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Abstract

Measurements of acoustic input impedance of wind instrasneising two

different approaches are presented. In the first approamhmonly referred

to as the two-microphone transfer function method, a tubsomected to the
instrument and excited with broad-band noise. Signalsrdecbat microphone
pairs placed along the tube are then analyzed to estimatmgtrament input

impedance. A calibration step is described, wherein thatippnsof each

microphone pair is determined from the measurement of d t&ggimination. The
second technique, a novel variant of pulse reflectometrnkesaise of a long
tube with a single microphone located at its midpoint. Usinipng-duration

broad-band stimulus, the impulse response is measuretdhdaiube, first with

a rigid termination, and then with the system to be chareadrattached. The
system reflectance, and therefore its impedance, is foundobyparing the

first reflection from the tube end for both measurements. Téwgd of the

impedance probes and the data sampling and analysis preseai¢ presented.
Measurements obtained using the two techniques are cothgarevarious

acoustic systems, including an alto saxophone neck andcéabd conical

objects. The results show good agreement between the nsetAddantages of
the one-microphone technigue include ease of use and mamssto noise, while
the two-microphone approach can provide a better highuBeqy response for
long objects.

INTRODUCTION

The measurement of acoustic impedance has been the subpaati research since the
beginning of the last century and a great number of pubtinathave been written on the subject.
Benade and Ibis (1987) and Dalmont (2001) provide a gooddrackd on the historical origins
and development of these techniques. Since the 1980s, tasurament techniques have become
widely used: the two-microphone transfer function (TMT&ghnique and pulse reflectometry.

The use of two microphones located along an acoustic trassmni line to evaluate the
impedance of an object dates back to the early 19th centesy Beranek, 1988). The two-
microphone transfer function technique introduced by 8dyand Ross (1977) made use of a
broad-band source signal and Fourier analysis to evalbaterpedance over the entire spectrum
in one measurement. It has also been described by Chung asedrB1980a,b).

Pulse reflectometry originated from geophysical studigheearth’s crust but, throughout
the 1970s and 1980s, it was applied to the study of the voaet tsee Fredberet al,, 1980) and
to musical instruments. The novel approach reported hdyased on the same principle as pulse
reflectometry but achieves an improved signal-to-noise (&NR) by using wide-band signals of
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long duration, such as swept sines. For the purposes ofdbisrpwe shall refer to this technique
as “impulse reflectometry” (IR).

The objective of this paper is to compare impedance measmtsnobtained with both
techniques in order to identify and characterize possiderelpancies between the two, as well
as to better assess the accuracy of the results and the anperbf measurement errors. In the
context of musical acoustics, we are mainly interested énntfagnitudes and frequencies of the
maxima and minima of strongly resonant bodies.

We first detail the experimental setup, calibration procesluand signal analysis methods
for both techniques. We then present impedance measureswiits for three objects: an alto
saxophone neck, a short carbon fiber cone, and a long carlmmncbhe coupled with the neck.
We conclude with a comparison of the advantages and disty@sof both techniques.

THE TWO-MICROPHONE TRANSFER FUNCTION TECHNIQUE
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Figure 1. Diagram of the two-microphone measurement apjpata

In the two-microphone transfer function technique, theedgnce of an object is evalu-
ated from the measurement of the transfer function betwsemticrophones located at different
positions along a waveguide connected to that object. A Hoxer emits a broad-band signal,
such as white noise, in the waveguide over a time duratioguade to reduce variance in the
results, as computed with a modified average periodogram.

This technique is based on the mathematical theory of omettsional planar pressure
wave propagation in a cylindrical duct. Such waves, inclgdittenuation, can be described by the
equation

P(z, f) = Py(x, f) + P_(x, f) = Ae™"® + Bel™, (1)

whereA and B are the complex frequency-dependent amplitudes of thegselye and regressive
traveling-wave components. The propagation parametegfinetl ad” = o + iw/vg, Wherea
is the attenuation andy the phase velocity. Estimation of this parameter has bescritbed by
Pierce (1989). It can be approximatedby= iw/c + (1 + i), wherea o /f by a constant that
depends on air properties.

From these equations, it can be shown (Lefebvre, 2006) teatnmpedanceZ;, of an
object located at = 0 (see Fig. 1) is given by

7 Z _ Hp sinh(T'zq) — sinh(T'zs) @)
" Z.  Hpgcosh(I'ry) — cosh(I'zs)’

where Hy5 is the transfer function between the two microphones Zpds the characteristic
impedance.

This approach is based on one-dimensional wave propagatidrthus, it is limited in
frequency to the first higher-order mode that occurg at 1.84¢/(27nr), wherer is the cylinder
radius and: is the speed of sound. For our measurement system, the tretpdfency is approxi-
mately 16.5 kHz« = 0.006 meters). The TMTF technique is also incapable of providegults
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| Microphone Pair| Distance| Frequency Range (H2)

land?2 3cm 575 - 4600
land3 12 cm 290 - 1150
land 4 36 cm 95 - 380

Table 1. microphone pairs use in our measurement apparatus

at critical frequencies where the two pressure signalsrhedmearly dependent, which equates
to half-wavelengths that are an integer multiple of the optione spacing:

fe=mec/2s,m =1,2,....N. )

The consequence is that we need several pairs of micropkmneser a sufficient frequency range
for musical instrument characterization. To achieve adesgy range of 100 — 5000 Hz, we use
four microphones. Table 1 indicates the microphone digm@and valid frequency ranges. Final
impedance results are realized by concatenating impesddirara three microphone pairs.

Prior to the measurement, a relative calibration of micom@s pairs is performed, as
described by Seybert and Ross (1977) and Krishnappa (1B8byder to eliminate frequency
response differences between them. This calibration issmigthg a special apparatus such that
the four microphones are located at the same reference plahexposed to a broadband noise
signal. The microphone positions used in Eqg. (2) can alsormetfined with a measurement
obtained when the plane at= 0 is rigidly terminated. For this condition, the transfer étion
between two microphones is given by (see Lefebvre, 2006):

cosh(T'x2)

Hypp = .
12 cosh(T'zq)

4)
The attenuation parameter, which will be higher than predicted if the tube inner suefas not
completely smooth, can also be calibrated from the mage#wud these maxima and minima.

We evaluate the transfer functidh,, between the recorded signals at the two microphones
with the total least square formulation, which reduces tihgact of noise (see P.R. White, 2006):

Spaps = Spipr T \/(Smm - Sp2p2)2 + 4‘5171172‘2

Hyy = Cia- 59
p2p1

()

where S,,,, is the auto-correlated spectral density of the first micomghsignal,S,, ,, is the
cross-correlated spectral density between microphonesd 2,getc.C1» is the calibration function
previously measured.

IMPULSE REFLECTOMETRY

Source Microphone Adiptor Object

\/

Figure 2. Setup for the one-microphone measurement system.

The impulse reflectometry (IR) technique uses a setup witinglesmicrophone and a
calculation based on two measurements. The apparatusstson$ia horn driver connected to
a long probe tube and a microphone located near its midpagillustrated in Fig. 2. After
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performing a measurement with the probe tube rigidly teat@d, the object to be measured is
attached to the end of the probe and another measuremendé ma

In contrast to traditional pulse reflectometry techniquesong duration source signal,
such as a swept sine, is used to make the measurements. Téfi tsetihat a lot of energy can
be supplied to the system, increasing the measurement-¢ignaise ratio. In the measurements
reported here, a logarithmically swept sine was used. Tipelise response of the system fitted
alternately with a rigid termination and with the object mifgrest is measured by deconvolving the
recorded signaly(¢), from the input or source signalt):

ir(t) = §R{IFFT {%} } (6)

This approach assumes our objects of interest are lineatimaeinvariant. Because the
source signal(¢) is non-zero at all frequencies of interest, there are ndlgyaproblems with
this calculation. Each impulse response then consists @fi@ssof pulses corresponding to an ini-
tial pulse ) from the driver, its reflection from the reference plane at 0 (p2), the reflection
back from the driverys), etc. The reflection coefficier®;,,(f) of the measured object is eval-
uated by taking the ratio of the Fourier transform of the twiedowed first reflection from the
object, FFTp2,), and the Fourier transform of the time-windowed first reftecfrom the rigid

termination, FF{pa,):
FFT(p2o)
Banlf) = EFtipa)’ (7)
The normalized input impedance of the object is then caledlasZ;, = (1 + R;,) / (1 — Rin)-

As with traditional pulse reflectometry, it is necessaryt tt@ impulse response of the
object to be measured be shorter than the correspondinggmaidpn time along one length of the
probe tube. Alternately, the impulse response must decéiynm before its reflection from the
driver returns to the microphone position. The consequénti®at a longer measurement tube is
needed to measure objects with long impulse responses.sfarieady been pointed out by Sharp
(1996, pg. 84), the use of a longer probe implies more prdfmydosses and, because losses
increase with frequency, a reduced frequency range. Ty shade use of two different probe
tubes: a straight aluminum pipe of 5 m length and 0.015 m diameeferred to as IR (straight);
and a coiled copper pipe of 18 m length and 0.0127 m diameterred to as IR (coil).

RESULTS
Three objects were measured for this study as follows:
1. a Selmer series Il alto saxophone neck=£ 6.30 mm,r, = 11.35 mm, L = 195 mm);
2. ashort carbon fiber cone;(= 6.15 mm,ry = 16.60 mm, L. = 402 mm);

3. along carbon fiber coney(= 11.75 mm,r, = 36.0 mm, L = 834 mm) coupled with the
neck.

All the measurements made use of a JBL 2426H compressiondier, Sennheiser
KE4-211-2 omni-directional electret microphone capsutasl an RME Fireface 800 audio in-
terface for signal output and acquisition. The microphosmgsales were amplified with a circuit
based on the AD822A operational amplifier for the TMTF probkile a Unides Design condi-
tioner was used for the IR measurements.

The measured input impedance magnitude results are platids. 3—5. The top plot in
each figure shows the unprocessed results, while the lowtr @te compensated for temperature
differences and probe tube discontinuities as describkmivbdEach object was measured using
the TMTF technique, as well as IR with the two different pralbige lengths mentioned above. For
comparison, theoretical values are also included in this jgie calculated using frequency-domain
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transmission-line theory (Causséal, 1984). Each object was assumed to be well represented
by a single conical waveguide section. To achieve a goodoappation for the boundary layer
losses, each conical segment was divided into small (rgubkim) concatenated sections so that
the median radius values used in the calculations wererlziproximated.
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Figure 3. Input impedance magnitude of the alto saxophork:naw (top) and compensated (bottom).

While all the measurements results are relatively closenwanother, discrepancies are
evident. We recognize several potential sources for theseepancies, including variations in
temperature, probe tube diameter, and inherent limitatajtthe measurement techniques.

Ideally, the various measurements should be made undel @ggi@onstant atmospheric
conditions. Variations in temperature and barometricqanascan cause variations in sound speed
and also affect propagation loss characteristics. Thesaiperature wa24.6°C for the TMTF
measurement2.4°C for the IR (coil), and22.6°C for the IR (straight). Our results were com-
pensated (lower plots in each figure) by scaling the frequemcs by a factor proportional to the
ratio of the speed of sound for the measurement to a refesgeEal. The frequency scaling factor
is about 0.997 to normalize the IR and TMTF measurements.

The single most important source for discrepancies in thesomements can be related to
variations in the impedance probe diameters. Ideally, thbgshould have the same diameter as
the input of the object to be measured so as to minimize thita¢ion of evanescent modes at a
discontinuity. While the TMTF probe met this condition, ihieter discontinuities existed for both
IR probes (and was most significant for the 5 m straight pipanethod to correct for reference-
plane discontinuities is discussed by van Walstijal. (2005) for cases where the measured object
input is cylindrical. All of the objects measured for thisdy have conical inputs, thus preventing
application of that technique. Interestingly, we foundt thipirically determined magnitude off-
sets of -4.0 dB and -1.85 dB for the straight and coiled IR ,d&spectively, produced a good fit
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Figure 4. Input impedance magnitude of the short carbon fioere: raw (top) and compensated (bottom).

to the TMTF results (which did not have a diameter discorityju The compensated lower plots
in each figure include these offsets.

As previously mentioned, the impulse reflectometry techaids susceptible to high-
frequency attenuation when using long probes, thus redutia SNR. In the impedance mea-
surement, the lower SNR manifests itself as noise. An igstaf this behavior is noticeable
above~ 2.5 kHz in Fig. 3 for the IR (coil) data. By using a source signih a different fre-
guency trajectory, for instance a linear sweep, more hightfency energy could be supplied to
the system and a better SNR achieved. We see from Fig. 5 that¢lsurement of the long cone
is not possible with the IR (straight) probe. In that case,ithpulse response of the object is too
long to be adequately resolved by the 5 meter pipe.

Though difficult to distinguish in the figures, we observe tha two-microphone transfer
function technique provides noisier results and that thisenis stronger at the maxima and minima
of the impedance. Those extrema are smoother with the IRigod and, especially with the coil,
they are slightly greater (about 2dB) and closer to the #temal predictions. We can also observe
that the match between the impedance results made withrée ithicrophone pairs is quite good,
which means that the calibration procedure works well.

Although the TMTF technique produces good results and thehrzetween the concate-
nated impedances is nearly perfect, it remains tricky taccosectly. The major problem is that the
probe has many resonances due to its short length and thetivétfyeof the horn driver. This causes
relatively large variations in the amplitudes of the signaf the resonances and anti-resonances
of the system. When the signals are strong, there is a risistifrtion in the microphones. Con-
versely, when the signal amplitudes are low, the SNR ratiokEaquite poor, which reduces the
guality of the results. The same problem appears with theapiimne calibration apparatus. Thus,
the TMTF driver and microphone gains are difficult to set rbp It is also necessary to make
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Figure 5. Input impedance magnitude of the long carbon filmerecand saxophone neck: raw (top) and
compensated (bottom).

the TMTF measurements in a low noise environment, wheresatRtechnique works well in a
fairly noisy computer lab environment.

When compared to theory, the compensated measurement® felnart carbon fiber cone
are closest. The theoretical values are slightly lower @gdiency for the first two maxima (-17
and -21 cents, respectively) but a bit higher in frequencyttie third maxima (+16 cents). The
predicted frequencies are slightly lower for all impedanuaima except the first. The theory
appears to underestimate the losses in the system. Fondbygheme neck, the theoretical value is
lower in frequency for the first maxima (-64 cents) and higbethe other maxima (+36, +40, .,
cents). The trend is similar for the impedance minima. [@igancies for the saxophone neck are to
be expected because the theoretical values were calctitatagherfect conic section whereas the
neck is curved and has a closed register hole. For the lomgediber cone and saxophone neck
combination, there is a significant magnitude differend®(& 10 dB) between the measurements
and the theoretical values of the first few impedance maximgain, this appears to indicate
that losses are underestimated by the theory. The predicteédneasured maxima and minima
frequencies are within about 20-30 cents at low frequeramesdiffer by less than 10 cents for
the third and higher minima.

CONCLUSIONS

In comparing these two measurement techniques, there eae ativantages and disad-
vantages to each. The impulse reflectometry approach esgaily one microphone and no cal-
ibration. The measurement results have very smooth impedaaxima and minima and appear
to be closer to the theoretical values. A significant disath@e of the IR technique involves the
need for a long probe tube, making it less portable. Furthere is a compromise between the
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size of the object to be evaluated and the highest possiigiéncy that can be measured. The
TMTF technigue uses a more compact apparatus and easilysdibo high-frequency impedance
measurements (up to the first higher-order mode). Howevisrapproach requires multiple micro-
phones and precise calibration steps that significantlsease the necessary setup time. Further,
TMTF results at impedance minima and maxima tend to be somuendisy.

Future work will involve new measurements with an IR probketwf the same inner
diameter as the input of the objects to be measured, as welkpgsiments with different driver
and microphone positions. A technique is also being exglthat halves the required IR probe
length. Finally, we plan to investigate the use of “designgdrps with the TMTF technique to
compensate for resonances in the system and reduce noliseresults.
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