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Typically, numerical calculations of the pressure, free-field and random-incidence response of a condenser mi-
crophone are carried out on the basis of an assumed displacement distribution of the diaphragm of the micro-
phone; the conventional assumption is that the displacement follows a Bessel function. This assumption is
probably valid at frequencies below the resonance frequency. However, at higher frequencies the movement of
the membrane is heavily coupled with the damping of the air film between membrane and back plate, and with
resonances in the back chamber of the microphone. A solution to this problem is to measure the velocity distri-
bution of the membrane by means of a non-contact method, such as laser vibrometry. The measured velocity dis-
tributions can be used together with a numerical formulation such as the Boundary Element Method for estimat-
ing the microphone response and other parameters such as the acoustic centers. In this work, a hybrid method is
presented. The velocity distributions of a number of condenser microphones were measured using a laser vi-
brometer. This measured velocity distribution was used for estimating the microphone responses and parameters.
The agreement with experimental data is good. This method can be used as an alternative for validating the pa-
rameters of the microphones determined by classical calibration techniques.

sure sensitivity of the microphone, M,, can be determined

There have been some attempts to solve the coupled model
of a condenser microphone numerically [6-8]. However, to

determine the velocity of the membrane has proven to be an I
T rad T
P

solution which consists of measuring the velocity of the Be l

membrane of the microphone using a non-contact method: i
a laser vibrometry, and to use these measurements in a nu-
merical model of the microphone [9].

c)

elusive task. Behler and Vorlidnder proposed an alternative

from:
1 Introduction " q
M, =t = e (1)
p i
The numerical calculation of pressure, free-field, and ran- ) o )
dom-incidence responses of microphones has become a where u; is the open-circuit voltage, g, is the volume
popular method for validating results obtained experimen- velocity under no acoustic load condlt{ops, p is the pres-
tally. Furthermore, numerical calculations are used some- sure on the acoustic terminals, and 7 is the current. A
times to complement experimental results at frequencies graphlc. representation of the network of the microphone is
where the experimental methods might yield unreliable shown in Fig. 1.
results [1-5]. a)
However, the numerical calculations are carried out under T —g— -—i—
a number of assumptions that are not always fully realistic. Pi u
While complex geometries and configurations can easily be 4 ;
simulated, other parameters such as the velocity distribution
of the membrane of a microphone are assumed to have a b)
yvel} defined analytical form. However, experimental results Tﬁ -
indicate that the velocity of the membrane may have an- z..|p M
other quite different shape.
—-+—f——
u

Figure 1. Network representation of a microphone: a)
unloaded microphone; b) microphone as a sound source;

This paper presents an investigation on the possibility of and c) microphone as a receiver.

using the measured velocity of the membrane of a micro-
phone for the determination of quantities of the microphone
by means of a hybrid numerical-experimental method. The
velocity of the membrane of different types of microphones
was measured using a laser vibrometer. This velocity was
used in a Boundary Element Method (BEM) model of a

If the microphone is acting as a sound source, the ratio of
the volume velocity to the current will be affected by the
load of the radiation impedance:

microphone as a boundary condition at the membrane of the q Z,

microphone. The acoustic centers, free-field corrections, _7 =M, ﬁ’ @)
pressure sensitivities, and directivity indexes of some types a Trad

of microphones were calculated from using the estimated where Z, is the acoustic impedance of the microphone, and
pressure on the membrane and on the sound field surround- Z..q 1s the radiation impedance.

ing the microphone.
2.1 Acoustic center

2 Theoretical background

The concept of acoustic center has been widely used in the
development and practical realization [10-13] of free-field

A condenser microphone is a reciprocal transducer the be- reciprocity calibration of microphones. The acoustic center
havior of which can be defined in terms of the equations of Of a microphone is deﬁned as follows: "For a Sound emit-
a four port electro-acoustic network. The open-circuit pres- ting transducer, for a sinusoidal signal of given frequency

and for a specified direction and distance, the point from
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which the approximately spherical wavefronts, as observed
in a small region around the observation point, appear to
diverge” [13].

The discussion may be simplified if the microphones are
regarded as axi-symmetric sources observed from positions
on the axis of symmetry. Under this assumption, the acous-
tic center must be somewhere on the axis. If the amplitude
of the sound pressure is plotted as a function of the dis-
tance, a straight line can be fitted over the region of con-
cern. Thus, the position of the acoustic center, x(k, r), can
be determined using the following expression

w(kr)=r+|p(r)/(@lp () or). ®

where k is the wave number, r is the axial distance from the
diaphragm of the microphone, p(r) is the sound pressure as
a function of distance, and the rate of change, 6| p | / or,
must be estimated by any available means, for example by
using least squares fitting [3].

2.2 Free-field correction

The free-field correction, Cy, is defined as the logarithmic
ratio of the free-field sensitivity to the pressure sensitivity:

c. :101og{|Mff|2 /|Mp|2}, o

where My is the free field sensitivity, and M, is the pressure
sensitivity of a microphone. Alternatively, the free-field
correction can be also calculated using [1]

Cy =2010g,, {[(p(r)/py)-v(r)rdr/[v(r

where p(r) is the pressure on the membrane as a function of
the radius r, v(r) is the velocity of the membrane as a func-
tion of r, and py is the undisturbed incident pressure. The
calculation of the pressure is carried out using an iterative
procedure that involves the estimate of the acoustic imped-
ance of the microphone by means of any available method.

rdr} ®)

2.3 Directivity Index

The directivity factor, Q, at the frequency f is defined as
[14]:

Az|H (1,600 )

JOZ”I0”|H(f’ 0,¢)|2 sin 8d6d ¢ ’

where H(f, 6, ¢) is the frequency response at the frequency f
and the angles @ and @. The index 0 indicates the axial di-
rection. Assuming that the microphone is rotationally sym-
metrical, and substituting the integral by discrete series, Eq.
(6) simplifies to

o(f)=

(6)

2|1 (1.6,
“E (s 9| sin@ AQ

o(f)= @)

H/AH

The directivity index, D, is the directivity factor expressed
in logarithmic fashion, i.e.,

D =10logQ. )]
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3  Experimental setup

The velocity of the membrane has been measured using a
laser vibrometer Polytech XXXX. The microphone mem-
brane was excited using a reciprocity apparatus, Briiel &
Kjar type 5998. The voltage on the terminals of the refer-
ence impedance on the transmitter unit, Briiel & Kjer type
ZE0796, and the output of the vibrometer was measured
using a Briiel & Kjar PULSE analyzer. Figure 2 shows a
block diagram of the measurement setup. Figure 3 shows a
picture of the vibrometer and the microphone mounted on
the positioning rig.
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Figure 2. Block diagram of the measurement system.

Figure 3. Picture of the measuring setup. The laser beam
was measuring the velocity at a point on the membrane.

The signal used for exciting the microphone was pseudo-
random noise with a bandwidth of 25.6 kHz, and 6400
lines. The laser vibrometer can measure up to 24 kHz. Sev-
eral types of microphones were measured: 1-inch and Y-
inch Laboratory and Working Standard microphones (LS1,
WSI1, LS2 and WS2, respectively). Additionally, a set of
special condenser microphones was examined. The geome-
try of the special microphones are similar to a one-inch
Working Standard microphone (WS1). However, these mi-
crophones do not have holes or slits on the back-plate.
Therefore, the damping is larger than in a typical WS1 mi-
crophone.
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4 BEM modeling

The geometry used in the BEM calculations is shown in
Fig. 4. The semi-infinite rod was approximated using a cy-
lindrical rod with a length of 60 cm with a hemispherical
back-end. This will introduce a small disturbance in the
simulated results because of the reflections from the back of
the rod. However, because of the length of the rod, they are
expected that to have a small amplitude. The frequency
range used in the calculations is from 1 kHz to 20 kHz for
LS1 microphones and from 2 kHz to 40 kHz for LS2 mi-
crophones. The size of the smallest element in the axi-
symmetric mesh is 2.5 mm and 1.5 mm for LS1 and LS2
microphones respectively. Thus, there will be at least 4
elements per wavelength at the highest frequency.
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Figure 4. Geometry of LS1 and LS2 microphones used in
the simulations.

In order to avoid the non-uniqueness problem a random
CHIEF point has been added in the interior of the geometry
as described in reference [15], and the calculation have
been checked by determining the condition numbers of the
BEM matrices [16] and by repeating calculations with
small frequency shifts.

Depending on the quantity to be determined, the micro-
phone acts as receiver or as a source. When the microphone
acts only as a source, the radiation problem is solved by
assigning the measured velocity to the membrane of the
microphone. In the scattering problem, the structural cou-
pling between the membrane and the scattered sound field
is solved using a iterative procedure.

5 Results and discussion

5.1 Movement of the membrane

Figures 5 and 6 show the results of the velocity of the
membrane of two different types of microphones at differ-
ent frequencies.

It can be seen in Fig. 5 that the shape of the movement of
the membrane of an LS1 microphone is similar to a parab-
ola at frequencies below 5 kHz. Above that frequency and
around the resonance frequency, the shape deviates from
the assumed parabola. This departure becomes more obvi-
ous at higher frequencies. From 14 kHz and above, the cen-
ter of the membrane flattens, and no longer looks as a pa-
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rabola, nor as any other analytical shape. It is apparent that
above 20 kHz, the center of the membrane does not move
as much as a rim between the center and the fixed perimeter
of the membrane. The velocity profiles are the result of the
interaction between the membrane and the backplate of the
microphone. The positions of the maxima coincide with the
position of the holes and the recess on the backplate.
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Figure 5. Velocity of the membrane of a LS1 microphone at
several frequencies.
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Figure 6. Velocity of the membrane of a LS2 microphone at
several frequencies.

The movement of the membrane of an LS2 microphone
shows a different behavior (Fig. 6). It can be seen the
shape is more regular in the same frequency interval, even
around the resonance frequency (approximately 18 kHz).
Only above the resonance frequency, the shape seems to
flatten slightly.

From the above results, it seems to be difficult to make any
a-priory assumption of the movement of the membrane
above the resonance frequency of the microphones.



5.2 Pressure sensitivity

Figure 7 shows the normalized pressure sensitivity of one
of a LS1 microphone compared with the experimental re-
sponse obtained using the reciprocity technique.

Mormalized sensitivity (dB)

15 R IR
10°
Frequency (Hz)

Figure 7. Normalized pressure response of a LS1 micro-

phone. Dashed line: estimate obtained from reciprocity;

solid line: estimate from the hybrid method; dash-dotted
line: difference between estimates.

The difference between the responses is caused by the load
of the radiation impedance on the acoustic impedance of the
microphone (see Eq.(2)). This difference coincides with the
difference observed in the literature [17].

5.3 Acoustic center

Figure 8 shows the acoustic center of an LS1 microphone
determined from numerical BEM calculations using a para-
bolic, a Bessel like function and the measured velocity dis-
tribution. The results are compared to data obtained ex-
perimentally from reciprocity measurements.
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Figure 8. Acoustic center of a LS1 microphone. Solid line:
experimental estimate; line with square markers: numerical
estimate assuming a Bessel-like movement; line with circu-
lar markers: numerical estimate obtained assuming a uni-
form velocity; and line with star-markers: estimate from the
hybrid method.
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It can be seen in figure 8 that the agreement between meas-
ured data and the BEM calculations using the measured
velocity distribution is extremely good in the whole fre-
quency range. This result suggests that the sound field cal-
culated using the hybrid method is more accurate than cal-
culations based on any other assumption, especially at high
frequencies.

5.4 Free-field correction

Figure 9 shows the free-field correction of LS1 and LS2
microphones determined experimentally, and using the hy-
brid method.

11 i A S A

10+

Free-field correction (dB)

= o e e e e ] e

Frequency (Hz)

Figure 9. Free-field correction of LS1 microphones. Solid
line: estimate from the hybrid method; dashed line: experi-
mental estimate; line with circular markers: numerical esti-
mate assuming parabolic movement; line with dot markers:

numerical estimate assuming uniform movement.

The agreement between the experimental result, and the
estimate obtained with the hybrid method is not very good
around and above resonance frequency. The reason for this
can be that in order to determine the correction, one has to
use values of the acoustic impedance of the microphone. In
this case, a lumped-parameter approximation was used.
This approximation is limited to frequencies below the
resonance frequency, therefore this approximation is de-
grading the results of the hybrid method.

5.5 Directivity Index

Figure 10 shows the directivity index of LS1 and LS2 mi-
crophones. It is also evident from the figure that the direc-
tivity index calculated with the measured velocity distribu-
tion follows the experimental estimate better. This is par-
ticularly clear for the case of the LS1 microphone, in which
the experimental index shows a change of slope around 15
kHz. This behavior cannot be obtained using a parabolic
movement in the simulations.

In the case of the LS2 microphones, the difference between
the experimental and the hybrid method coincide very well
up to 20 kHz. Nothing can be said at higher frequencies
because these frequencies lie outside the measurement
range of the laser vibrometer.
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Figure 10. Directivity index of LS1 and LS2 microphones
determined experimentally, and with the hybrid method.
Solid line: Experimental LS1; line with circular markers:

hybrid method; line with solid circular markers: numerical

assuming uniform movement; line with star markers: hybrid
method; line with diamond markers: numerical assuming
uniform movement.

6 Conclusions

The velocity of the membrane of different types of micro-
phones measured with a laser vibrometer indicates that no
general assumption can be made for the behavior of all mi-
crophones. The preliminary results of the pressure sensitiv-
ity, the acoustic center, the free-field correction, and the
directivity index obtained with the hybrid method are in
good agreement with the experimental results obtained by
traditional methods when the quantity in question is deter-
mined directly. Therefore, the hybrid method can be used
for validating new experimental setups. Furthermore, the
results of the hybrid method can be used in production en-
vironments to check the responses of a prototype micro-
phone without the need of a complete calibration setup.
However, the hybrid method is not a substitute of an indi-
vidual calibration of a particular transducer.
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