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Abstact

Due to the current trend of smartphones with audio-
related applications, there is an increasing demand for
consistent microphone recordings across device types
with a comparably large uncertainty (2 — 3 dB) of the
sound pressure level at the microphone. One of such ap-
plications is the measurement of speech intelligibility in
real life. However, the calibration of smartphone micro-
phones is still an unsolved issue. One possible solution
is to use environmental sounds as a reference calibra-
tion level. This contribution considers the application of
freely available Helmholtz resonators as reference whis-
tles for a rough sound level calibration. The reliability of
these whistles as a reference sound source is influenced
by the maximum possible sound pressure level that can
be produced. It only depends on the geometry of the de-
vice. We show that these whistles can be used to define
a consistent sound pressure level reference, independent
of the whistler, and discuss ways of mitigating the re-
maining level uncertainty caused by variations in skill of
whistlers and the effect of background noise. In compar-
ison to other possible ways of level calibration estimates
for smartphones (e.g., level of own voice, level of com-
mon environmental sounds), the current method appears
to be reliable and easily reproducible everywhere where
beer bottles with defined dimensions are available.

The meaning of calibration in audiology
Reproducible measurements and knowledge about their
uncertainties form the basis of any quantitative analy-
sis. This is not only true for measurements in laboratory
conditions: the fields of mobile health and citizen sci-
ence have gained increasing attention in the last years
as mobile devices with appropriate sensors and power-
ful processors are readily available. Depending on the
application, requirements on accuracy may vary over or-
ders of magnitude. This article will deal with the lowest
order approximation to a calibration of acoustic sensors
such as integrated microphones of mobile devices with
empty bottles and report an estimate of the achievable
measurement uncertainty.

The calibration of a measurement setup is always based
on a comparison to at least one known specimen (i.e.,
reference) and aims to make the numerical output of
the measurement independent of the used measurement
setup. For the calibration of microphones, this is typi-
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cally achieved by a device which can produce a reference
sound of known frequency and level, when the micro-
phone is coupled to the sound source in a reproducible
way. The numerical output of the measurement setup
containing the microphone is then mapped to the known
level and frequency. In general, many reference devices
with all frequencies and levels of interest are required to
define the mapping between numerical output and ref-
erence values. However, this may be impractical for the
purpose of the required accuracy.

A common approach is to assume a proportionality be-
tween numerical output and sound pressure level: a linear
relationship is the first order approximation for a small
range around the known reference. Further simplifica-
tion can be achieved by assumptions about the micro-
phone, which is to be calibrated. In general, this is an
assumption about the frequency response and directivity
of the microphone. The assumption is typically based on
a datasheet which reports the outcome of a more thor-
oughly calibration, provided by the manufacturer of the
microphone. If the frequency response is approximately
constant for all frequencies of interest, the sound pressure
levels are in a linear regime of the microphone and the
direction of the microphone is fixed (or omnidirectional),
only one comparison to a known level is required to cal-
ibrate the measurement setup through a proportionality
constant. If levels are calculated in dB, the proportional-
ity constant turns into an additive value, also known as
calibration offset.

While the uncertainties which are caused by assumptions
about the measurement setup are difficult to quantify,
uncertainties caused by the reference are easy to control.
The measurement uncertainties in dB are equal to the
uncertainties of the calibration offset, if no other uncer-
tainties are accounted for. So, reducing the uncertainty
of the reference level directly reduces the uncertainty of
the measurement. This is why reference sound sources
are optimized to report very small uncertainties. Un-
certainties which are caused by the calibration offset are
systematic, which means that the uncertainties of two
different measurements are correlated. This way, differ-
ences between two measurements are not influenced by
uncertainties of the reference (but by, e.g. assumptions
about linearity between sound pressure level and mea-
surement readings).

Uncertainties are commonly reported as a multiple of the
standard deviation o to define the confidence interval.
For high precision devices, 60 are commonly reported.
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In this contribution, the standard deviation is reported
without any multiplication, which corresponds to ~ 68%
confidence interval.

The aim of this contribution is to present a low cost,
easy-to-use method to estimate a calibration offset (in
dB) for sound level measurements and to quantify its
uncertainty.

State of the art

[5] reported a calibration estimation method involving
speech production with a reported uncertainty of 3-4 dB
standard deviation, also found by [12]. This relatively
small uncertainty is only caused by variation between
speakers and does not take into account background
noise, as speech production is dependent on background
noise via the Lombard Effect [7]. [5] also showed that hu-
man rating of loudness has an uncertainty of 6-7 dB stan-
dard deviation for normal hearing subjects. In a compar-
ison of uncalibrated level meter applications with refer-
ence sounds, [6] found deviations of the reported level
from calibrated equipment of up to 15 dB and concludes
that uncalibrated smartphone microphones can not be
used for sound level measurements. [4] defines a calibra-
tion procedure with coins in a metal can, but only re-
ports an uncertainty estimate, which does not take into
account effects of different shaking methods.

Maximum achievable sound pressure level
on bottles

The proposed method for the definition of a reference
sound level is based on a fundamental limit for the maxi-
mum sound pressure level that can me achieved by blow-
ing on a bottle. For a more thoroughly treatment of
turbulent air-stream driven Helmholtz resonators, refer
to [3, 2, 1]. Qualitatively, the bottle-whistle can be de-
scribed by a Helmholtz resonator with resonances of fi-
nite width due to damping, which is driven by an inde-
pendent oscillating air-stream at the opening of the bot-
tle. When blowing at the edge of the bottle opening, the
air-stream produces periodic vortices that travel as pres-
sure fluctuations inside the bottle. The frequency of the
fluctuations is connected via the dimensionless Strouhal
number to the velocity of the air-stream, while the ex-
citation amplitude for driving the Helmholtz resonator
is approximately proportional to the air-stream velocity
as well. This means, that for a given Strouhal number
only one air-stream velocity, and thus excitation ampli-
tude, matches the resonance condition of the bottle. The
Strouhal number depends on the geometry of the bottle
mouth as well as the shape of the air-stream. Since the
sound pressure level that can be produced has a max-
imum for all Strouhal numbers and assuming that the
Strouhal number can only vary over a finite range with
the shape of the air stream, there must exist a maximum
possible sound pressure level that can be produced by
blowing on a bottle.

The remaining question is whether humans who blow on
a bottle are able to optimize their blowing technique suffi-
ciently well to achieve this maximum. For the purpose of
generating the maximum possible sound pressure level,
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it is not important to produce stable sounds, as short
durations of optimal blowing conditions are sufficient to
produce the required sound pressure level.

Method

The diagram in figure 3 shows the working principle of
the proposed method. A Python implementation can be
found under [8]. For this study, the 0.5 1 Vichy-shape
1&2 was used [9, 10, 11].

During the recording, the bottle has to be held in one
hand while the microphone, for which the calibration
offset is to be estimated, is held at an arm length dis-
tance which is approximately 50 cm. The influence of
variations in arm length are thus also included in our re-
ported uncertainty. To account for the directionality of
the microphone, the microphone should be held in the
same way as for the measurement for which calibration
is required. Occlusion by the hand has to be minimized.
Asking for 3 continuous sounds is an incentive to the
participant to practice prior to the measurement.

The spectrum of the recorded signal is analyzed, and the
resonance frequency is calculated. If it matches the ex-
pected resonance frequency of the bottle, the procedure
continues. A mismatch between measured and expected
frequency can be caused by remaining liquid in the bottle
or an unexpected bottle shape.

Next, the power in the frequency interval around the
resonance frequency is calculated from the short time
Fourier transform (STFT). The filter width and the time-
window of the STF'T are open parameters of the proce-
dure. Their influence on the outcome of the calculation
(which should be small) is discussed in the results sec-
tion. One effect of the band-pass filter is, that back-
ground noise is mostly removed by this procedure. Ac-
cordingly, the filter width should be as small as possible.

Finally, the maximum value of the resonance-level for
the STFT is recorded and subtracted from the empirical
92.8 dB SPL. The resulting number is an estimate of
the calibration offset in dB. The 92.8 dB SPL are the
mean value of the empirical maximum resonance levels
of studies with human subjects, which are discussed in
the results section.

The procedure was tested with the pooled data of three
studies using 0.5 1 Vichy-shape bottles [9, 10, 11]:

e a preliminary study of 11 participants with an un-
calibrated recording devices with a flat frequency re-
sponse (DR-100 MK2) at a distance of 75+5 cm be-
tween bottle opening and microphone in an outside
environment with background noise.

e a follow-up study of 19 participants with an uncali-
brated smartphone microphone (unihertz atom, par-
ticipant facing backside of device) at arm-length dis-
tance between bottle opening and microphone in an
outside environment with background noise.

e a study of 11 participants with a calibrated micro-
phone setup with measurements in the living room
of the participants. The confidence interval on the



level is conservatively estimated to be 1 dB standard
deviation.

For the measurements with uncalibrated equipment, the
microphone gain was kept constant during the experi-
ment to make a post-hoc calibration possible. For the
post-hoc calibration, the calibration offset was calculated
from the calibrated data only and applied to the uncal-
ibrated measurements. The ensemble of calibrated and
post-hoc calibrated measurements (figure 1) was used to
calculate the standard deviation of the distribution. This
way, the mean of 92.8 dB SPL was calculated only from
the third, calibrated study, while the standard deviation
of 3.0 dB was calculated from all measurements.

Results

The pooled results over three studies are shown in figure
1. The two uncalibrated studies were post-hoc calibrated
with the calibration offset from the calibrated study. The
mean and standard deviation of this distribution can be
used to calculate the calibration offset and its uncertainty
for any recording of a 0.5 1 Vichy-shape bottle. The gen-
erated frequencies are in the range of 161.5 — 176 Hz.
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Figure 1: Maximum level of all studies as function of res-
onance frequency for a 0.5 1 Vichy-shape bottle for a time
window of 35 ms. The calibrated study was used to adjust
the level of the uncalibrated studies (post-hoc calibration).
The box plot on the right side shows the variation of the level
across all studies.

The open parameters of the calibration procedure (filter
width for the calculation of the power around the res-
onance and the time-window of the short time Fourier
transform) should not have an influence on the mea-
surement outcome. The influence of the two parame-
ters is shown in figure 2. The calculated maximum level
is invariant to changes in filter width above 60 Hz for
time-windows above 35 ms. Longer time-windows lead
to smaller levels, as the time-window is longer than the
duration of the sounds of maximum sound pressure lev-
els.

Testing the distribution of maximum levels in figure 1
with D’Agostino and Pearson’s normality test shows that
the zero hypothesis of a normal distribution can not be
rejected. Under the assumption that the distribution is
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Figure 2: Dependence of the calculated mean maximum
sound pressure level on the open parameters of the calculation
method: For time-windows above 35 ms, the result does not
depend on the filter width. Longer integration times reduce
the maximum level as expected.

indeed normal, we can easily calculate the pooled uncer-
tainty of the average calibration offset for N independent
measurements according to:

3048
VN

This means that for 4 recordings of different people blow-
ing on the same shape of bottle, the 95% confidence in-
terval for the calibration offset (the mean of the 4 corre-
sponding calibration offsets) is equal to 3.0 dB.

Ototal =

Discussion

A method for a first-order approximation of a calibra-
tion offset with resonating beer bottles was presented
and evaluated with 41 participants. It was shown that
one single measurement leads to an uncertainty of 3.0
dB standard deviation, which is much smaller than the
uncertainty for entirely uncalibrated measurements. The
presented method does not aim to replace a calibration
with proper equipment if available. However, if only com-
mon day items may be used, the expected measurement
uncertainty, when calibrated with the proposed method,
is 3.0 dB standard deviation or below, depending on the
number of independent recordings of bottle-whistles.

The measurement uncertainty caused by the directivity
of resonating bottles has not been measured within this
study, as it was fixed to the forward direction. How-
ever, the directivity of the microphone may have a much
larger effect, if not controlled properly. Moreover, we
do not provide any measurement uncertainty which is
caused by the transfer function of the microphone. Gen-
erally, built-in microphones in smartphones do not have
a flat frequency response and may differ substantially.
One way to control for this may be to record the res-
onance of bottles at the fundamental frequency as well
as the higher harmonic, for which the same principle of
maximum possible sound pressure level applies.

Furthermore, the reported reference value of 92.8 dB SPL
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