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Abstract

The acoustical impedance of a component is one of its most important characteristics. It is needed when
acoustical simulations using lumped elements or electrical analog circuits are carried out. The calibration
procedure for the two microphone transfer function method described in ISO 10534-2 is not sufficiently ac-
curate in most cases.

In this paper, a new calibration method for the two microphone transfer function method has been proposed
such that acoustical impedances can be measured with high accuracy over a wide frequency range. In this
method, the estimation of the speed of sound has been eliminated. Next, in the calibration of the sensor
mismatch, the deviation in sensor position after interchanging the pressure sensors has been taken into ac-
count. Finally, a recursive procedure has been proposed to refine the microphone position calibration. This
refinement can be continued until the required calibration accuracy has been obtained.

1 Introduction

In acoustic applications, such as silencers, resonators, absorbant materials, horns aetmustic charac-
terization is necessary to successfully design the acoustical system. Such systems are likely simulated using
lumped element models or electrical analog circuits. The acoustical impedance of a component is one of the
most important characteristics of the component. Therefore, accurate acoustical impedance measurement
methods are required.

Dalmont [1] presents is his paper an overview of several techniques for acoustical impedance measurement.

The most straigth forward technique is using a pressure and a volume velocity sensor [1], whereby the
impedance is calculated directly from its ratio. The direct measurement of the volume velocity can be carried
out using for example a hot wire anemometer. Another approach is using an excitation source with a known
volume velocity.

A common acoustical impedance measurement technique is the standing wave ratio (SWR) method (the
classical Kundt duct). This method is described in the 1ISO-10534-1 standard. The ends of the Kundt duct
are closed by an excitation source at one end and the unknown impedance at the other end. The source
generates a sinusoidal signal which results in a standing wave pattern in the duct. Along the axis of the
duct, a microphone is moved. The minimum and maximum pressure amplitude of the standing wave and the
location where the minimum and maximum amplitude occurs are determined. From these data, the reflection
coefficient and the acoustical impedance are calculated.

Other methods are based to connect known impedances to the impedance to be measured, in order to
characterize the unknown impedance. These methods are mostly used to determine the internal acoustical
impedance of a source [2, 3, 4]. To the impedance to be measured, known acoustical loads are connected and
the response to a source will be measured. A set of equations results, from which the unknown impedance
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can be determined. However, the equation set is often ill conditioned and its results can deviate strongly
from reality.

A widely used method is the "two microphone transfer function method”, which is described in ISO-10534-

2. This method uses the transfer function measured between two pressure sensors at two distinct positions in
the measurement wave guide to determine the acoustical impedance attached at one side of the wave guide.
This method is discussed in detail in the next section.

When the acoustical impedance is needed over a wide frequency band, for example from 10Hz to 10kHz,
all the impedance measurement methods described above shows limitations. In this paper, a new calibration
method has been proposed such that acoustical impedances can be measured with high accuracy over a wide
frequency range. In this method, the estimation of the speed of sound has been eliminated. Next, in the cali-
bration of the sensor mismatch, the deviation in sensor position after interchanging the pressure sensors has
been taken into account. Finally, a recursive procedure has been proposed to refine the microphone position
calibration. This refinement can be continued until the required calibration accuracy has been obtained.

2 The two microphone transfer function method

2.1 Principle of the method

In this section, the two microphone transferfunction method according to ISO 10534-2 is discussed. Figure 1
presents the set-up for acoustical impedance measurement. The set-up consists of a straight duct which is
the measurement acoustic wave guide. At the right end, an excitation source, for example a loudspeaker is
connected. At the left end, the impedance to be measured is connected. This impedance includes everything
present at the right side of the reference section. The reference section isn’t necessarily a physical connection
point. It is a mathematical position. The acoustical impedance can be re-calculated at a different reference
section, without re-measuring the transfer functions. Two microphones at two distinct posijtiandx,

measure the sound pressure inside the duct. From the transfer function between the two microphones, the
reflection coefficient and consequently, the unknown connected impedance will be determined.

Figure 2 shows the electrical analog circuit [6] of the set-up presented in figure 1. The three transmission lines
T,, T, andT; represent the measurement wave guide. The voltaggsaatdx,, representing the pressures

at these locations, will be used to determine the reflection coefficient. The current kpueggresenting a
volume velocity, with internal source impedanggexcites the system. The impedar&eo be measured
situates at right side of the reference section.
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Figure 1: Wave guide with an unknown acoustical impedafyce

In the frequency domain, the wave pattern in the wave guide is governed by the one-dimensional Helmholtz
wave equation, which describes the pressure distribution along the wave guide. At each poghion
pressure in terms of the wave numikén the wave guide equals [7]:

—jkl
ZOZQ e (ejkx+r| e—ij) (l)
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Figure 2: Electrical analog circuit of the set-up presented in figure 1.

whereink is the wave number aridhe distance between the exciting sound source and the reference section.

Referring to the electrical analog circuit in figure 2, the source cuigesplits over the source internal
impedance&Zyg and the wave guide characteristic impedargeThe current flowing through the wave guide
reflects alternately at the load impedaZgavith a reflection coefficienf, and at the source impedantg
with a reflection coefficienty. AsT| < 1 andllg < 1, the sum of the series of reflections is finite and equals
the factore /! /(1T ge™12K!). The factor(e/** + T, e7/¥*) describes the pressure distribution in the
duct in terms of position.

To measure the load impedance using the two microphone method, the transfer fpgctetween the
pressures at two distinct positiorsandx, is taken:

p(XK)  elk¥4 T e lka
127 p(xy, k) elke 4T eikx

(2)

Notice that the source reflection coefficient drops out, the reflection coefficient at the load is the single
unknown. Consequently, the choice of the source type is free.

Isolating the load reflection coefficient from equation (2) results in:

Cjkxl —TlZCJkXZ

r =~ TG T, TG (3)
Finally, the load impedance will be calculated using equation (3) [7]:
14T,
h=2o7- M
(4)

_ sinkx, — Ty, sinkXx,
~ %0 cosk %, — Ty5 COSK X,

2.2 Calibration of the set-up according to ISO 10534-2

Equation (4) becomes inaccurate when the reflection coeffiCjeaggproaches unity. In this case, a small er-

ror in the reflection coeffient resultin a large deviation of the obtained impedance. This situation occurs when
the unknown impedance deviates largely from the characteristic impedance of the wave guide. Therefore,
prior calibration of the set-up is necessary to obtain accurate results.

The 1ISO 10534-2 standard demands the following calibration actions:

e The velocity of sound needs to be determined accurately using measurements of ambient temperature
and atmospheric pressure.



328 PROCEEDINGS OFISMA2004

e The distance between the pressure sensors need to be measured accurately.

e The mismatch between the amplitude and phase of the pressure sensors needs to be calibrated. In
short, the procedure is to measure the transfer fundfjgrof the two pressures at position and
X,, then interchange the two pressure sensors from locajida x, and fromx, to x; respectively,
measure the transfer functidp, and calculate the calibration factérsuch that:

52 TypTpy=1+0] ()
This calibration factob is complex and frequency dependent.

In order to illustrate the quality of the ISO calibration procedure, graphs are presented based on theoretical
calculations wherein realistic data for such set-up are used.

Suppose the wave guide has a diameter of 36 mm, the characteristic impadancedyi# B80 kQ (1Q =
1Pas/m). The distance between the closest pressure sensor and the reference segtio&m and
between the farest pressure sensor and the reference sgctidh5 m. When the impedance measurement
range is limited to 120dB (ref,), i.e. 60dB above and belody, the closed duct ("infinite”) impedancg

will be limited to 10007,,.
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Figure 3: Mismatch between pressure sensor 1 and sensor 2.

The sensor sensitivities (for example piezo-electric sensors) behave most likely as second order spring-mass
systems. The relation between the sensor output voligge§ = sensor number,2) and input pressures
p; (i=1,2) arein this case:

®?

j— . ! .
ui_KI wiz_w2+j§iwiwp| (6)

It is supposed that the first sensor has an amplificaioa 0.98, a resonance frequency®f = 2742000/s
and a damping coefficient @, = 0.05, and the second send¢y = 1.10, w, = 27 36000/s and, = 0.02.
Figure 3 presents the resulting sensor mismatch in real and imaginairy parts.

The uncorrected transfer function between the output voltages of the two pressure sensors is presented in
figure 4.

When the inverse transfer function has to be measured, the interchanged pressure sensors can not be mounted
at the exact same locations. Suppose that the new locations devatendfrom the original locations, then
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Figure 4: Tranfer function between the pressure sensor sigraaid the sensor signay.
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Figure 5: Reverse tranfer function between the pressure sensorsjgmal the sensor signaj.

the new locations will beX; = 0.2002 m andX, = 0.4998 m in stead 0%, enx, respectively. The inverse
transfer function at the new positions is presented in figure 5.

Now, the calibration method described in the ISO 10534-2 standard is applied. The resulting calibration
factor o times the sensor mismatch is presented in figure 6. This product should eg0gl 1n the lower
frequency range, the calibration has been successfull. However, in the higher frequency range, starting from
150 Hz, the calibration is erroneous and even worse than the uncalibrated situation. The resulting impedance
is presented in figure 7. This should be a straight line at 60dB, but due to the erroneous calibration, large
deviations results. In this case, the measurement range wherein the unknown impedance can be reliably

measured is limited to 40 dB aroug until 400 Hz. Above 400 Hz, reliable impedance measurements are
not possible.

Therefore, it will be necessary to calibrate the pressure sensor positions accurately for both transfer function
T,, andT,,, and use these positions to calibrate the sensor mismatch.
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Figure 6: Calibration result of the pressure sensors according to ISO 10534-2.
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Figure 7: Resulting closed duct end impedance using the calibration data displayed in figure 6.
3 Improved calibration of the set-up

In this paper, an improved calibration procedure is proposed. The calibration is carried out with the wave
guide closed at the reference section, so a hard wall reflection will occur.

The improved method introduces the following actions:

1. The speed of sound will be eliminated by replacing the varikkley wt. This action eliminates the
calibration of the speed of sound. Consequently, the temperature and ambient pressure measurements
are superfluous.

2. The wave guide is closed at the reference section. The resulting acoustic impedance will be evaluted at
specific frequencies to calculate the correct distances of the pressure sensors to the reference section.
These distances are represented by the time the acoustic wave needs to travel from the repective sensor
positions to the reference section.

3. The calibration of the sensor mismatch has been carried out whereby the sensor position deviation,
caused by interchanging the sensors, is taken into account.
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The result is an iterative procedure, which can be stopped when the required accuracy is reached.

3.1 Elimination of the speed of sound

The speed of sound is eliminated by repladingby ot;, (i = 1,2), in expression (2), wherein andt, are
the times the wave needs to travel from the positignandx, to the reference section respectively.

These traveling timefg andt, are estimated from the transfer functidp (figure 4) where they correspond

with the first pole for the farest microphone and the first zero for the nearerst microphone. The pole and the
zero correspond to the first node of the pressure distribution of the standing wave appearing at the positions
X, andx, respectively. These traveling timgsandt, equals:

(7)

1
— and t,=

bW=g7, 4t,

wherein the frequencief and f, are associated to the frequencies determined by the quarter wavelength
between the reference section and the positigradx, respectively.

In the same way, the travelling tim@s and T, after exchanging the microphones are estimated from the
transfer functiori,, (figure 5), wherdr, is the frequency corresponding to the first zero for the farest micro-
phone and, to the first pole for the nearerst microphone.

T, = ! and T,= ! (8)
174—':1 2*4—F2

3.2 Calibration of the sensor mismatch

Oncet,, t,, T, andT, are determined, the sensor mismatch can be calibrated. The relation between the
pressure transfer functiofs;, = p(X;)/p(X) andTy,; = p(Xy)/P(Xy) is:

T2 T =1 (9)
These pressure transfer functions are measured using microphones. So, the transfer functions between mi-

crophone output signalgx;) andu(x,) is T;, = U(X;)/u(X,) andT,; = u(X,)/u(x, ), which deviate from
the pressurep(x,) andp(x,) in amplitude and phase by a fac@yi.e.

8T 5Ty =1+0] (10)

However, the interchanged sensors cannot be mounted exactly at the posétnds, again. Consequenctly,
the transfer functiof,; = u(x,)/u(x;) is not available. This transfer functidr,, needs to be calculated
from the transfer functiof;,; = u(X,)/u(X,), which is measured at the positioXg andX,. These new
positions deviate only slightly from the original positions.

To find the transfer functiom ,,, the transfer functioii,,, needs to be "shifted” as if it would be determined
at the positionx; andx, instead ofX; andX,. To find the way how to shift the transfer function, the
acoustical impedance at a common reference section is considered.

The transfer functiof,; equals:

Z, coswt, + jZ,sin ot

To1= s 11
P2l 7, coswt, + jZy sinwt, b
In the same way, the transfer functidg,, between the pressures at the positigpandX; equals:
Z cosoT,+jZ,sinwT.
TP21 _4d 2 0 2 (12)

Z cosoT,+jZysineT,
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The reference section is identical in the two cases. Consequently, the acoustic impgdanequal in
equation (11) and (12). Eliminatirg /(jZ,) from equation (11) and (12) yields:

— 13
P2l sinw (t; —T,) — Topy SIN@ (1, — T)) (13)
With Ty = Tjpy 6 andTpy, = Ty, 6, equation (13) becomes ultimately:
1(sino(t,-T,) —Ty,osinwt,—T,)
To1= 3% : - (14)
o\sinw(t;—T,) —Ty,n0sinw(t,—T,)
Introducing equation (14) in (10) and solving #d1yields:
T 2\ Tpmsinot,—T,)  Ty,ysnot,—T,)
(15)

Tuesine(t,—T)  Tyysine(t,—T, T2 Ty Sino (t, —Ty)

iJ( sino(t,—T,) | sino(,—T,) ))2_4 sinw (t,—T,)

The correction factod is complex and frequency dependent. The correct sign of the square @aeeds
to be determined on physical basis. It can be selected by inspecting the glot tdfrms of frequency.

Finally, the unknown impedance will be determined using:

sinot; —T,;,0 sinwt,

Z =
= 0 coswt, — T, 8 coswt,

(16)
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Figure 8: Calibration result of the pressure sensors using the travelling times between the sensor positions
and the reference section, based on equations (7), (8) and (15).

Figure 8 shows the correction factdrobtained using this procedure. It is improved compared to figure 6.
The resulting acoustical impedance of the closed duct is presented in figure 9. Now, the resulting impedance
is higher than the impedance obtiained with the ISO 10534-2-procedure (see figure 7). The range wherein the
unknown impedance can be measured within 40 dB ar@yns now expanded to 1kHz. However, further
refinement of the calibration is necessary if the frequency range needs to be expanded to 10 kHz.
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Figure 9: Resulting closed duct end impedance using the calibration data displayed in figure 8.

3.3 Refining the sensor position calibration

In most cases, the travelling timgst,, T, andT, are still not sufficiently accurate when determined from

the equations (7) and (8). The impedance is extremely sensitive to errors in the travelling times. Therefore,
the acoustical impedance of the closed duct itself will be used to refine these travelling times. The transfer
functions or the reflection coefficient are not sufficiently sensitive to refine the travelling times.

X2

X2

Figure 11: The situation wherein the travelling tigavill be corrected.

The refining of the travelling times can be excecuted for each travelling time separately. Figures 10 and 11
present the situations wherein respectively the travelling tipaadt, will be corrected. When a pressure
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maximum occurs at one of the microphone positions, the gradient of the pressure is zero and a small deviation
of the microphone position does not affect the accuracy of the result. The other microphone position, where
the gradient is generally not zero, determines fully the observed impedance. At the frequencies where this
phenomenon occurs, the deviation of the microphone position can be accurately determined. In the case
where the pressure maxima occurs at the two microphone positions simultaneously, this appraoch will fail.
So, at the design stage of the measurement wave guide, the positions of the microphones and the reference
section may not be equidistant.

The correction of the travelling timg will be determined when a half wave length stands at posKidsee
figure 10):

n
El:x[+m%zx2 n=123,... (17)

whereAx, is the deviation tx, and is very small. The frequency where this situation occurs is:

f,=— n=123,... 18
2 2'[2 n ) ?37 ( )
In the same way, the frequency where the correction of the travellingdjmal be determined will be:
f— L n-123 (19)
1— 2_.[1 T ey Dy

At these distinct frequencies, the distance between the two microphones is virtually correct, because a small
deviation of the position of the microphone at the pressure maximum does not affect the calibration accuracy.
As aresult, a load impedance appears at the reference section which is composed of the hard wall impedance
and a short piece wave guide with lendth (Ax,; at frequencyf, andAx, at frequencyf;) The impedance in

this situation is equivalent with the circuit presented in figure 12. As the impedance of a hard wall approaches

Zo, Ax

Figure 12: Equivalent circuit to determine the impedaHAcef a piece wave guide with a lengtkx con-
nected to the hard wall impedanzg.

infinity, the impedance found at the reference section at angle frequaney2  f, will be:

Z,

When evaluating the impedance obtained from equation (20)far n = 1, the correction on the travelling
timet; will be:

t, Zy
T, = = arctan-—- 21
' iz, D)
In the same way, the correction on the travelling tiwill be:
ty Zy
= —arctan-—- 22
= Z (22)

This correction of the travelling times can be repeated until the required accuracy has been obtained.
In the same way, the travelling tim&g andT, will be corrected.
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3.4 Calibration procedure

The procedure is excecuted as follows:

1. The travelling times; andt, will be estimated from the first pole and zero of the measured transfer
function T, andT, andT, from the first zero and pole of the measured transfer funcfjgn using
equations (7) and (8).

2. The calibration factod will then be estimated from the transfer functiofg, andT,, using equa-
tion (15).

3. Then the refining proces starts with above data as input. Subsequently, the corretfiamaty is
calculated using equations (21) and (22) respectively. Also the correctidneonT, is calculated us-
ing the same equations. Then the transfer functigpsandT,,,, are re-calibrated using equation (15).
This proces is repeated until the travelling times and the sensor mismatch calibration have reached the
required accuracy.
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Figure 13: Calibration result of the pressure sensors after refining the sensor distances.
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Figure 14: Resulting closed duct end impedance using the calibration data displayed in figure 13.
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Figure 13 shows the calibration result after applying the procedure, where the travelling times have been
converged within 108, The resulting impedance is displayed in figure 14. Now, it is possible to measure a
load impedance whithin 60 dB range aroufydover the whole frequency range from 10Hz to 10kHz.

The next step will be the experimental verification of this calibration procedure.

4 Conclusion

This theoretical investigation about the calibration of the two microphone transfer function method leads to
the following conclusions:

e The accuracy of the calibration method described in the 1SO-10534-2 standard is not sufficient for
impedance measurements in most applications.

e The improved method has eliminated the speed of sound and replaced it by the travelling times the
waves need to travel from the microphone position to the reference section. The measurements of
ambient temperature and atmospheric pressure have become superfluous.

e The deviations in position which occur by interchanging the pressure sensors when calibrating the
sensor mismatch has been taken into account.

e Arefinement procedure for accurate sensor position determination has been proposed. This procedure
allows to iterate the sensor positions until the required accuracy has been obtained.

As result, acoustical impedance can be measured accurately in a wide frequency range.
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