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Abstract
Sound exposure is one of the primary causes of preventable hearing loss. Traditionally, sound exposure has been associated to industrial settings, and as such, treated as an occupational safety
issue leading to international standards regulating sound exposure to improve working conditions.
High levels of sound exposures are experienced in modern society in many different situations
such as attending concerts, sport events and others. This leads to an interest in measurement
devices which are discreet and simple to use, in order to assess sound exposures encountered
in typical daily life scenarios. The purpose of this work is to document the use of a modified
behind-the-ear (BTE) hearing-aid as a portable sound pressure level (SPL) meter. In order to
obtain sound level measurements with a BTE device comparable to sound field values that can
be used with existing risk assessment strategies, differences due to microphone positions and
the presence of a person in the measurement must be taken into account. The present study
presents measurements carried out to document the characteristics of the BTE device, using the
same framework presented in the ISO 11904 standard series. The responses at the BTE position on a head and torso simulator (HATS) were measured and combined with the A-weighting
filter, frequency weigted sound field values. The compensation filters improved the accuracy of
the BTE devices especially in laboratory conditions. Field tests corroborate the necessity of both
diffuse- and free-field compensation devices showing better approximations for corresponding
sound field scenarios.
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Sound exposure measurements using hearing-aid
technology
Introduction
In order to monitor human sound exposure in typical daily activities, discrete, easy to use
sound level meters are required. A BTE hearing-aid, the Vigo from Oticon was programmed
to function as an SPL meter and deployed at Roskilde Festival (Roskilde, Denmark) as a part
of Oticon’s Music Forever project [1]. One of the motivations behind this initiative was monitor
sound exposure levels at the festival due to rising concern for high sound exposure levels
during concerts and festivals. Using BTE hearing aids as sound level meters provides a method
of monitoring noise dose which is cheap, reproducible, and discreet for attendees to wear. To
ensure the validity of the SPL measurements conducted with the hearing aids, measurement
data collected on the BTE hearing device was compared and validated with data collected
from a sound monitoring system used by Roskilde Festival called the 10Eazy [5]. Although
very relevant, this comparison has it’s shortcomings. Measurements carried out with the two
systems were made during the same concerts, but not at the same places in the sound field.
Additionally, the BTE devices are not measuring actual sound field values, but values measured
at BTE microphone position on a human being (above the pinna). This presents acoustical
properties that differ from standard sound level meters and have not been taken into account
in the development process of BTE sound level meter.
Without considering the influences that the head and torso has on the BTE sound field, measurements at this position will misrepresent the SPL that the person is exposed to compared
to measurements done with a standard sound level meter. Thus to determine correct SPL values at BTE position, the influence of the head and torso needs to be removed converting BTE
measurements into sound field related values.
The influence of the head and torso will change depending on the direction of the incoming
sound [4] and on the acoustic environment. In a free-field with the sound source directly in
front of the listener, this influence is reduced to the head related transfer function with 0◦
azimuth and elevation. This, however, will only accurately represent measurements done where
the frontal incident sound is dominant compared to reflected energy. This could be the case
in for example, open-air concerts. When this is not the case, and reflections have a large
impact on measured SPL (as in a diffuse field), all relevant sound source directions need to
be considered. In general, sound fields with highly reflective properties are considered diffuse.
This is generally a compromise, but likely a closer approximation than considering it free-field.
Considerable amount of research has gone into defining standard head-related transfer functions(HRTFs), most of which however, has been made to compensate and standardize transfer
functions for ear measurement positions, e.g. in the ear canal or in very close proximity to the
ear canal entrance [2, 4]. Compared to studies of in-ear HRTFs, fewer studies have attempted
to define the transfer functions at BTE position, even though the position seemingly has relevance in acoustic studies. Therefore in order to be able to compensate for the microphone
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position and the presence of a listener in BTE based sound level meter, the corresponding
head related transfer functions should be measured and implemented as correction filters to
be applied to the measured signals. The aim of the present study is to document the transfer function characteristics of BTE based sound level meters and to derive correction filters in
order to be able to correctly obtain free or diffuse- field measurements from these devices.

Methods
2.1 Acoustic Set-Up
Measurements were conducted on a B&K type 4128 HATS equipped with an Oticon Vigo BTE
hearing aid. The maximum-length sequence system analyzer (MLSSA)[3] was used to obtain
impulse responses. The output signals from the MLSSA were amplified through a customized
Pioneer A616 amplifier and then played on three identical custom built ball loudspeakers. The
signals received on the hearing aids were amplified through a custom-built signal amplifier with
a 20 dB gain and returned to the MLSSA.
2.2 HRTFs and BTE microphone
The sound transmission from a sound source to the microphone position on a BTE device can
be characterized through HRTFs measured at the point of interest. Once that these HRTFs are
characterized, they can be used to compensate the frequency response of the BTE microphone
in order to be able to estimate the sound field values that would have cause the measured
sound pressure. Different HRTFs at the BTE position are found depending on the direction of
incoming sound. HRT FBT E−α,θ represent each of the transfer functions at given azimuth, α,
and elevation, θ , angles. The effect of the physical shape of the hearing aid is neglected as its
dimensions are sufficiently small.
Two significant cases of these transfer functions are analyzed, free-field and derived diffusefield1 . The free-field transfer function represents a sound source located at 0 degrees in azimuth and elevation, the diffuse-field transfer function represents sound sources from all possible directions. To determine the diffuse properties of the BTE position, the positions shown in
figure 1 were measured. They vary in azimuth in steps of 22.5◦ , defining 16 measurements in
horizontal direction, and three elevation angles( 0◦ , 30◦ and -30◦ ). The measurement distance
was kept constant at 2.25 [m], giving a total of 48 measured HRTFs.
For every position, the same measurement method was applied. First the transfer function
that represents the system’s loudspeaker-microphone response, H f ree , is measured using the
set-up shown in figure 2(a). The BTE is placed in the position corresponding to the center of
the head without the HATS present. This is the reference pressure generated by the sound
source. Similarly a transfer function that represents the system, HRT FBT E−α,θ , loudspeakermicrophone-HBT E−α,θ , is measured for each of the 48 positions described by rotating the HATS
with the BTE mounted on the left ear.
1 Using

the procedural method as seen in ISO 11904.
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Figure 1: (a)Azimuth variations, (b)Elevation variations, the distance r = 2.25 [m]
This can be expressed as:
H f ree = (Gp · Sp · BT E · Gm)
HBT E−α,θ = (Gp · Sp · BT E · Gm) · HRT FBT E−α,θ

(1)
(2)

The quotient between equations 2 and equation 1 will result in the HRTF relating BTE microphone position and free air:
HBT E−α,θ = HBT E_ f ree ∗ HRT FBT E−α,θ
HBT E−α,θ
HRT FBT E−α,θ =
HBT E_ f ree

(3)

The average of the 48 measurements will result in the approximate diffuse field HRTF, denoted
HRT FBT E_d . When the azimuth and elevation angles are 0 degrees, the sound direction is
frontal and will create the free frontal HRTF, denoted HBT E_ f .
HBT E_d =

1
· ∑ HRT FBT E_α_θ
48 α,θ

HBT E_ f = HRT FBT E_0◦ _0◦
The HRTFs are analyzed in 1/3-octave bands with center frequencies from 125 to 8000 Hz. It
is seen clearly from Figure 3 that measurements at the BTE position show a increase in SPL
for both the free- and diffuse-field towards high frequencies. The diffuse-field response shows
a broad increase of around 3 dB or more from 1 kHz, with a maximum increase of 4.4 dB at
6.3 kHz. The free-field response shows almost no incrase in level at lower frequencies and up
tp 2 kHz, above this frequency there are large spikes reaching a maximum of 6.0 dB at 8 kHz.

2.3 Implementation of Correction Filter
The BTE device has the capability to filter the input signal before logging the data. Without
any compensation added, it has been program to apply an A-weighting filter. It is possible to
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Figure 2: (a): Measurement set-up for the loudspeaker-microphone transfer function H f ree . (b):
Measurement set-up for the loudspeaker-microphone-HRT FBT E−α,θ transfer function HBT E−α,θ
alter the filter taps of the A-weighting filter to the desired compensation by subtracting the freeor diffuse-field transfer function. To maintain most of the characteristics of the desired filter, a
frequency sampling-based, 63 order, FIR filter was constructed using averaged frequencies in
third octave bands. Figure 4 (a) shows the free-field compensation applied to the A-weighted
filter, and (b) shows the diffuse-field compensation applied to the A-weighted filter.

Results
Following the implementation of the compensation filter, tests are carried out to determine the
accuracy of the BTE hearing aids as sound level meter. These tests are done as a comparison
of a standardized sound level meter (B&K, type 2238) with the BTE device mounted on the
HATS and/or human subjects.
3.1 Laboratory Tests
Pure Tones
Third octave center frequency tones were played back from the loudspeaker at specified distance with zero azimuth and elevation with respect to the HATS. The SPL was then measured
on the sound level meter and the BTE on separate measurements. Figure 5 shows the SPL
values measured in free field conditions, using the free field compensated BTE versus the SPL
meter.
Figure 5 shows very similar results except for small differences at 8 kHz. The compensated
BTE gave a mean difference of 0.004 dB across frequencies, with a standard deviation of
1.1 dB. This shows improvement compared to the uncompensated BTE, which gave a mean
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Figure 3: BTE Diffuse Related HRTF (blue), BTE Free Related HRTF (red)
difference of 0.179 dB across frequencies with a standard deviation of 2.249 dB.
Noise Tests
White and pink noise tests for the free calibration were conducted under the same conditions as
for the the pure tone measurements. A similar test was done for the diffuse field calibration in
a reverberant chamber with constant distance and angle from receiver to loudspeaker. Table 1,
shows the results of these tests. In the table, COM represents the compensated BTE for
the corresponding sound field, the UNCOM is the uncompensated BTE, and the SPL shows
the SPL measured with the standard sound level meter. The tests in rows number 1 used
wide-band noise from 20Hz to 20kHz, the ones in rows number 2 uses wide-band noise from
100Hz to 8kHz. It is seen that the uncompensated performs well only in free-field pink noise
tests, where it is off by less than 0.3 dB, in every other test it is off by more than 1 dB. The
compensated devices perform within a 1 dB tolerance in every test.
3.2 Field Tests
Dual Scenario Test
With the laboratory tests concluded with satisfactory results, the BTE hearing aids are taken to
the field to test their performance in real-life scenarios compared to an SPL meter. In the dual
scenario field test, six hearing aids were used by three of the authors. The values measured
on these were then compared to results from a standard sound level meter. Three BTEs
were calibrated for free-field and three for diffuse-field. Table 2 shows two test scenarios, one
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Figure 4: A-weighted Free-field (a) and Diffuse-field (b) correction filters

1
2

COM
71.50
70.75

1
2

COM
71.87
71.87

Free-Field
Pink Noise
White Noise
UNCOM SPL
COM UNCOM SPL
72.25
72.00 70.75
72.62
71.40
71.50
71.40 69.25
70.75
70.00
Reverberant-Field
Pink Noise
White Noise
UNCOM SPL
COM UNCOM SPL
74.12
72.50 79.50
82.00
79.50
74.12
72.50 79.37
81.62
79.50

Table 1: Free-field (top) and reverberant-field (bottom) results conducted in a anechoic and
reverberant chambers of the Acoustics Laboratory at Aalborg University. See text for details.
measured in a shopping mall and one measured at the side of a highway.

Location
Mall
Highway

SPL
60.64
73.74

D1
61.02
69.9

D2
59.97
66.95

Avg. SPL
D3
F1
60.98 62.28
72.75 71.17

F2
61.24
71.02

F3
62.08
70.02

Table 2: Sound pressure levels measured with compensated BTE devices and a standard
sound level meter, at a shopping mall and at the side of a highway.
In Table 2 units denoted as D1, D2, and D3 are diffuse-field compensated BTEs, and the
ones called F1, F2, F3 are free-field compensated BTEs. SPL denotes readings from the
sound level meter. The average SPL levels were calculated from five minute test runs at the
specified locations. The tests hint towards the mall being a more reverberant environment,
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Figure 5: SPL of tones. Left bars of an uncompensated BTE hearing aid mounted on B&K
4128. Center bars of a standardized SPL meter. Right bars of a compensated BTE hearing
aid mounted on B&K 4128.
since the diffuse-field compensated devices outperform the free-field ones. Apart from a single
measurement, the highway test seems to be closer to the free-field compensated devices. This
aligns well with what was expected, since it makes sense for a closed space like a mall to
have a close to diffuse response while there are barely any significant reflections at the side of
a highway.
Live Music Test
A longer test was conducted in a bar with live music, to collect data in a potential hearing
damage inducing environment. Three diffuse field and one free field calibrated devices were
worn by three of the authors that were sitting around a bar table located 5 [m] from a live
music performance. Equivalent continuous A-weighted sound pressure levels were measured
in intervals of 1 [s] for approximately 22 minutes. The same measurements were performed
with the B& K type 2238 sound level meter located over the table with the microphone placed
out of the edge of the table to avoid strong reflections and baffle effects from the table. This
generated 1330 measurement values that were divided into 10 intervals of 2.21 minutes. For
each of these intervals the mean and standard deviation across all devices was calculated.
The SPL measured by each device and by the sound level meter for each of 2.21 minutes
interval are compared in Figure 6.
The free-field compensated device shows an average error for the 10 intervals of 2.11 dBA
while the diffuse-field compensated device shows an error of 2.70 dBA, both compared with the
reference sound level meter. The deviation for the diffuse field devices is not consistent over
all the intervals and raises doubts, specially on intervals 3 and 9, about the synchronization
between the measurements.
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Figure 6: A-weighted Sound pressure levels measued with diffue-field and free-field
compensated BTE and a standard sound level meter at a concert in a bar in the city of
Aalborg.

Conclusion
The project set out to enable accurate collection of sound pressure levels using a BTE hearingaid. It is found that without any compensation, the hearing aid overestimates SPL readings in
free field by around 0.2 dB with pink noise and about 1 dB with white noise. In reverberant conditions it overestimates pink noise by close to 1.5 dB and white noise by over 2.5 dB.
Thus, the uncompensated hearing-aid does manage to obtain SPL values relatively close to
the actual SPL, especially when considering free-field conditions. However, considering the
results from the pure tone signals, it becomes evident that it is more of a coincidence that
the broad-band SPL readings are so close to the actual values. Attenuations and gains at
different frequencies cancel each other out and thus creating what seems to be correct SPL in
broad-band noise tests. To create a more correct image of the SPL across the entire relevant
frequency range, compensation filters were applied on the hearing aids. These make the tonal
test produce a response closer to that of the SPL meter as seen in figure 5. The compensated
hearing aids also generally perform better in noise tests. In free-field conditions the free-field
compensation underestimates by around 0.6 dB in both pink and white noise tests. In reverberant tests, the diffuse-field compensation underestimates by 0.9 dB in pink noise and by 0.6 dB
in white noise. Field tests provided more arbitrary results than those obtained in laboratory
tests. Measurements done in a shopping mall showed high accuracy in diffuse compensated
devices. Measurements conducted at the side of a highway showed higher correlation in free
field compensated devices. The measurements conducted in a bar also showed a general
underestimation across all devices, being the free-field compensated results the closest to the
standard sound level meter.
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