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ABSTRACT
For many years,frequency domainmeasurementshave
beenused,with greatsuccess,in theanalysisof linear,
or near-linear, air columnmusicalinstruments.In par-
ticular, measurementsof input impedancehave proved
extremelyvaluablein explainingthecharacteristicsof a
giveninstrument.However, it hasbecomeincreasingly
apparentthat, for systemswith a greatdegreeof non-
linearity, measurementsmadein the time domainmay
prove significantlymoreuseful.
This paperdiscussespulsereflectometryasa time do-
maintechniquefor findingtheinputimpulseresponseof
an instrument,from which bothan instrumentborere-
constructionandaninput impedancecurve canbeeval-
uated.
Impedancecurves obtainedfrom pulse reflectometry
and from conventional, frequency domain techniques
arecompared.Theadvantagesanddisadvantagesof the
time domain impedancemeasurementsare discussed,
with particularreferenceto the problemof improving
thefrequency resolutionof theimpedancecurves.
Finally, impedancemeasurementsmadeon variousin-
strumentsarepresentedanddiscussed.

1. INTRODUCTION
In the acousticalstudy of musical wind instruments,two
typesof measurementhaveprovedparticularlyvaluable.One
is the experimentalevaluationof the input impedanceand
theotheris thedirectmeasurementof theboreprofile, using
accuratemeasuringtools. However, both of thesemeasure-
mentscanprove problematic.Conventionalmethodsof mea-
suringtheinput impedancenecessitatemeasuringthevolume
flow rate(which canbe difficult) andboreprofile measure-
mentsof complicatedinstrumentsare impossiblewhencer-
tain sectionsareinaccessible.
Pulsereflectometryhasonly recentlystartedto beappliedto
wind instruments[1, 2], having beendevelopedfor seismo-
logical studies[3]. It yieldstheinput impulseresponseof an
instrument,from which both the boreprofile and the input
impedancecanbecalculated.Theadvantageof pulsereflec-

tometryis thatit requirespressuremeasurementonly (remov-
ing thedifficultiesof volumeflow ratemeasurement)andthat
it is a non-intrusive technique(removing the problemof in-
accessiblebores). Thesefactors,andothersto be discussed
later, indicatethepotentialof pulsereflectometryasanacous-
tical measurementtechnique.

2. BASIC TECHNIQUE

2.1 Determination Of The Input
Impulse Response
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Figure1: Schematicdiagramof reflectometer

Procedure
An electricalpulseis produced,amplifiedandusedto drivea
loudspeaker. Theresultantsoundpressurepulse(containing
frequenciesfrom 0-12kHz)is passedalonga coppersource
tube. A microphone,embeddedpartway along the tube,
recordsthe passageof the input pulse. A short time later,
it recordsthereflectionsreturningfrom theinstrumentunder
test,which is coupledto thefar endof thesourcetube.

Constraints
Thesourcetubelengthl2 is necessaryto ensurethattheinput
pulsehasfully passedthe microphonebeforethefirst of the
returninginstrumentreflectionsreachit.
After theinstrumentreflectionspassthemicrophonethey are
further reflectedoff the loudspeaker, creatingsourcereflec-
tions. Thesourcetubelengthl1 is necessaryto separatethe
instrumentreflectionsfrom thesesourcereflections.The in-
strumentreflectionsmustbe sampledover a time periodno



longerthanthetimetakento travel thedistance2l1, to ensure
thatnosourcereflectionsarerecorded.

Deconvolution
For an ideal deltafunction soundpressurepulse,the reflec-
tionsobtainedfromtheinstrumentwouldbeits inputimpulse
response.However, the soundpressurepulseis not ideal;
to obtainthe input impulseresponse,the reflectionsarede-
convolvedwith theinput pulseshape.Theinput pulseshape
is measuredby terminatingthe sourcetubewith a flat plate
andrecordingthereflectedpulse(so taking lossesalongthe
sourcetubeinto consideration)[4].

2.2 Bore Reconstruction
Usinga suitablealgorithm(suchastheonederivedby Ware
andAki [3]), theboreprofile of an instrumentcanberecon-
structedfrom its input impulseresponse.Figure2 shows the
boreprofileof asteppedcylindrical tube,reconstructedusing
a layer-peelingalgorithm developedby Amir, Rosenhouse
andShimony [5, 6], whichcompensatesfor attenuationalong
theinstrument.
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Figure2: Steppedcylindrical tube

2.3 Input Impedance
Theory
Theinput impulseresponseis ameasureof theamountof in-
put signalreflectedat discretedistancesalongtheinstrument
bore.As thereflectionsarecausedby changesin impedance
within the instrument,it is clear that the input impulsere-
sponseandthe input impedancearecloselyrelated.Indeed,
theinput impedanceof aninstrumentmaybeevaluatedfrom
theinput impulseresponsein thefollowing way[2]:

In thetimedomain
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wherep
�
t � is thepressurerecordedby themicrophoneattime

t, deconvolvedwith theinputpulseshape,u
�
t � is thevelocity

at themicrophoneattime t, z0 is thecharacteristicimpedance
andiir

�
t � is theinstrument’s input impulseresponse.

In thefrequency domainthis gives
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where P
�
ω � is the fourier transformof p

�
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�
ω � is the

fourier transformof u
�
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�
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Hence,theinput impedanceis givenby:

z
�
ω � in � P � ω 	

U � ω 	 � z0 � 1 
 IIR � ω 	
1 � IIR � ω 	

Results
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Figure3: Impedancecurves

Figure3 comparesanimpedancecurvemeasuredusingpulse
reflectometrywith one measuredusing a conventional fre-
quency domaintechnique(both curves are for the stepped
cylindrical tubedisplayedin figure2).

Discussion
The two curves are clearly in good agreementin termsof
boththeamplitudesandfrequenciesof thepeaksandtroughs.
However, pulse reflectometryhas several advantagesover
conventionalfrequency domaintechniques.

Firstly, pulsereflectometryrequiresonly apressuremeasure-
mentwhilst frequency domaintechniquesalsorequirea vol-
umeflow ratemeasurement.Thiscanprovebothproblematic
and time-consuming. Secondly, pulse reflectometryyields



impedancephaseinformationeasily. Althoughphaseinfor-
mationcanbe measuredusingconventionaltechniques,the
measurementrequirestwo microphonesandis not trivial. Fi-
nally, thepulsereflectometrysystemis portableenablingboth
boreprofileandimpedancemeasurementsto bemadein situ.

Onedrawback,however, is thelimitation ontheresolutionof
the impedancecurves. At present,the impedancecurve res-
olution is constrainedby thesampleperiodof theinstrument
reflectionswhich, in turn, is constrainedby the sourcetube
lengthl1. In orderto beableto sampleoveralongerperiodof
time (hence,improving theresolution)eitherthesourcetube
must be lengthenedor the sourcereflectionsremoved. In-
creasingthesourcetubelengthalsoincreasestheattenuation,
soit is moredesirableto remove thesourcereflections.This
couldbedoneusinganactive-controltypemethod,allowing
impedancecurvesof very fineresolutionto beobtained.

3. IMPEDANCE CURVES OF
MUSICAL INSTRUMENTS

To illustratetheuseof thetechniquesin thestudyof musical
instruments,impedancecurvesfor two 19th centurycornets
arepresented.Insteadof amouthpiece,anadaptorof approx-
imatelythesamevolumewasusedto connecttheinstrument
with thesourcetube(for thepulsereflectancemeasurement)
or with themeasuringmicrophoneandsinewave sourcecap-
illary.
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Figure4: Conicalborecornet

Figure4 showstheimpedancecurvesfor RudallCarte‘Patent
ConicalBore’modelcornetin B � (EUCHMI 2988),novalves
operated.Thismodelis characterisedby anarrowerandmore
gentlytaperingborebetweenthemouthpiecereceiver andthe
valves(comparedwith a standardcornetmodel),theboredi-
ameterincreasingthroughthevalve pistonsandbetweenone
valve andthenext. Theinstrumentwasdesignedto play at a
pitchof A4 = 452.5Hz.
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Figure5: Standardborecornet

Figure 5 shows the impedancecurves for Boosey & Co
‘Acme’ modelcornetin B � (EUCHMI 2704),novalvesoper-
ated.This instrumenthashadits playingpitch loweredfrom
A4 = 452.5Hz to 440Hz by theinsertionof cylindrical exten-
sionpiecesin its main tuning-slide,andis a standardcornet
modelwith cylindrical borethroughthevalves.

Comparisonof thetwo curvesclearlyshowsthatall thepeaks
areat slightly lower frequenciesfor thestandardborecornet
which hashadits pitch lowered. In fact, analysisof the fre-
quenciesof thepeakssuggestthatthestandardcornetshould
play at a pitch around116centslower thantheconicalbore
instrument.Playingtestsconfirmthat this is indeedthecase.
It appearsthatthehighpitch instrumentwasdesignedto play
atA4 = 452.5Hz with its tuningslidespartiallywithdrawn.

The responseof an instrumentto a playeris largely depen-
dent on the relative heightsof the impedancecurve peaks
(the ‘peakenvelope’) andtherelative in-tunenessof the fre-
quenciesof thesepeaks.Thenecessarymeasurementscanbe
mademoreeasilyby pulsereflectancetechniques,whichalso
have theadvantagethat they canbeusedfor boreprofile re-
constructionmeasurementsandareparticularlyvaluablefor
historic musical instrumentswhich may be too delicatefor
extensive playing tests.However, it is clearlyevident in fig-
ures4 and5 that, the frequency resolutionof the impedance
curvesmeasuredusingpulsereflectometryis atpresenta lim-
itationon theaccurateanalysisof instruments.
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