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ABSTRACT

For mary years,frequeny domainmeasurementsave
beenused,with greatsuccessin the analysisof linear,
or nearlinear, air columnmusicalinstruments.In par
ticular, measurementsf input impedancehave proved
extremelyvaluablein explainingthe characteristicsf a
giveninstrument.However, it hasbecomencreasingly
apparenthat, for systemswith a greatdegreeof non-
linearity, measurementnadein the time domainmay
prove significantlymoreuseful.

This paperdiscussepulsereflectometryasa time do-
maintechniquéor findingtheinputimpulseresponsef
aninstrument,from which both aninstrumentborere-
constructiorandaninputimpedanceurve canbe eval-
uated.

Impedancecunes obtainedfrom pulse reflectometry
and from corventional, frequeng domaintechniques
arecomparedTheadwantagesanddisadwantage®f the
time domainimpedancemeasurementare discussed,
with particularreferenceto the problemof improving
thefrequeng resolutionof theimpedanceurves.
Finally, impedanceneasurementsiadeon variousin-
strumentsarepresente@nddiscussed.

1. INTRODUCTION

In the acousticalstudy of musical wind instruments,two
typesof measuremeritave provedparticularlyvaluable.One
is the experimentalevaluation of the input impedanceand
the otheris the directmeasurementf the boreprofile, using
accuratemeasuringools. However, both of thesemeasure-
mentscanprove problematic. Corventionalmethodf mea-
suringtheinputimpedancenecessitateneasuringhevolume
flow rate (which canbe difficult) and bore profile measure-
mentsof complicatednstrumentsareimpossiblewhen cer
tain sectionsareinaccessible.

Pulsereflectometryhasonly recentlystartedto be appliedto
wind instrumentq1, 2], having beendevelopedfor seismo-
logical studied3]. It yieldstheinputimpulseresponsef an
instrument,from which both the bore profile and the input
impedancecanbe calculated.The adwantageof pulsereflec-

tometryis thatit requiregressureneasuremeranly (remov-
ing thedifficultiesof volumeflow ratemeasuremengndthat
it is a non-intrusive technique(removing the problemof in-
accessibléores). Thesefactors,and othersto be discussed
later, indicatethepotentialof pulsereflectometryasanacous-
tical measuremertechnique.

2. BASIC TECHNIQUE

2.1 Determination Of The Input
| mpulse Response
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Figurel: Schematidiagramof reflectometer

Procedure

An electricalpulseis producedamplifiedandusedto drive a
loudspeakerThe resultantsoundpressurepulse(containing
frequenciedrom 0-12kHz)is passedilonga coppersource
tube. A microphone,embeddedpartway along the tube,
recordsthe passagef the input pulse. A shorttime later,

it recordghereflectionsreturningfrom the instrumentunder
test,whichis coupledto thefar endof the sourcetube.

Constraints

Thesourcetubelengthl; is necessario ensurehattheinput
pulsehasfully passedhe microphonebeforethefirst of the
returninginstrumenteflectionsreachit.

After theinstrumenteflectiongpassthe microphonehey are
further reflectedoff the loudspeakercreatingsourcereflec-
tions. The sourcetubelengthl; is necessaryo separatehe
instrumentreflectionsfrom thesesourcereflections.Thein-
strumentreflectionsmustbe sampledover a time periodno



longerthanthetime takento travel thedistance?l;, to ensure
thatno sourcereflectionsarerecorded.

Deconvolution

For anideal deltafunction soundpressurepulse,the reflec-
tionsobtainedrom theinstrumenwouldbeits inputimpulse
response. However, the soundpressurepulseis not ideal;

to obtainthe input impulseresponsethe reflectionsare de-

convolvedwith theinput pulseshape.Theinput pulseshape
is measuredy terminatingthe sourcetubewith a flat plate
andrecordingthe reflectedpulse(so taking lossesalongthe

sourcetubeinto considerationp4].

2.2 Bore Reconstruction

Usinga suitablealgorithm(suchasthe onederived by Ware
andAki [3]), theboreprofile of aninstrumenttanberecon-
structedfrom its inputimpulseresponseFigure2 shaovs the
boreprofile of asteppedylindrical tube,reconstructedsing
a layerpeeling algorithm developedby Amir, Rosenhouse
andShimory [5, 6], whichcompensatefor attenuatioralong
theinstrument.
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Figure2: Steppedylindrical tube

2.3 Input Impedance

Theory

Theinputimpulseresponsés a measuref theamountof in-
put signalreflectedat discretedistanceslongtheinstrument
bore. As thereflectionsarecausedy changesn impedance
within the instrument,it is clear that the input impulsere-
sponseandthe inputimpedancere closelyrelated. Indeed,
theinputimpedancef aninstrumentmay be evaluatedfrom
theinputimpulseresponsén thefollowing way[2]:

In thetime domain

p(t) = d(t) +iir(t)
Zo x u(t) = d(t) —iir(t)

wherep(t) is thepressureecordedy themicrophoneattime
t, decowolvedwith theinputpulseshapel(t) is thevelocity
atthemicrophoneattimet, zy is thecharacteristiempedance
andiir (t) is theinstrumentsinputimpulseresponse.

In thefrequeng domainthis gives

P(w) = 1+ 11R(w)
nxU(w) =1-1IRw)

where P(w) is the fourier transformof p(t), U(w) is the
fourier transformof u(t) andll R(w) is the fourier transform
ofiir(t).

Hencetheinputimpedances givenby:

P 1+IIR
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Figure3: Impedanceurves

Figure3 comparesnimpedanceurve measuredisingpulse
reflectometrywith one measuredising a corventional fre-
gueny domaintechnique(both curves are for the stepped
cylindrical tubedisplayedn figure2).

Discussion

The two curwes are clearly in good agreementn terms of
boththeamplitudesandfrequencie®f the peaksandtroughs.
However, pulse reflectometryhas several advantagesover
conventionalfrequeng domaintechniques.

Firstly, pulsereflectometryequiresonly a pressureneasure-
mentwhilst frequeny domaintechniqueslsorequireavol-
umeflow ratemeasurementhis canprove bothproblematic
and time-consuming. Secondly pulse reflectometryyields



impedancephaseinformationeasily Although phaseinfor-
mation canbe measuredising corventionaltechniquesthe
measurementquireswo microphonesndis nottrivial. Fi-
nally, thepulsereflectometrysysterris portableenablingboth
boreprofile andimpedanceneasurement® bemadein situ.

Onedrawback,however, is thelimitation ontheresolutionof
theimpedancecurves. At presenttheimpedanceurve res-
olutionis constrainedy the sampleperiodof theinstrument
reflectionswhich, in turn, is constrainecby the sourcetube
lengthls. In orderto beableto sampleover alongerperiodof
time (hencejmproving theresolution)eitherthe sourcetube
must be lengthenedr the sourcereflectionsremoved. In-
creasinghesourcetubelengthalsoincreasesheattenuation,
soit is moredesirableto remore the sourcereflections.This
could be doneusinganactive-controltype method allowing
impedanceuresof very fine resolutionto be obtained.

3. IMPEDANCE CURVES OF
MUSICAL INSTRUMENTS

To illustratethe useof thetechniquesn the studyof musical
instrumentsjmpedanceurvesfor two 19th centurycornets
arepresentedinsteacdf a mouthpieceanadaptoiof approx-
imatelythe samevolumewasusedto connectheinstrument
with the sourcetube (for the pulsereflectanceneasurement)
or with themeasuringnicrophoneandsinewave sourcecap-
illary.
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Figure4: Conicalborecornet

Figure4 shavstheimpedanceurvesfor RudallCarte'Patent
ConicalBore’ modelcornetin B (EUCHMI 2988),novalves
operatedThismodelis characterisetly anarroverandmore
gentlytaperingborebetweerthe mouthpieceecever andthe
valves(comparedvith a standarccornetmodel),theboredi-

ametetincreasinghroughthevalve pistonsandbetweerone
valve andthe next. Theinstrumentwasdesignedo play ata
pitch of A4 = 452.5Hz.

1e+08

T T T
PULSE REFLECTOMETER ——
SWEPT SINE WAVE

1e+07 |2

IMPEDANCE/OHMS

1e+06 |-

0 200 400 60 1000 1200 1400

0 800
FREQUENCY/HZ

Figureb: Standardorecornet

Figure 5 showvs the impedancecurves for Boosg & Co
‘Acme’ modelcornetin Bb (EUCHMI 2704),no valvesoper
ated.This instrumenthashadits playing pitch loweredfrom
A4 =452 .5Hz to 440Hz by theinsertionof cylindrical exten-
sionpiecesin its maintuning-slide, andis a standarctornet
modelwith cylindrical borethroughthevalves.

Comparisorof thetwo curvesclearlyshavsthatall thepeaks
areat slightly lower frequenciedor the standardorecornet
which hashadits pitch lowered. In fact, analysisof the fre-

guencie®f the peakssuggesthatthe standaradcornetshould
play at a pitch around116 centslower thanthe conicalbore
instrument.Playingtestsconfirmthatthisis indeedthe case.
It appearshatthe high pitch instrumentwasdesignedo play

atA, = 452.5Hz with its tuningslidespartially withdrawn.

The responsef an instrumentto a playeris largely depen-
denton the relative heightsof the impedancecurve peaks
(the‘peakervelope’) andtherelative in-tunenes®f the fre-
guencie®f thesepeaks.Thenecessaryneasurementsanbe
mademoreeasilyby pulsereflectanceéechniqueswhich also
have the advantagethatthey canbe usedfor boreprofile re-
constructiormeasurementandare particularly valuablefor
historic musicalinstrumentswvhich may be too delicatefor
extensve playingtests.However, it is clearly evidentin fig-
ures4 and5 that, the frequeng resolutionof theimpedance
curvesmeasuredsingpulsereflectometryis atpresengalim-
itation ontheaccurateanalysisof instruments.
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