3] shows the setupfor examiningthe wave propagationspeedin the TLM mesh. The

TLM mediumsizeis a �����

�

����� . Thereis a sourceat (50,50)andtherearetwo receiver at

points(64,50),(60,60).It shouldbenotedthateachof thesetwo receiversis approximatelythe

samedistancefrom thesource.Thereceiver at (64,50)is on anaxial line from thesourceand

thereceiver at (60,60)is on adiagonalline from thesource.For simplicity thesereceiverswill

becalledtheaxial receiver andthediagonalreceiver respectively.

6.1.1.2 Case1: Sampling rate is 20 samplesper cycle

In this experiment,a sinusoidalsignalwith 20 samplespercycle is injectedat thesourceand

theresultingsignalsat thereceiversarerecorded.Thesesignalsareshown in �g[6.4]. As can

beseemfrom this �g, thewave shapeanddelayfor thereceived signalat thesetwo receivers

arethesame.It shows thatthespeedsof wavespropagationin thesetwo directionsareapproxi-

matelythesame.Theclassicalcircularwavepropagationpatternis observedindicatingcorrect

modellingof therealworld. Thewave propagationshapeis drawn in �g[6.5]

124



Samplingrate

Source

Diagonal Receiver

Axial Receiver

Axial Direction

Diagonal Direction

Figure6.3: Thesetupfor examiningthewavepropagationspeedin theTLM medium.
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Figure 6.4: Receivedsignalat axial anddiagonalreceiverwhenthesamplingrateis 20sample
percycle.
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Figure6.5: Wave propagation shapewhenthe samplingrate is 20 samplesper cycle (time
differencebetweeneach twopic is %���� ).

6.1.1.3 Case2: Sampling rate is 5 samplesper cycle

In this experiment,a sinusoidalsignalwith 5 samplesper cycle is injectedat the sourceand

theresultingsignalsat thereceiversarerecorded.Thesesignalis shown in �g[6.6]. As canbe

seemfrom this�g, thewaveshapesanddelaysfor thereceivedsignalsatthesetwo receiversare

completelydifferent.It canbeeasyseenthatthewavepropagationspeedin thesetwo direction

(axial and diagonaldirections)are not the same. The wave propagationshapeis shown in

�g[6.7]. Thiswavepropagationmodellingis notcorrectasthewave frontsarenotcircularand

morepower is propagatedalongthediagonaldirectionsthantheaxialdirections.

6.2 Systematicapproachto TLM modelling

If we placea sourceanda receiver in the medium,andassumingthesourceasinput andthe

receiver asoutput,we canmodelTLM asa linearsystem6. WhenTLM meshis modelledasa

linearsystemthenit is possibleto �nd atransferfunctionfor it [91] [92]. This transferfunction

dependson the relative positionsof the thesourceandthe receiver. As the distancebetween

thesourceandthereceiver increases,thereis moreattenuationandhencethemagnitudeof the

6A TLM systemshouldbelinearsinceall of its subsystemsarelinear.
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Figure 6.6: Receivedsignalat axial anddiagonalreceiverwhenthesamplingrateis 5 sample
percycle.

Figure 6.7: Wavepropagationshapewhenthesamplingrate is 5 samplesper cycle(timedif-
ferencebetweeneach twopic is %���� ).
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Figure 6.8: Theimpulsefunctionusedto �nd thetransferfunctionof theTLM mesh.

transferfunctiondecreases.

6.2.1 Impulse responseof the TLM mesh

As thetransferfunction7 of a TLM mediumis very complex8, wecan't �nd it mathematically.

Onewayto �nd thetransferfunctionexperimentallyis to injectanimpulsesignalto thesource

and �nd the received signal. The mathematicalde�nition of an impulsesignal is shown in

equation6.5andits graphicalrepresentationis shown in �g[6.8] 9

Ñ

s

�

u

,

YZ

[

Z
\

� n=0
›

� otherwise
|

(6.5)

It shouldbe notedthat an impulsesignalhasa �at power spectrum[94]. Onemay feel that

injecting an impulsesignal to the TLM meshisn't a goodideafor calculatingtransferfunc-

tion sincetheTLM is valid only for low frequenciesandan impulsesignalcontainall of the

7Sincethetransferfunctionis thefourier transformof theimpulseresponse,we usetheminterchangeablyhere.
8It is a functionof sourceandreceiver coordinates.
9Sincea TLM modellingis a digital model,this is thedigital versionof impulsesignal[93].
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Figure 6.9: Impulseresponsewhenthesourceis at (50,50)andthereceiveris at (55,65).

frequenciesandmostimportantlyhigh freqencies10. Theansweris that:

Sincethe TLM is a linear system,it is alwayspossibleto �nd a transferfunction for it. By

de�nition, thetransferfunctionis thesystemresponseto theimpulsesignal.It meansthatone

is alwaysableto �nd a transferfunction for a linearsystemby injectingan impulsesignalto

theinputof thesystemandsaving theoutput11. In �g[6.9] asampletransferfunctionis shown.

The systeminput is the sourceat point (50,50)andsystemoutput is the receiver is at point

(55,65).Thegeneralform of this impulseresponsewill beexplainedlaterin thethesis.

6.2.2 Transfer function for the TLM mesh

In theprevioussectionit wasexplainedhow onecan�nd theimpulseresponse.In this section

it will beexplainedhow to �nd thetransferfunction.Thebestway to �nd a frequency domain

transferfunction in is to �nd the fourier transform[96] of thetime domainimpulseresponse.

10Correspondingto samplingrateof lessor equal4 samplepercycle.
11It shouldbenotedthatwhenthesystemis acontinuessystem,creatinganimpulsesignalis impossiblesinceits

valuefor t=0 is ò . In digital systemsit is alwayspossibleto createanimpulsesignaland�nd thetransferfunction
with it [95].
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SincetheTLM modellingis a digital one,we canusediscretefourier transform(DFT)12. By

�nding theDFT of atimedomainimpulseresponseonecan�nd thefrequency domaintransfer

function. The DFT of the sampletime domainimpulseresponsethat was found in the last

sectionis shown in �g[6.10]. Theresultof theDFT is a sampledversionof thediscretetime

fourier transform.Eachof thesesamplescalleda bin numberandthe distancebetweeneach

two bin numbercalledbin width. The relationshipbetweensampleinterval (time difference

betweeneachtwo adjacentsamplein the time domain)andbin width (frequency difference

betweeneachtwo adjacentbin in theDFT output)will beshown in thenext section.

6.2.2.1 Sampling interval in the time domain and bin width in frequencydomain

Thesamplingratein time domaindictatesthemaximumfrequency thatonecandetectby the

DFT in thefrequency domain[97]. This is a direct resultof samplingtheory13. If thesample

interval in thetime domainis ��� , thenthemaximumfrequency in DFT canbecalculatedby

equation6.6.

˜

Ä

 

£

,

�

�����

(6.6)

In thesameway, thebin width in theDTF outputis relatedto themaximumobservation time

for thesignalin timedomain(seeequation6.7).

�
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,

�

˜

Ä

 

�

(6.7)

Example:if asignalsampledwith ��� of 1ms( ���
M samplespersec)andtherewas128samples

of thesignal.Themaximumfrequency thatcanbedetectedin theDFT outputcanbecalculated

12DFT is thestandardway for �nding thefourier transferof a digital signal.Thebestway to �nd it is FFT( Fast
FourierTransfer).Thereisn't any differenceon how to �nd the fourier transform,theresultshouldalwaysbe the
same.In my work I useFFT asit is fastbut I explain my work hereby usingDFT asit is standardway andcomes
directly from thede�nition. moreinformationcanbefoundin references.

13Samplingtheorysaysthatfor errorfreereconstructionof asignal,oneshouldsampleit at leastby two samples
percycle for its largestfrequency.
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Figure6.10: Transferfunctionwhenthesourceis at (50,50)andthereceiveris at (55,65).
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by usingequation6.6:
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) canbecalculatedin thesamewayby usingequation6.7.The
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SotheDFT outputis 128bin from -500Hz to 500Hz, thebin width is 7.8125.

As it can be seenfrom the above example, the interpretationof the DFT output is related

to samplingrate of the input signal. It is possibleto presentthe DFT output by using the

normalizedsamplingrate.It is clearthatthe
˜

Ä

 

£

in theDFT outputrepresentsignalwith 2

samplespercycle. The
˜

Ä

 

£

is bin numberN/2 whenN is thenumberof samplesin signal.

For anarbitrarybin numbern, thenormalizedsamplingratecanbefoundby equation6.8.

�
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™

0

�

0 (6.8)

where �

F

is the samplingrate for bin numbern. For examplethe relationshipbetweenbin

numbersona128pointDFT andnormalizedsamplingrateis showsin table6.114. It is possible

to changethebin numbersin �g[6.10] to samplepercycleby usingthis table.Theresultshown

in �g[6.11].

14Only positive frequenciesareshown here
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Bin SamplingPerCycle Bin SamplingPerCycle Bin SamplingPerCycle

0 ó 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

Table6.1: Conversion betweenbin numberin a DFT and samplingrate for a DFT with 128
samples.
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Figure6.11: Transferfunctionwhenthesourceis at (50,50)andthereceiveris at (55,65).Note
that theX axisconvertedto samplespercycle.
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Source

Diagonal Receiver

Axial Receiver

Axial Direction

Diagonal Direction

Figure 6.12: Thesetupfor �nding a new criteria for samplingrate

6.3 New criteria for sampling rate basedon systemtheory

For TLM to beagoodmodelfor wavepropagation,its transferfunctionshouldonly dependon

thedistancebetweensourceandreceiver andnot to thesourceandreceiver positions.This fact

canbeusedto establishedanew samplingratetheoryfor TLM modelling.

6.3.1 TLM meshsetup

The experimentsin this sectionis basedon a setupthat is shown in �g[6.12]. TLM medium

sizeis �����

�

����� . Thesourceis at thepoint ( 50,50).Therearetwo receiversatpoints(60,60)

and(64,50). The �rst receiver (at thepoint (60,60))is in a diagonalline with thesourceand

thesecondone( at thepoint (64,50))is in aaxial line with thesource.Thesetwo receiverswill

calledasthediagonalreceiver andtheaxial receiver respectively . It shouldbenotedthat the

distancebetweeneachof thesetwo receiversandthesourceareapproximatelyequal.
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Figure 6.13: Thereceivedsignalat theaxial receiver.

6.3.2 Processing

An impulsesignalwas injectedto the sourceandthe resultingsignalsat the receivers were

recorded.Thereceivedsignalsareshown in �g[6.13] and�g[6.14]. Theseimpulseresponse

weretransformedinto frequency andplottedusingsamplepercycle for X axis.Theresultsare

shown in �g[6.15] and�g[6.16]. From�g[6.15] and�g[6.16], it is clearthatthesetwo transfer

functionsarenot thesameespeciallyaround4 samplespercycle. At 4 samplespercycle the

two transferfunction arecompletelydifferentbut at 2 samplesper cycle and ó samplesper

cycle(DC signal)they becomeequal.However, thevaluesof thetransferfunctionsat thesetwo

pointsarezerowhich meansthat thereceived signalhave no frequency componentsat DC or

ata frequency correspondingto 2 samplespercycle. Thisexplainstheoscillatorynatureof the

impulseresponseshown in �g[6.13] and�g[6.14].

6.3.3 Results

In �g[6.17] and�g[6.18], Thetransferfunctionsfor thecaseswherethereceiversareat point

(60,60)(thediagonalreceiver) andat point (64,50)(theaxial receiver) areshown on thesame
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Figure 6.14: Thereceivedsignalat thediagonalreceiver.

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

The systemresponsewhen the sampling rate is 2 samplesper cycle: The systemresponse

for 2 samplespercycle is 0.

The systemresponseto DC signal: The TLM responseto a DC signal is 0. The DC signal

correspondsto samplingrateof ó samplespercycle.

Responseto 4 samplesper cycle: Thetransferfunctionsfor 4 samplespercycleareverydif-

ferent.

Sampling rate is higher than 4 samplesper cycle: As thesamplingrateis increased,thetwo

transferfunctionsbecomemore similar to eachother. This meansthat for sampling

ratesmuchhigherthan4 samplesper cycle, the TLM meshis a goodmodelfor wave

propagation.This resultwasshown by Johnsmethodtoo.

Sampling rate is near 2 samplesper cycle: Whenthesamplingrateis near2 samplespercy-

cle,theresponseof two transferfunctionsconvergeto becomeessentiallythesame.This

meanthat we canuseTLM modellingwith samplingrateapproaching2 samplesper

cycle .
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Figure6.15: Frequencydomaintransferfunctionwhenthesourceis at (50,50)andthereceiver
is at (50,64).Notethat theX axisconvertedto samplespercycle.
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Figure 6.16: frequencydomaintransferfunctionwhenthesourceis at (50,50)andthereceiver
is at (60,605).Notethat theX axisconvertedto samplespercycle.
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6.4 Newsampling theory

Basedontheexperimentsin thelastsection,Thefollowing samplingtheoryfor TLM meshcan

bestated:

As a digital system,TLM modellingobeys all of thedigital signalandsystem
theory. Thismeansthatit canwork with any signalaslongasthesamplingrateof
thesignalobeys samplingratetheory. Basedon samplingratetheory, any signal
canberegeneratedfrom its sampleswhenthesamplingrateis higherthan2 sample
percycle for its higherfrequency component.

TheTLM meshbehavesasa2 dimension15 digital �lter . Thisdigital �lter has
differenttransferfunctionwhich dependon wherethereceiver is locatedrelative
to thesourceposition.

For TLM to beagoodmodelfor wavepropagation,all of thetransferfunctions
thatonecangenerateby placingreceiversat differentplacesshouldbe thesame.
The transferfunctionsfor thesesystems16 areequalonly when ��� andhence

��'

17 the sizeof the meshin the TLM, is selectedso that oneof the following
criteriais met:

1. Samplingrateis muchhigherthan4 samplespercycle

2. Samplingrateis lessthan4 sampleper cycle andnear2 samplespercycle
(OneshouldrememberthattheTLM responseto thesystemwith 2 samples
percycle is 0).

6.4.1 Equal error sampling rates

As canbeseemfrom �g[6.17], for eachsamplingratewhichis higherthan4 samplespercycle,

thereis a correspondingsamplingratebelow 4 samplesper cycle that hasthe sameamount

of error. Thesetwo samplingratewould be called”Equal error samplingrates”. To �nd the

relationbetweenthesetwo samplingrates,it shouldbenotedthatthesetwo samplingratesare

symmetricallyplacedonthefrequency axiswith respectto the4 samplespercyclepoint. If the

frequency relatedto 4 samplespercyclewill becalledas
‰

� andthefrequenciesthatrelatedto

thesetwo samplingrateswill becalledas
‰

×

and
‰�P 18, wehave:

‰
P

(

‰

�

,

‰

�

(

‰

×

(6.9)

152 dimensionTLM modellingis supposedhere.This theorycanbeextendedto 3 dimensionsimply.
16Whenthereceiver placesat differentpointsin themesh.
17rememberthat âõô:��� ü���ö whenC is thespeedof wave in therealmedium.
18

Ì•÷ is thehigh frequency with low samplingratewhich is near2 samplepercycleand Ì

ñ

is low frequency with
highsamplingrate( morethan4 samplepercycle)

142



Samplingrate

For any frequency we canwrite :
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(6.10)

whereS is the samplingrate of the frequency f in sampleper cycle. Placingthe value of

differentfrequenciesfrom equation6.10into equation6.9,andnotingthatthesamplingratefor
‰

� is 4 samplespercycle,wehave:
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Solvingequation6.11to �nd �

P

, equation6.12couldbefound.
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In thesameonecan�nd:
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(6.13)

With this equation(6.13)onecancalculatethesamplingratenear2 samplespercycle which

generatesthe sameamountof error asfrom the equalerror samplerateabove 4 samplesper

cycle. For example,onecanusea TLM for modellingwave propagationfor asignalwith 2.08
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samplepercycle insteadof 50samplespercycle,since19:
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6.5 Testingthe new sampling rate theory

To test the new samplingrate theory, samplemodelling in sec6.1.1 was repeatedwith the

appropriatesamplingratelessthan4 samplespercycle.

6.5.1 Case1:Sampling rate of 3.333sampleper cycle

TheSamplingrate3.333hasthesameamountof errorasthesamplingrateof 5 samplesper

cycle. In �g[6.19] the received signalsat diagonalandaxial receiversareshown. Thecorre-

spondingwavepropagationshapeis shown in �g[6.20]

6.5.2 Case2: Sampling rate is 2.222sampleper cycle

TheSamplingrate2.222hasthesameamountof errorasthesamplingrateof 20 samplesper

cycle. In �g[6.21] thereceivedsignalatdiagonalandaxial receiversis shown. Thecorrespond-

ing wavepropagationshapesis shown in �g[6.22]

6.6 Usingnew sampling rate for modelling wide band waves

If theinjectedsignalto theTLM is not singletonesignal,thenmakingsurethat thesampling

ratefor all frequency in thesignalis near2 samplespercycle is dif�cult andsometimesimpos-

sible.Therearethreeimportantcase:

19Sincethe subscriptcanbe interchangedin equation6.12 and6.13 to go eitheroneof theseequationsto the
otherone,thenit doesn't matteroneregards°Üù asthesamplingratepercycle for higherfrequency or asdenoting
ahigh samplingrate.Sincethelaterde�nition is clearerit will beusedhere.
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Figure 6.19: Samplingrateis 3.333.

Figure 6.20: Wavepropagationshapewhenthesamplingrateis 3.333.
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Figure 6.21: Samplingrateis 2.222.

Figure6.22: Wavepropagationshapewhenthesamplingrateis 2.222.
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1. Signalbandis thanonetenthof theminimumfrequency in thesignal.

In thiscaseTLM canbeusedwith low samplerate.

2. Signalbandis betweenonetenthof theminimumfrequency and1000timesof themini-

mumfrequency.

In this casethe bestway to useTLM modellingis to breakthe signalto somesmaller

bandsandmodeleachbandin a differentTLM meshwith low samplingrate.Theresult

wouldbethesumof thesemodellingprocesses20. In thiscase,thereis somereductionin

theprocessingthatwould bedonesincefor exampleif thesignalbemodelledby using

50samplespercycle, insteadof 2.08samplespercycle,thereare
T

+5�


�ú �

§

W

M

Ô

�

ˆ

°�mð� times

morecalculationscomparedto whenit is modelledby 2.08samplespercycle. But if it is

breakdown to 10000differentTLM modelling21, thesaving in breakingdown different

TLM meshesare
�

M

§
©

�

���5�5�5�

Ô

�

|

! timeslesscomputation.

3. Signalbandis morethan1000timesof theminimumfrequency.

Thebestway to modelsuchsignalsis to usehighersamplingrateandoneTLM mesh.

6.6.1 Using new sampling rate for modelling ultrasound wave propagation in

medical systems

Sincemostof theapplicationsof ultrasoundin medicalsystemsfalls to thesecondcategory in

the previous sectionthenthe bestway to modelthe ultrasoundwave propagationin medical

systemsis to breakthe signal to somenarrow bandsignalsandmodeleachof themwith a

differentTLM andaddtheresultto eachother.

6.6.2 Usingnewsamplingrate for modellingwavepropagationin nonlinear medium

Sincebreakingthesignaltosomenarrow bandsignalsanddoingdifferentmodellingandadding

theresultsto eachotheris only acceptablefor linearsystems,for nonlinearsystems,if thesignal

bandwidth is larger than0.1 of minimum frequency in thesignal,theonly way that onecan

modelthemis to usehigh frequency samplingrate.

20It is basedon thesuperpositionconceptandis only acceptablefor linearmedium
21whentheoriginal signalbandis 1000timesof theminimumfrequency andit is breaksdown to signalsthatthe

signalbandsare0.1of theminimumfrequency in thesignal
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6.7 Conclusion

In this chapterit wasshown that it is possibleto useTLM with lessthan4 samplespercycle.

TheJohnstheoryon samplingratefor TLM modellingisn't completeandit doesn't show the

possibilityof modellingtheTLM with about2 samplespercycle. By using2 samplespercycle

for modellingwavepropagation,it is possibleto modelmorerealisticultrasoundproblemswith

TLM in today's computers.Thenext exampleclearlyillustratethis:

Example:We have a mediumwherethespeedof soundis 1500m/s(metrepersecond)22. We

want to modelultrasoundwave propagationin the medium. The frequency of ultrasoundis

1MHz andthesizeof themediumis ���

�

���

�

��� cm. Themodellingtime23 is $

�

���

w

+

. The

wavelengthof thesignalin themediumis :
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case1: Sampling rate of 50 samplesper cycle The numberof nodes(NON) in eachX,Y,Z

axisshouldbe:
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(6.16)

22Approximatelythespeedof soundin body(water)[48], [38]
23Time for wave to propagate10 cm.
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Thetotal numberof nodes(TNON) is
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Weneed32byteof memoryfor eachnode,thenthetotalamountof memorythatneedto

modelthissystemis:
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Thememorythat is neededto modelthis systemwith 50 samplespercycle �
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Theprocessingfor eachnodeconsistof 4 additionsand4 multiplications.For simplicity

weassumethatthetimefor multiplicationandadditionarethesame,it takes8 instruction
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to processanode.Thetotalprecessingfor a timestep(TPTS)is:
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Thetotalprocessing(TP) is:
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TodayPCscandeliver more than1 giga instructionsper sec24. Time request(TR) to

modelthissystemis:
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This time is around100year!

Case2: Sampling rate of 2.08sampleper cycle Thenumberof nodes(NON) in eachX,Y,Z

24This numberis anapproximatevalue.
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axisshouldbe:
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Thetotal numberof nodes(TNON) is
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Weneed32byteof memoryfor eachnode,thenthetotalamountof memorythatneeded

to modelthissystemis:
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Thememorythatneededto modelthis systemwith 2.08samplespercycle is about °�$

GigaByte. This amountof memorycanbe foundon supercomputerstodayandshould
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bein thePcswith in a few years.Thetimesteps(TS) for modellingis:
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Theprocessingfor eachnodeconsistof 4 additionsand4 multiplications.For simplicity

we assumethat thetime for multiplicationandadditionarethesame,it takes8 instruc-

tionsto processanode.Thetotalprecessingfor a timestep(TPTS)is:
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Thetotalprocessing(TP) is:
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TodayPCscandeliver up to ���

©

instructionpersec25. Time request(TR) to modelthis

25This numberis anapproximatevalue.
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Samplingrateis 50 Samplingrateis 2.08
Memory �

|

�"!�m�m�°K!

�

���Îü GigaByte °�$ GigaByte
Time About100years About8 hours

Table6.2: Comparisonbetweendifferent samplingrate for modellingsystemexplainedin the
example.

systemis:
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This time is about8 hours.

This resultshows in table[6.2].
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Chapter7

Conclusionand further work

7.1 Intr oduction

This chaptersummarisesthemain �ndings of this thesisandthework that is reportedherein.

Theaimof thiswork wasto useTLM for modellingmedicalultrasoundwavepropagation.

It wasshown thatwhenTLM is usedfor modellingmedicalultrasoundwavepropagation,there

is a needfor a hugeamountof computationalpower. This problemis the direct resultof the

existing samplingtheoryfor TLM modelling. To solve the problem,a new samplingtheory

wasfoundfor TLM modelling.

In thefollowing sections,themainresultsof thiswork arepresentedandsomeideasfor further

work areexplained.

7.2 The main resultsof this thesis

Themainresultsof this thesiscouldbeexplainedasfollows:

7.2.1 TLM for modelling ultrasound wavepropagation

TLM wasoriginally designedfor modellingelectromagneticwavespropagation.In this thesis,

theuseof it for modellingultrasoundwavespropagationwasshown.

7.2.2 UsingTLM to solvesomemodelling problemsin medicalultrasound wave

propagation

TLM wasusedto modelultrasoundwave propagationand,in particular, arraytransducersand

Dopplereffect.
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7.2.3 Newsampling rate theory

It wasshown that theoriginal samplingratethatwaspresentedby Johns,is not completeand

a new theoryfor samplingrateis explained. The new samplingratetheoryshows the Johns

samplingrate theory as one part of a more completesolution. The new samplingrate can

beusedin modellingultrasoundwave propagationaswell asmodellingelectromagneticwave

propagation.By usingthis new samplingratetheory, the computationalcomplexity of TLM

modellingcanbereduceddramatically.

7.3 Further work

Thereareseveralareathatfurtherresearchcanbedone.

7.3.1 TLM asa digital �lter

It wasshown thataTLM meshcanbemodelledastwo dimensionaldigital �lter . Theeffectof

this two dimensional�lter shouldbeinvestigatedmoredetail.

7.3.2 Removing boundary effect

It wasshown thatby modellingTLM asa digital �lter , it is possibleto designa match�lter to

terminatetheTLM meshandremove boundaryeffects. SomesimpleFIR �lters wereusedto

approximatethe match�lter . Somemorecomplex (FIR andIIR) �lters couldbe designedto

terminatetheTLM medium.

7.3.3 Doppler effect in somecomplexsituations

TheDopplereffect in somesituationswaspresentedin thisthesis.Furtherresearchcanbedone

onusingthis techniqueonmorecomplex situations(For examplewhensourceandreceiverare

stationarybut thereareseveralobjectsin themediumthataremoving1).

1Theresultof thisexperimentcanbeusedfor modellingultrasoundsystemsthatuseDopplereffect to detectthe
bloodvelocity.
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7.3.4 Newtype of meshes

New type of mesheswould generateothertypesof digital �lters. Thesenew typesof digital

�lters couldhave bettertransferfunctionsfrom thepointof modellingwavepropagation.

7.4 Conclusion

It wasshown thatTLM is a goodnumericaltechniquefor modellingmedicalultrasoundwave

propagation.A new digital �lter model for TLM meshwasproposedandexplained. Based

on this digital �lter model, a new way to terminatethe TLM meshto a matchingmediais

presented.

SinceTLM wasoriginally designedfor modellingelectromagneticwave propagation,the re-

lationshipbetweenelectromagneticwavesandsoundwaveswaspresentedsotheTLM canbe

usedfor modellingultrasoundwave propagationtoo.

Severalmodellingresultswerepresentedto show how TLM couldbeuseto modelsomeinter-

estingwavepropagationproblems.

It wasshown how TLM canbeusedto modelcurvedsurfaces,suchasa focusingmirror anda

circularmirror.

TLM wasusedto modelwave steeringin an arraytransducer. It wasalsoshown how to use

TLM to modeltheDopplereffect.

It wasalsoshown thatthesamplingratefor TLM modellingis notcompleteandanew sampling

ratefor TLM modellingwaspresented.

157



158



AppendixA
Original publication

Thispaperpublishedin theproceedingof :

”First InternationalConferenceonAdvancesin MedicalSignalandInformationProcessing”

organizedby IEEEandheldin Bristol, UK on September2000[98].
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AppendixB
Developersguide to TLM classes

B.1 Abstract

In this documentit is explainedhow to useclassesin TLM library to write aTLM model.

B.2 Intr oduction

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

classesin this library consistof thefollowing classes:

CTlmBasic:Thebasicclasswhich take careof memorymanagementandprocessingnodes

andchangingdatabetweennodes.Thisclassby it self can't beused.

CTlmPPM:Thisclassis basedon CTlmBasicandaddthefunctionalityof saving eachframe

in aPPM�les to theCTlmBasic.Thisclasscan't beusedby itself.

CTlmSimpleThesimplestTLM model.Thisclassis thesimplestfunctionalTLM model.

B.3 CTlmBasic

This is thebasefor all otherTLM classes.Themaintasksfor this classare:

� Allocatethenecessarymemoryfor storingnodedata

� De-allocatingmemoryatexit.

� Do theiterationandcall necessaryfunctionfor updatingnodedataandgettingdatafrom

sources.

� ManagingNodedata
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B.3.1 De�nition:

// TlmBasic.h: interface for the CTlmBasic class.

//

////////////// // // /// // // // // /// // // // // /// // // // // /// // // // // /// // // /

#if !defined(AFX_T LMBASIC _H__C45F5544_8065_11D2_837D_0000B4731445__IN CLUDED_)

#define AFX_TLMBASIC_H__C45F5544_8065_11D2_837D_0000B4731445__INCLUDED_

#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

}TDIR;

class CTlmBasic

{

public:

TNODENodeValue(int X,int Y);

virtual TNODENodeIntensity(i nt X,int Y);

virtual TNODEMaxFrameIntensi ty( );
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virtual bool Init(int XDim,int YDim,int Time);

CTlmBasic();

virtual ˜CTlmBasic();

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;

};

#endif // !defined(AFX_TLM BASI C_H__C45F5544_8065_11D2_837D_0000B4731445__I NCLUDED_)

B.3.2 Baseclass

CTlmBasichasn't any baseclass.
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B.3.3 Data types

TNODE:Thisis thetypeof nodedata. if moreaccuracy is needed,TNODE maybechanged

to double.

TDIR: This enumtyperepresentthe4 directionarounda 2D node.

B.3.4 Global variables:

CTlmBasichasn't any globalvariablewhich it' susercanchangeor useit.

B.3.5 Macros:

PI : PI de�ned asthevalueof ˜ (3.1415926535897932384626433832795).

B.3.6 Functions:

virtual TNODE NodeIntensity(int X,int Y): Returnthevaluefor intensityof a node.In it' s

simplestformatit returntheabsolutevaluefor sumof four voltagein a2D node.

virtual TNODE MaxFrameIntensity(): Returnthemaximumintensityfor anodein aframe.

Thsidatamaybeusedfor normalizingeachframe.

virtual bool DoModeling(boolFlag): This function do the actualmodeling. This function

will not returnuntil modeling�nished or abortfunctioncalled. if Flagsetto true, then

Do Modeling will createa new threadand start to run on the new thread,otherwise

( Flag=false)thereisn't any new threadand the 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 thatthemodelingwill berun.

CTlmBasic(): Constructor, do nothing.

virtual CTlmBasic(): Destructor, deletememoryallocatedfor modeling.

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

with othernodes,Nodeswhich areon boundarymustbe processedin a espicialway.
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WhentheChangeData()function�nd suchnodes,this functionwill becalledto process

them.Wheninvestigatingboundaryeffects,youmayoverridethis function.

virtual bool ChangeData(): For changingdatabetweennodes.After calculatingvoltagesfor

eachnode,DoModeling()call this functionto changedatawith neighboringnodes.Nor-

mally thereisn't any needto overridethis function.

virtual bool PreProcessFrame(int Time): ThisfunctioniscalledbyDoModeling()eachtime

processingfor anew frameis started.This functiondo nothingby itself.

virtual bool PostProcessFrame(int Time): This functionis calledby DoModeling()afterthe

processingfor eachframe�nished.Thisfunctiondo nothingby itself.

virtual bool PreProcessNode(int X,int Y,int Time): This function is calledbeforeprocess-

ing for eachnodestarted.This functiondo nothingby itself.

virtual bool ProcessNode(int X,int Y,int Time): Processingfor eachnodemustbe donein

this function.SinceCTlmBasicis thebasefor all TLM classes,Nothing is donein this

function.1

virtual bool PostProcessNode(intX,int Y,int Time); Thisfunctioniscalledaftertheprocess-

ing for eachnode�nished.

virtual bool DoModeling(): This is the actualmodelingfunction. DoModeling(boolFlag)

call this functiondirectly or indirectly basedon thevalueof Flag.Thereis no needthat

youcall this function.

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

to initialize themeshto somethingelseotherthanzeroyoumayoverrideit.

TNODE NodeData(intX,int Y,TDIR Dir): For readingspeci�c voltagefrom anode.

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

anode.

B.3.7 Implementation:

1CTlmSimpleusethis functionto implementa simplemedium.
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// TlmBasic.cpp: implementation of the CTlmBasic class.

//

////////////// // // /// // // // // /// // // // // /// // // // // /// // // // // /// // // /

#include <malloc.h>

#include <stdio.h>

#include "TlmBasic.h"

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

////////////// // // /// // // // // /// // // // // /// // // // // /// // // // // /// // // /

// Construction/De str uc ti on

////////////// // // /// // // // // /// // // // // /// // // // // /// // // // // /// // // /

CTlmBasic::CTl mBas ic( )

{

}

CTlmBasic::˜CT lm Basic ()

{

delete [] m_NodeData;

}

bool CTlmBasic::Init( in t XDim, int YDim,int Time)

{

m_XDim=XDim;

m_YDim=YDim;

m_NodeData=new TNODE[m_XDim*m_YDim *4 ];

m_TotalTime=Ti me;

return true;

}
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TNODECTlmBasic::Node Dat a( in t X, int Y,TDIR Dir)

{

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

}

TNODECTlmBasic::Node Dat a( in t X, int Y,TDIR Dir, TNODEData)

{

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

m_NodeData[(((X *m_YDi m)+Y) *4 )+ Di r]= Data ;

return Buffer ;

}

bool CTlmBasic::Ini tMesh ()

{

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

{

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

{

NodeData(X,Y,DI R_PX,0 );

NodeData(X,Y,DI R_NX,0 );

NodeData(X,Y,DI R_PY,0 );

NodeData(X,Y,DI R_NY,0 );

}

}

return true;

}
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bool CTlmBasic::DoMod el ()

{

m_Aborted=fals e;

RETURN_ON_FAIL(I ni tMesh () );

for(m_Time=0;m _Tim e<m_Tot al Ti me;m_Ti me++)

{

printf("Proces si ng frame %d\n",m_Time);

RETURN_ON_FAIL(P re Pro ce ss Fr ame(m_Tim e) );

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

{

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

{

RETURN_ON_FAIL(P re Pro ce ss Node(X, Y, m_Ti me));

RETURN_ON_FAIL(P ro ces sNode( X, Y,m_Tim e) );

RETURN_ON_FAIL(P os tPr oc es sNode(X ,Y ,m_Tim e)) ;

}

}

RETURN_ON_FAIL(P os tPr oc es sFra me(m_Ti me)) ;

ChangeData();

if(m_Aborted== tr ue) return false;

}

return true;

}

bool CTlmBasic::PrePr oc es sFra me(in t Time)

{

return true;

}

bool CTlmBasic::PostP ro ce ss Fr ame(i nt Time)
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{

return true;

}

bool CTlmBasic::Pre Pr oce ss Node(i nt X,int Y,int Time)

{

return true;

}

bool CTlmBasic::Pro ce ssNode( in t X,int Y,int Time)

{

return true;

}

bool CTlmBasic::Pos tP roc es sNode( int X,int Y, int Time)

{

return true;

}

TNODECTlmBasic::MaxF rameI nt ensi ty( )

{

TNODEBuffer,MaxData;

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

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

Buffer=NodeInte ns it y( X,Y );

if (MaxData<Buffe r) {

MaxData=Buffer;

}

}

}
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return MaxData;

}

TNODECTlmBasic::Node In te ns it y(i nt X, int Y)

{

TNODEBuffer=(NodeDat a( X, Y, DI R_PX) +NodeData (X ,Y ,D IR _NX)+ NodeData( X, Y, DI R_PY)+NodeDat a(X ,Y ,D IR _NY)) ;

return (TNODE)fabs((dou bl e) Buffe r) ;

}

bool CTlmBasic::Chang eDat a( )

{

TNODEBuffer;

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

{

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

{

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

{

Buffer=NodeDat a( X, Y,D IR _PX, NodeDat a( X+1, Y,D IR _NX) );

NodeData(X+1,Y ,D IR _NX,B uf fe r) ;

// Buffer=NodeData (X, Y, DI R_NX,No deData (X -1, Y, DI R_PX));

// NodeData(X-1,Y, DIR_PX, Buff er) ;

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

NodeData(X,Y+1 ,D IR _NY,B uf fe r) ;

// Buffer=NodeData (X, Y, DI R_NY,No deData (X ,Y- 1, DI R_PY));

// NodeData(X,Y-1, DIR_PY, Buff er) ;

}

else

{

HandleBoundry( X, Y) ;
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}

}

}

return true;

}

bool CTlmBasic::Han dl eBoundr y( in t X, int Y)

{

if(X==0)

{

NodeData(X+1,Y, DI R_NX,No deData (X ,Y, DI R_PX)) ;

// 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_NX,N odeData (X -1 ,Y, DI R_PX)) ;

// NodeData(X,Y,D IR _NX, 0.25 * NodeData(X,Y,DI R_NX)) ;

}

else{

NodeData(X,Y,DI R_PX,N odeData (X +1,Y, DI R_NX)) ;

NodeData(X,Y,DI R_NX,N odeData (X -1 ,Y, DI R_PX)) ;

}

if(Y==0)

{

NodeData(X,Y+1, DI R_NY,No deData (X ,Y, DI R_PY)) ;

// 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 ,D IR _PY)) ;

// 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,D IR _NY)) ;

NodeData(X,Y,D IR _NY,NodeDat a( X,Y -1 ,D IR _PY)) ;

}

return true;

}

TNODECTlmBasic::Node Valu e( in t X, int Y)

{

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

{

return (NodeData(X,Y,DI R_PX)+ NodeDat a( X, Y,D IR _NX) +NodeData (X ,Y ,DI R_PY)+ NodeDat a( X, Y, DIR_NY) );

}

return (NodeData(X,Y,DI R_PX)+ NodeDat a( X, Y,D IR _NX) +NodeData (X ,Y ,DI R_PY)+ NodeDat a( X, Y, DIR_NY) );

}

B.3.8 Programming:

Youmustinheritedfrom thisclassbeforeyoucanuseit.In inheritedclassdo thefollowings:

1. OverrideProcessNode()to implementthemediumproperties.

2. OverridePreProcessFrame()or PreProcessNode()to addsourcesignalto themedium.2

2if youhave onesourcesignalit is simplerto overridePreProcessNode()andif youhaveseveralsourcesignalit
is simplerto overridePreProcessFrame()
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3. OverridePostProcessFrame()or PostProcessNode()to save receiver signal.3

4. Add any othercapabilitythatyouwantto your class.

In themainprogramdothefollowings:

1. Crateaninstanceof yourclass.

2. Initialize theTLM meshby calling Init().

3. Do any initializationyouclassneeded.

4. Startto modelby callingDoModelling().

5. On exiting from your program,CTlmBasicdestructorwill cleanmemoriesthat it allo-

catedfor modeling.

B.4 CTlmPPM:

CTlmPPMaddthe functionality neededto write framesin PPM format. CTlmPPMdoesn't

save eachframeby itself andtheinheritedfunctionmustcall SaveFarem()for saving frame4.

B.4.1 De�nition:

// TlmPPM.cpp: implementation of the CTlmPPM class.

//

/////////////// // // // /// // // // // /// // // // // /// // // // // /// // // // // /// //

#include <stdio.h>

#include <string.h>

#include "TlmPPM.h"

/////////////// // // // /// // // // // /// // // // // /// // // // // /// // // // // /// //

3if youhaveonly onereceiver it is simplerto usePostProcessNode()but if youhaveseveralreceiveror youwant
to save thedatafor acompleteframethenyou mustusePostProcessFrame().

4This functionmaybecalledin PostProcessFrame()

173



Developersguideto TLM classes

// Construction/De str uc ti on

////////////// // // /// // // // // /// // // // // /// // // // // /// // // // // /// // // /

CTlmPPM::CTlmP PM()

{

m_FileNameTemp la te [0] =0;

}

CTlmPPM::˜CTlm PPM()

{

}

bool CTlmPPM::SaveFra me(i nt FrameNumber)

{

if(m_FileNameT empl ate [0 ]= =0) return true;

char FileName[255];

int Red,Blue,Green ;

sprintf(FileNa me,m_Fi le NameTempl at e, Fr ameNumber );

FILE * FPointer=fopen(F il eName," wb") ;

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

fprintf(FPoint er ," %d %d\n",m_XDim,m_ YDim );

fprintf(FPoint er ," 255 \n ") ;

//

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 ,B lu e, Green,Max In ten si ty );

// draw boundry

if(X==0 || X==m_XDim-1 || Y==0 || Y==m_YDim-1){

// Blue=255;

// Green=255;

Red=255;

}

}

fwrite(&Red,1,1 ,F Poin ter );

fwrite(&Green,1 ,1 ,F Point er );

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

}

}

fclose(FPointer );

return true;

}

bool CTlmPPM::SetFi le Templ at e( ch ar * Template)

{

strcpy(m_FileNa meTemplat e, Templa te) ;

return true;

}

#define MAXGREY(255)

#define MAXRANGE(100)

#define DAVE (1)

#define PETER (2)

#define COLORSETUPDAVE
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bool CTlmPPM::RGBData (i nt X, int Y, int & Red, int & Blue, int & Green,TNODE MaxFrameIntens it y)

{

#if (COLORSETUP==PETER)

TNODEValue=NodeInten si ty (X ,Y );

if(Value> .5* MaxFrameIntensi ty) Value=MaxFrame In te nsi ty ;

Green = 0;

Red = Value * 255/MaxFrameInte ns it y;

Blue = (MaxFrameIntensi ty -V al ue) *2 55/Max Fra meIn te ns ity ;

#endif

#if (COLORSETUP== DAVE)

int Colour = (int)(MAXGREY* (N ode In te ns it y(X ,Y )/ MaxFrameI nt ensi ty) );

if(Colour >MAXRANGE)

Colour=MAXRANGE;

Colour*=255.0/ MAXRANGE;

// if(Colour>0)

// {

// fprintf(fp,"%d %d \t%d\t%d\n",m_T im e, X,Y ,C ol our) ;

// }

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*1 1/ 24))

{

Red = (Colour - MAXGREY/3)*8; Green = MAXGREY; Blue = 0;
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} 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 CTlmPPM::RGBData( in t X, int Y, int & Red, int & Blue, int & Green,TNODE MaxFrameIntensi ty )

{

int NodeInt=(int)(2 55*(N odeI nt ensit y( X, Y) /MaxFra meIn te nsi ty )) ;

unsigned int Palate[256]={ 0x000000, 0x003300, 0x006600, 0x009900, 0x00CC00, 0x00FF00,

0x000033, 0x003333, 0x006633, 0x009933, 0x00CC33, 0x00FF33,

0x000066, 0x003366, 0x006666, 0x009966, 0x00CC66, 0x00FF66,

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

0x0000CC, 0x0033CC, 0x0066CC, 0x0099CC, 0x00CCCC, 0x00FFCC,

0x0000FF, 0x0033FF, 0x0066FF, 0x0099FF, 0x00CCFF, 0x00FFFF,

0x330000, 0x333300, 0x336600, 0x339900, 0x33CC00, 0x33FF00,

0x330033, 0x333333, 0x336633, 0x339933, 0x33CC33, 0x33FF33,

0x330066, 0x333366, 0x336666, 0x339966, 0x33CC66, 0x33FF66,
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0x330099, 0x333399, 0x336699, 0x339999, 0x33CC99, 0x33FF99,

0x3300CC, 0x3333CC, 0x3366CC, 0x3399CC, 0x33CCCC, 0x33FFCC,

0x3300FF, 0x3333FF, 0x3366FF, 0x3399FF, 0x33CCFF, 0x33FFFF,

0x660000, 0x663300, 0x666600, 0x669900, 0x66CC00, 0x66FF00,

0x660033, 0x663333, 0x666633, 0x669933, 0x66CC33, 0x66FF33,

0x660066, 0x663366, 0x666666, 0x669966, 0x66CC66, 0x66FF66,

0x660099, 0x663399, 0x666699, 0x669999, 0x66CC99, 0x66FF99,

0x6600CC, 0x6633CC, 0x6666CC, 0x6699CC, 0x66CCCC, 0x66FFCC,

0x6600FF, 0x6633FF, 0x6666FF, 0x6699FF, 0x66CCFF, 0x66FFFF,

0x990000, 0x993300, 0x996600, 0x999900, 0x99CC00, 0x99FF00,

0x990033, 0x993333, 0x996633, 0x999933, 0x99CC33, 0x99FF33,

0x990066, 0x993366, 0x996666, 0x999966, 0x99CC66, 0x99FF66,

0x990099, 0x993399, 0x996699, 0x999999, 0x99CC99, 0x99FF99,

0x9900CC, 0x9933CC, 0x9966CC, 0x9999CC, 0x99CCCC, 0x99FFCC,

0x9900FF, 0x9933FF, 0x9966FF, 0x9999FF, 0x99CCFF, 0x99FFFF,

0xCC0000, 0xCC3300, 0xCC6600, 0xCC9900, 0xCCCC00, 0xCCFF00,

0xCC0033, 0xCC3333, 0xCC6633, 0xCC9933, 0xCCCC33, 0xCCFF33,

0xCC0066, 0xCC3366, 0xCC6666, 0xCC9966, 0xCCCC66, 0xCCFF66,

0xCC0099, 0xCC3399, 0xCC6699, 0xCC9999, 0xCCCC99, 0xCCFF99,

0xCC00CC, 0xCC33CC, 0xCC66CC, 0xCC99CC, 0xCCCCCC, 0xCCFFCC,

0xCC00FF, 0xCC33FF, 0xCC66FF, 0xCC99FF, 0xCCCCFF, 0xCCFFFF,

0xFF0000, 0xFF3300, 0xFF6600, 0xFF9900, 0xFFCC00, 0xFFFF00,

0xFF0033, 0xFF3333, 0xFF6633, 0xFF9933, 0xFFCC33, 0xFFFF33,

0xFF0066, 0xFF3366, 0xFF6666, 0xFF9966, 0xFFCC66, 0xFFFF66,

0xFF0099, 0xFF3399, 0xFF6699, 0xFF9999, 0xFFCC99, 0xFFFF99,
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0xFF00CC, 0xFF33CC, 0xFF66CC, 0xFF99CC, 0xFFCCCC, 0xFFFFCC,

0xFF00FF, 0xFF33FF, 0xFF66FF, 0xFF99FF, 0xFFCCFF, 0xFFFFFF };

// int NodeInt=(int)( 0xf ff ff f* (N ode In te ns it y(X ,Y )/ MaxFrameI nt ensi ty) );

Red =((unsigned char)(Palate[No deI nt ]> >16) );

Green=((unsigne d char)(Palate[No deI nt ]> >8)) ;

Blue =((unsigned char)(Palate[No deI nt ]) );

// if(NodeInt!=0)

// {

//

// Red= ((unsigned char)(NodeInt>> 16)) ;

// Green=((unsign ed char)(NodeInt>> 8) );

// Blue= ((unsigned char)(NodeInt)) ;

// }

// Red=(int)(255* (N odeIn te ns it y( X,Y )/ MaxFra meInt ensi ty ));

// Blue=Red;

// Green=Red;

return true;

}

*/

TNODECTlmPPM::MaxSig nal ()

{

return 1;

}
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B.4.2 Baseclass:

CTlmPPMis basedonCTlmBasic.

B.4.3 Data types

CTlmPPMhasn't any internaldatatypes.

B.4.4 Global variables:

Thisclasshasn't any globalvariablethatit' s usercanreador changethem.

B.4.5 Functions:

virtual bool SetFileTemplate(char* Template): Setthe�le templatefor writing eachframe

with thatname.for exampleif thetemplatesetto ”frameÿ d” thenthe�rst frame( frame

� ) will be save as”frame� .ppm” andframe � as”frame� .ppm”. File templateusethe

samerulesasprintf formatstring.

CTlmPPM(): Constructor.

virtual CTlmPPM(): Destructor.

bool SaveFrame(int FrameNumber): Save a framein PPMformat. File namefor saving is

createdbasedon two parameter:FileTemplateandframeNumber.For moreinformation

seeSetFileTemplate().

virtual bool RGBData(int X,int Y,int � Red,int � Blue,int � Green,TNODEMaxFrameIntensity):

ThisfunctionreturntheRGBvaluefor eachnode.Itmaybeoverriddento createacolorful

imagebasedonpropertiesof themediumor waveproperties.

B.4.6 Implementation:

// TlmPPM.cpp: implementation of the CTlmPPM class.

//

////////////// // // /// // // // // /// // // // // /// // // // // /// // // // // /// // // /

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

#include "TlmPPM.h"

/////////////// // // // /// // // // // /// // // // // /// // // // // /// // // // // /// //

// Construction/D es tr uct io n

/////////////// // // // /// // // // // /// // // // // /// // // // // /// // // // // /// //

CTlmPPM::CTlmPP M()

{

m_FileNameTempl at e[ 0] =0;

}

CTlmPPM::˜CTlmP PM()

{

}

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

{

if(m_FileNameTe mpla te [0] ==0) return true;

char FileName[255];

int Red,Blue,Green;

sprintf(FileNam e, m_Fi leN ameTempl ate ,F ra meNumber) ;

FILE * FPointer=fopen (Fi le Name," wb" );

fprintf(FPointe r, "P 6\ n") ;

fprintf(FPointe r, "%d %d\n",m_XDim,m_Y Di m);

fprintf(FPointe r, "2 55\n" );

//

TNODEMaxIntensity=Ma xSi gnal () ;

for(int Y=m_YDim-1;Y>=0; Y- -) {

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

if(IsOnAnObject (X ,Y )> =0)
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{

Red=255;

Blue=255;

Green=255;

}

else

{

RGBData(X,Y,Re d, Bl ue, Green, MaxIn te ns it y) ;

// draw boundry

if(X==0 || X==m_XDim-1 || Y==0 || Y==m_YDim-1){

// Blue=255;

// Green=255;

Red=255;

}

}

fwrite(&Red,1, 1, FPoin te r) ;

fwrite(&Green, 1, 1, FPoin te r) ;

fwrite(&Blue,1 ,1 ,F Poi nt er );

}

}

fclose(FPointe r) ;

return true;

}

bool CTlmPPM::SetFile Templa te (ch ar * Template)

{

strcpy(m_FileN ameTempla te ,T empla te );

return true;

}
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#define MAXGREY(255)

#define MAXRANGE(100)

#define DAVE (1)

#define PETER (2)

#define COLORSETUPDAVE

bool CTlmPPM::RGBData (in t X, int Y, int & Red, int & Blue, int & Green,TNODE MaxFrameIntensi ty )

{

#if (COLORSETUP==PETER)

TNODEValue=NodeInten sit y( X, Y) ;

if(Value> .5* MaxFrameIntens it y) Value=MaxFrameI nt ensi ty;

Green = 0;

Red = Value * 255/MaxFrameIn te nsi ty ;

Blue = (MaxFrameInten sit y- Valu e) *25 5/ MaxFra meInt ensi ty ;

#endif

#if (COLORSETUP== DAVE)

int Colour = (int)(MAXGREY*( NodeInt ensi ty (X ,Y) /Max Fr ameIn te ns it y) );

if(Colour >MAXRANGE)

Colour=MAXRANGE;

Colour*=255.0/M AXRANGE;

// if(Colour>0)

// {

// fprintf(fp,"%d %d \t%d\t%d\n",m_Ti me,X ,Y ,Co lo ur );

// }

if (Colour>MAXGRE Y) Colour=MAXGREY;

if (Colour<0) Colour=0;

if (Colour<(MAXGR EY/ 6) )

{

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*1 1/ 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 CTlmPPM::RGBData (i nt X, int Y, int & Red, int & Blue, int & Green,TNODE MaxFrameIntens it y)

{

int NodeInt=(int)( 255*( NodeIn ten si ty (X ,Y )/M ax Fr ameI nte ns it y) );

unsigned int Palate[256]={ 0x000000, 0x003300, 0x006600, 0x009900, 0x00CC00, 0x00FF00,

0x000033, 0x003333, 0x006633, 0x009933, 0x00CC33, 0x00FF33,

0x000066, 0x003366, 0x006666, 0x009966, 0x00CC66, 0x00FF66,

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

0x0000CC, 0x0033CC, 0x0066CC, 0x0099CC, 0x00CCCC, 0x00FFCC,

0x0000FF, 0x0033FF, 0x0066FF, 0x0099FF, 0x00CCFF, 0x00FFFF,
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0x330000, 0x333300, 0x336600, 0x339900, 0x33CC00, 0x33FF00,

0x330033, 0x333333, 0x336633, 0x339933, 0x33CC33, 0x33FF33,

0x330066, 0x333366, 0x336666, 0x339966, 0x33CC66, 0x33FF66,

0x330099, 0x333399, 0x336699, 0x339999, 0x33CC99, 0x33FF99,

0x3300CC, 0x3333CC, 0x3366CC, 0x3399CC, 0x33CCCC, 0x33FFCC,

0x3300FF, 0x3333FF, 0x3366FF, 0x3399FF, 0x33CCFF, 0x33FFFF,

0x660000, 0x663300, 0x666600, 0x669900, 0x66CC00, 0x66FF00,

0x660033, 0x663333, 0x666633, 0x669933, 0x66CC33, 0x66FF33,

0x660066, 0x663366, 0x666666, 0x669966, 0x66CC66, 0x66FF66,

0x660099, 0x663399, 0x666699, 0x669999, 0x66CC99, 0x66FF99,

0x6600CC, 0x6633CC, 0x6666CC, 0x6699CC, 0x66CCCC, 0x66FFCC,

0x6600FF, 0x6633FF, 0x6666FF, 0x6699FF, 0x66CCFF, 0x66FFFF,

0x990000, 0x993300, 0x996600, 0x999900, 0x99CC00, 0x99FF00,

0x990033, 0x993333, 0x996633, 0x999933, 0x99CC33, 0x99FF33,

0x990066, 0x993366, 0x996666, 0x999966, 0x99CC66, 0x99FF66,

0x990099, 0x993399, 0x996699, 0x999999, 0x99CC99, 0x99FF99,

0x9900CC, 0x9933CC, 0x9966CC, 0x9999CC, 0x99CCCC, 0x99FFCC,

0x9900FF, 0x9933FF, 0x9966FF, 0x9999FF, 0x99CCFF, 0x99FFFF,

0xCC0000, 0xCC3300, 0xCC6600, 0xCC9900, 0xCCCC00, 0xCCFF00,

0xCC0033, 0xCC3333, 0xCC6633, 0xCC9933, 0xCCCC33, 0xCCFF33,

0xCC0066, 0xCC3366, 0xCC6666, 0xCC9966, 0xCCCC66, 0xCCFF66,

0xCC0099, 0xCC3399, 0xCC6699, 0xCC9999, 0xCCCC99, 0xCCFF99,

0xCC00CC, 0xCC33CC, 0xCC66CC, 0xCC99CC, 0xCCCCCC, 0xCCFFCC,

0xCC00FF, 0xCC33FF, 0xCC66FF, 0xCC99FF, 0xCCCCFF, 0xCCFFFF,
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0xFF0000, 0xFF3300, 0xFF6600, 0xFF9900, 0xFFCC00, 0xFFFF00,

0xFF0033, 0xFF3333, 0xFF6633, 0xFF9933, 0xFFCC33, 0xFFFF33,

0xFF0066, 0xFF3366, 0xFF6666, 0xFF9966, 0xFFCC66, 0xFFFF66,

0xFF0099, 0xFF3399, 0xFF6699, 0xFF9999, 0xFFCC99, 0xFFFF99,

0xFF00CC, 0xFF33CC, 0xFF66CC, 0xFF99CC, 0xFFCCCC, 0xFFFFCC,

0xFF00FF, 0xFF33FF, 0xFF66FF, 0xFF99FF, 0xFFCCFF, 0xFFFFFF };

// int NodeInt=(int)(0x ff ff ff *(N odeI nt ensit y( X, Y) /MaxFra meIn te nsi ty )) ;

Red =((unsigned char)(Palate[No deIn t] >>16) );

Green=((unsign ed char)(Palate[No deIn t] >>8)) ;

Blue =((unsigned char)(Palate[No deIn t] )) ;

// if(NodeInt!=0)

// {

//

// Red= ((unsigned char)(NodeInt> >16) );

// Green=((unsigne d char)(NodeInt> >8)) ;

// Blue= ((unsigned char)(NodeInt) );

// }

// Red=(int)(255*( NodeI nt ensi ty( X, Y) /Max Fra meIn te ns ity )) ;

// Blue=Red;

// Green=Red;

return true;

}

*/
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TNODECTlmPPM::MaxSig nal ()

{

return 1;

}

B.4.7 Programming:

youmustinheritedfrom thisclassbeforeyou canuseit.In inheritedclassdo thefollowings:

1. OverrideProcessNode()to implementthemediumproperties.

2. OverridePreProcessFrame()or PreProcessNode()to addsourcesignalto themedium.5

3. OverridePostProcessFrame()or PostProcessNode()to save receiver signal.6

4. Whenyou wantto save a framedata7, call SaveFrame()with appropriateframenumber

(usuallytimestampof theframe).

5. If you wantto addcolor to imagebasedon mediumpropertyor wave property, override

RGBData().

6. Add any othercapabilitythatyouwantto your class.

In themainprogramdothefollowings:

1. Crateaninstanceof yourclass.

2. Initialize theTLM meshby calling Init().

3. Initialize PPM�le namecreationby callingSetFileTemplate().

4. Do any initializationyourclassneeded.

5. Startto modelby callingDoModelling().

5if youhaveonesourcesignalit is simplerto overridePreProcessNode()andif youhave severalsourcesignalit
is simplerto overridePreProcessFrame()

6if youhaveonly onereceiver it is simplerto usePostProcessNode()but if youhaveseveralreceiveror youwant
to save thedatafor acompleteframethenyou mustusePostProcessFrame().

7usuallythis functionis calledin PostProcessFrame()
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