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In the context of the development of MEMS microphones designed for the measurement of high frequency waves
and weak shockwaves in air, it is necessary to define new calibration methods in order to estimate accurately the
frequency response of new sensors. For this purpose, we will present the principle of a calibration method based
on the measurement of weak shockwaves generated by a spark source. The influence of the sources of error will
be discussed. To demonstrate the interest of the method, measured responses of 1/8” microphones will be given
for various mountings. This work is supported by French National Agency (ANR 2010 BLAN 0905 03) and by
French/Russian International Program for Scientific Cooperation PICS (RFBR 10-02-91062/CNRS 5063)

1 Introduction

Different calibration methods are used to calibrate con-
ventional condenser microphones, based on the use of either
a reference microphones (in a coupler or in free field), an
electrostatic actuation of the membrane, or a pistonphone ac-
tuation. These methods are limited to frequencies up to tens
of kHz, above which the hypothesis of a uniform pressure
applied on the membrane is no more satisfied. In addition,
methods based on the electrostatic actuation ot the mem-
brane can be performed only with condenser microphones,
and do not applies to piezoelectric or piezoresistive sensors.
Most conventional calibration procedures also need to ac-
count for geometrical and mechanical parameters of the mi-
crophone. Once the microphones have been calibrated, if
a special mouting is used then the microphone response at
high frequencies is changed, and the frequency response has
to be modified using generic corrections. For example some
microphone manufacturers provide correction curves at high
frequencies to account for the influence of the protection grid.

The present work has been motivated by experimental
works on nonlinear propagation of shock waves in complex
media, which are based on the use of spark sources [1, 2]
This kind of source generates wide band N-waves with front
shocks shorter than 1 us. To perform such experiments, it
is needed to caracterise accurately the frequency response of
1/8” microphones at high frequencies for different mount-
ings (with or without the propagation grid, mounted in a baf-
fle, etc.) [3]. For this reason, we have developped a calibra-
tion method based on the measurement of N-waves gener-
ated by electric sparks. This kind of source, used in nonlin-
ear sound propagation experiments, has been studied exper-
imentally and theoretically [4, 5, 6]. It generates spherical
pressure N-waves with duration of the order of 30 us, front
shock rise time of the order of 0.1 us, and peak pressure level
of the order of 2000 Pa at 15 cm. Such waves have signif-
icant energy up to 1 MHz, thus it appears that this kind of
source can be used to calibrate high frequency MEMS mi-
crophones. Some authors have already used spark sources
and nonlinear propagation effects to estimate the sensibility
of high frequency microphones [4, 7], however, they have not
estimated their frequency response. In this paper, we show
that the high frequency response of microphones can be es-
timated from the output voltage resulting from the excitation
by the spark generated N-wave without any assumption on
the microphone geometry, and for any kind of microphone
(condenser, piezoelectric, piezoresistive, ...).

In order to show that the method can be applied to high
frequency microphones, the method will first be detailed by
simulating the calibration procedure applied to a wide band
microphone with a resonant frequency of 300 kHz and a low
frequency sensitivity of 1 mV/Pa. Then experimental results
will be given for the case of a 1/8” Briiel and Kjar condenser
microphone.
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2 Method
2.1 Setup

The method is based on the measurement of high pressure
level N-waves generated by a spark source. Such source can
be either a laser or an electric spark source. We assume that
this kind of source has a good reproducibility, and that it can
be considered at first approximation as a point source that
generates spherical wavefronts. A microphone is placed at a
distance r from the source which has to be much larger than
the wavelength (figure 1). The output voltage V() resulting
from the pressure wave is recorded by the microphone (with
its appropriate preamplifier) that has to be calibrated.

microphone
spark source

Figure 1: The calibration method is based on the
measurement of N-waves at distances r from tens of
centimeters to 1.5 cm from a spark source.

In the case of the pressure N-wave plotted in black in
figure 2, if a microphone with the frequency response given
in figure 3 and a sensitivity of 1 mV/Pa is used, the output
voltage V(¢) has a distorded shape with oscillations that ap-
pears because of the second-order low-pass filtering by the
microphone. Another consequence of the low-pass filtering
is the huge overestimation of the rise time of the shock, since
the voltage rise is mostly governed by the microphone’s rise
time, and not by the actual pressure rise [6]. Starting from
this point, it is considered that both the pressure wave and the
microphone response are unknown, and that only the output
voltage (the red curve in figure 3) has been recorded at in-
creasing distances r from the source. The closest distance to
the source is named ry. The N-wave pressure level is char-
acterized by the positive peak pressure named P,,,,. The du-
ration is characterized by the time named “half duration” T
defined as the time interval between the middle of the front
shock and the zero pressure time at the middle of the wave.
At r = ry, the positive peak pressure is named Py, and the
half duration is named T,. Note that the half duration is re-
lated to the lowest frequencies of the N-waves, which fall in
the frequency range where the sensitivity of the microphone
is almost constant. Then it could be assumed that the half du-
ration can be estimated directly from the voltage waveform.
However, due to both the increase of the rise time and the os-
cillations induced by the low-pass filtering, the half duration
can not be estimated correctly from the voltage waveform in
time domain. A more suitable method is to estimate the half
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Figure 2: Waveforms and corresponding spectra at 356 mm
from the spark source. Blue line: Pressure waveform; Red
line: microphone output (microphone frequency response

given in figure 3).

duration of the N-wave using its spectrum. As shown in fig-
ure 3, the first minima in the pressure and the voltage spectra
occur at the same frequencies. Since the frequency of these
minima is known for a given waveform (here an N-wave),
and since these frequency values depend on the duration of
the N-wave, then the half duration can be deduced from the
analysis of the spectrum more accurately than from the (dis-
torded) voltage waveform.

2.2 First step: from the voltage to the pressure
atr=ry

If a laser or electric spark source is sufficiently power-
ful, it can generate pressure waves of the order of 2000 Pa
or more at 15 cm with a good reproducibility. With such
pressure levels, sound propagation is nonlinear, and the du-
ration of and N-wave increases with the distance from the
source while the peak pressure decreases. The increase of
the duration also depends on the initial pressure level. For
a spherical N-wave, weak shock theory gives the following
evolution law for the half duration:

T(r) = To |1 + o ln(%)

oo = (y + DroPo/(2yPamcoTo)

where v = 1.4 is the ratio of specific heat for gas, Py, =
10° Pa is the atmospheric pressure, and ¢y is the sound celer-
ity. The coefficient oy shows the dependance of T to the
initial peak pressure at r = rp. In order to obtain the coeffi-
cient oy from which the pressure level Py can be estimated,
pressure waves are measured for increasing distances r by

with

23-27 April 2012, Nantes, France

[H(®)] [dB]

phase [rad]

10 10
frequency [Hz]

Figure 3: Microphone frequency response. Top: Amplitude
response in dB ref. 1 mV/Pa, bottom: Phase response in rad.

the microphone that has to be calibrated, and the voltage sig-
nals V(t, r) are recorded. Then the duration 7'(r) is estimated
from the spectrum of V(¢, r). To obtain the coefficient o, the
parameter (7/To)? — 1 is plotted as a function of In(r/ry), as
done in figure 4. The coefficient o7 is the slope of the linear
function. Note that the uncertainty is here due to the error
in the estimation of the frequency of the minima in the spec-
trum. Once the coefficient o is obtained, the peak pressure
level Py is obtained using equation 2.2 as follows:

002YPamcoTo
(y+ Dro

0 =

At this point, the half duration Ty and the positive peak pres-
sure Py at the distance r are known. Some authors have used
this method to estimate the sensitivity of microphones, how-
ever, they assumed that the response of their microphones
was flat over the measuring range, which was not the case
as some oscillations can be seen on their recorded wave-
forms [4, 7].
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Figure 4: Plot of the volution of the half duration T with the
propagation distance in order to estimate the initial pressure
level at the distance ry.

2.3 Second step: frequency response

Assuming that the waveform is an N-wave or any known
pressure waveform close to an N-wave, the frequency re-
sponse of the microphones can be deduced by comparing the
theoretical spectrum of the pressure N-wave P,(f, r) and the
voltage spectrum V(f,r). A frequency response estimated
as the ratio H(r, ) = V(f,r)/Pu(f,r) with r = 356 mm is
plotted in figure 5. It can be seen that the response fits well
the response of the microphone amplitude. However, some
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errors occur at the frequencies that correspond to the min-
ima in the amplitude spectrum because these frequencies for
the pressure and the voltage spectra do not perfectly match.
In order to estimate more accurately the response at these
frequencies, the frequency response can be estimated from
the spectra measured at different distances r. The interest is
that the frequencies that correspond to the minimum values
of the amplitude spectrum are shifted due to the lengthening
of the wave induced by nonlinear propagation. This allows
to obtain the frequency response for all frequencies. Using a
series of estimated responses H(f,r) = V(f,7)/Pu(f,r) ob-
tained for 15 distances r from 20 cm to 1.5 m, the frequency
response given in figure 6 is obtained. The resulting estima-
tion of A(f) is compared to the frequency response defined in
figure 3. The estimated response is close to the microphone
response with an error of less than one dB up to 100 kHz,
and less than 1.5 dB above 100 kHz. The main source of
error in this example is the estimation of the initial pressure
wave parameters Py and T from the filtered waveforms.
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-
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10*
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Figure 5: Frequency response H(r, f) = V(f, r)/Pu(f,r)
estimated from measured and simulation data at the distance
r = 356 mm from the spark source.
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Figure 6: Red line: Amplitude of the frequency response
|H( DI =1V()/Pun(f)| obtained from a series of recordings
at 15 different positions r. Black line: target response |H(f)|
given in figure 3.

2.4 Accuracy of the method

A detailed study of the sources of errors is not given
here, but some limitations are listed below. The proposed
method is based on the hypothesis that the acoustic source
is a point source that generates spherical waves. This hy-
pothesis is valid only if the propagation distance r is much
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longer than the source dimension, which is of the order of
the spark gap. The pressure level must be sufficiently high to
induce lengthening of the wave due to nonlinear propagation.
The method is based on the knowledge of the initial wave-
form. In the example given in previous section, the wave is
assumed to be an N-wave. For a real spark source, a pre-
liminary study has to be done in order to estimate the initial
wave parameters (waveform, shock rise time, peak pressure
and duration). For this purpose, optical methods can be used.
Fluctuations of the peak pressure and of the duration from
one spark to another induce errors in the estimation of the
amplitude response. The phase response is in addition very
sensitive both to the accuracy of the source position, which
can vary slightly from one spark to another, and to the tem-
perature value, which influences the travel time of the wave.
Finally, the signal to noise ratio limits the accuracy of the
estimation of the frequency response at high frequencies.

3 Application to the calibration of 1/8”
condenser microphones

The method described in section 2 has been applied in
order to calibrate a BrAzel and Kjar 1/8 inch condenser mi-
crophone type 4138 (with its preamplifier) which has been
flush-mouted in a baffle, without its protection grid, in order
to postpone the diffracted wave. The main difference com-
pared to the procedure described in section 2 is the initial
waveform, which is not exactely a symmetric N-wave. It has
been estimated using an optical method, based on the analy-
sis of shadowgrams obtained using Schlieren technique. The
result of the calibration process is given in figure 7. Since, at
first approximation, the incident wave can be considered as a
uniform pressure applied onto the membrane, the estimated
frequency response (black line) can be compared to the elec-
trostatic actuator response given by the manufacturer in the
calibration chart. The two responses do not perfectly match,
which is due to both uncertainties, differences in mounting,
and filtering by different amplifiers, but the resonance fre-
quency and the cut-off of the microphone’s frequency re-
sponse are well predicted, which demonstrates the interest
of the method for the calibration of new sensors for which
standard methods do not yet apply. In addition, the “low fre-
quency” sensitivity of microphone (with its preamplifier) ob-
tained using the present method (§ = 0.76 mV/Pa) is close
to the open-circuit sensitivity given by the manufacturer for
this microphone (spx = 0.82 mV/Pa), which also validates
the method.

4 Conclusion

It has been shown that a calibration method based on an
N-wave source can be used to obtain the frequency response
of microphones at frequencies up to hundreds of kHz, with-
out any assumption on the microphone mechanical or acous-
tical parameters. This method allows to estimate directly mi-
crophones frequency responses for different mountings (with
or without grid, flush mounted in a baffle, etc.). It can be ap-
plied to any kind of sensor, wathever the trandsuction prin-
ciple (capacitive, piezoresistive, etc.). This offers the op-
portunity to calibrate high frequency microphones, including
MEMS microphones.
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Figure 7: Frequency response of a 1/8 inch condenser
microphone (dB, ref. low frequency sensitivity). Black line:
estimated frequency response using the proposed method.
Blue dash line: frequency response from the calibration
chart (electrostatic actuation method).
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