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ABSTRACT

Wind noise in hearing aids is a common issue for users that can lead to decreased satisfaction. Wind noise tends
to be most problematic in hearing aids that place the microphones above and behind the ear of the wearer, such
as Behind-the-Ear (BTE) and the Receiver-in-the-Ear (RIE) styles. This is due to the microphones’ location at the
site of greatest turbulent airflow that is the cause of wind noise in hearing aids. The unique Microphone-and-
Receiver-in-the-Ear (M&RIE) is a receiver option for ReSound RIE hearing aids that is based on our Organic Hear-
ing principle of taking inspiration from the way we naturally hear and use our hearing. The M&RIE incorporates
a microphone in the receiver module - which the user wears in their ear canal - thereby preserving individual
spectral cues for spatial hearing. The ear canal microphone location also provides natural protection against
wind noise. In this experiment, listeners rated sound quality of recordings made on a manikin in a wind tunnel
with traditional microphone placement and the M&RIE. Sound quality was best for M&RIE regardless of direction
of the wind, or whether a digital wind noise reduction feature was included. Results indicated 33% better sound

quality ratings for M&RIE compared to traditional microphone placement.

Wind noise is a challenge to many users of hearing aids.
Wind noise can be problematic outdoors, such as when
walking in the wind, or when running or biking, but it can
also be a challenge when moving around indoors, caus-
ing a flow of air around the head of the hearing aid user.
Wind noise in hearing aids can mask speech partly or en-
tirely. It can even overload the hearing aid preamplifier,??
causing very poor sound quality. Survey data showed
that 22% of hearing aid users were to some degree dis-
satisfied with their hearing aids when used in windy con-
ditions, 20% were neither satisfied nor dissatisfied, and
58% were to some degree satisfied. This data suggested
that wind noise annoyance may be the second largest
hearing aid user complaint relating to sound quality and
signal processing, exceeded only by hearing in noise. Dis-
satisfaction with hearing aids due to wind noise may re-
duce the number of listening situations where users find it
relevant to wear their hearing aids. There is a link between
how applicable users find their hearing aids in different
listening situations and their overall hearing aid satisfac-
tion. There is a risk that the user will not be satisfied with
hearing aids unless they are found to be helpful in at least
70% of the listening situations found to be important to
the user.® This makes wind noise reduction in hearing aids
important to increase hearing aid satisfaction.

Wind noise in the hearing aids’ output is caused by the
turbulence that is generated around the microphone
ports, when an air flow gets sufficiently strong and/or en-
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counters a sufficiently large obstacle. That is, wind noise
is caused by turbulent air flows - not the sound of the
air flow itself. As explained by Kates,? when an air flow is
weak, it moves in separate layers, but higher wind speeds
and obstacles can cause air flow to become turbulent; the
layers are mixed, creating eddies and random pressure
fluctuations around the obstacle. Generally, the larger
the obstacle and the stronger the wind, the more turbu-
lence will be generated. In the case where the obstacle is
the head and pinna of a hearing aid user, the pressure var-
iations will push and pull the microphone diaphragm of
the hearing aid, and that movement will be converted into
electrical variations that can later be found in the hearing
aid output- better known as wind noise.

Generally, wind noise has most of its energy in the low
frequency area of the spectrum, but spreads to higher
frequencies with increasing wind velocity and decreasing
size of obstacle.? The level of wind noise increases with
wind velocity**'* and varies depending on what direction
the flow comes from relative to the hearing aid micro-
phone ports.2'0™

There are two broad approaches to reducing wind noise.
One is via signal processing, where a detection algorithm
recognizes that wind noise is present and reduces gain
in order to minimize degrading effects on sound quality.
While this approach can potentially improve listening
comfort, it cannot eliminate the wind noise. Another ap-



proach is to protect the microphones’ ports from turbu-
lent air flow.” While some protection mechanisms involve
special screens or covers for the microphone inlets,'® the
position of the microphone also impacts wind noise oc-
currence. It is advantageous to place the microphone in
an area where turbulence is minimal depending on wind
speed and direction. It has been shown that wind noise
can be worse when the microphone is placed behind the
pinna as is typical with BTE and RIE style hearing aids
than if the microphone is located within the pinna.??

M&RIE INSPIRED BY ORGANIC HEARING
The human external ear helps our hearing by its acoustic
effects, but also offers protection of the delicate struc-
tures of the middle and inner ear. As discussed, wind noise
is an unfortunate technical side effect of hearing aid mi-
crophone exposure to the turbulent airflow that can oc-
cur around the obstacles presented by the head and pin-
na. Inspired by our Organic Hearing philosophy, ReSound
designed a solution for RIE hearing aids that places the lo-
cation of sound pick-up where it naturally belongs - in the
ear canal. The M&RIE receiver unit contains a microphone
ensuring that the individual filtering of the sound provid-
ed by the hearing aid wearer’s pinna is preserved, which
adds to the user’s perception of depth and direction in
the listening environment."” In addition, the placement of
the microphone in the ear canal provides protection from
turbulent airflow and therefore wind noise. A measured
reduction in wind noise of 15 dB compared to microphone
placement behind-the-ear has been reported.”®
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Figure 1. ReSound ONE with M&RIE showing the position of the microphones. The ear canal
microphone offers natural protection from wind noise

Such a large difference in acoustically measured wind
noise can be expected to be clearly audible and may also
be associated with subjective preferences. This investiga-
tion looked into the effect of M&RIE on subjective wind
noise annoyance compared to the traditional microphone
placement behind the ear with and without digital wind
noise reduction.

METHODS

Design

The test participants were asked to evaluate wind noise
recordings that were prerecorded on an acoustic mani-
kin in a wind tunnel. Prerecording the stimuli allows for
double blinding and makes it possible to control for wind
direction and velocity across hearing aid test conditions.
The effect of the microphone placement in wind noise
was evaluated based on the test participants’ ratings of
annoyance.

Participants

Sixteen adults with hearing threshold levels within nor-
mal limits participated. Their ages varied between 23 and
53 years with an average of 38 years (SD = 8.3 years).

Hearing Aids and fitting

ReSound ONE RIE-devices with M&RIE-receivers were
used in this study. Prior to fitting the hearing aids, a cali-
bration of the DFS Ultra Ill feedback management system
was conducted on the ears of a Knowles Electronics Man-
ikin for Acoustic Research (KEMAR) using closely fitting
foam tips from insert phones. The hearing aids were pro-
grammed with 15 dB of flat, linear gain utilizing ReSound
Smart Fit-fitting software. The gain level was chosen to
ensure that the recorded sound was indeed amplified
sound and not direct sound. The hearing aids were fitted
with three different programs: one using the ear canal mi-
crophone of the M&RIE module, one with traditional mi-
crophone placement on the device and an omnidirection-
al response (hereafter “omni”), and one with traditional
microphone placement on the device, an omnidirectional
response, and Wind Guard digital wind noise reduction in
its default mode ‘Mild’ (hereafter “omni + WG”). DFS Ul-
tra Ill feedback management was active in all programs
at the default “Mild” level. Other advanced features were
turned off.

Test conditions
The following conditions were tested:

1. M&RIE
2. Omni
3. Omni+ WG

Wind noise recordings - setup and procedure
All wind noise recordings were made in with an integrated
closed-return wind tunnel in the GN Research Laboratory
at GN headquarters. The wind tunnel can generate a ho-
mogeneous air flow in an area of 0.5 x 0.5 meters, and the
wind velocity is optimal at a distance around 0.5 meters
away from the exhaust of the tunnel. The tunnel can gen-
erate wind of 1-15 m/s within a range of +/-5% in 0.1 m/s
increments. The exhaust of the tunnel is elevated from
the floor creating a 158 cm space between the floor and
the center of the exhaust. The test section of the tunnel
is acoustically treated with acoustic panels and carpeted
floors. For this investigation, the wind tunnel was adjust-
ed to generate wind of 5 m/s. This wind velocity corre-
sponds to a gentle breeze on the Beaufort Wind Scale. A
gentle breeze makes leaves, small twigs and flags move.



1) M&RIE
Hearing aid conditions 2) Omni
3) Omni + WG

Wind velocity 5m/s

0° azimuth
135° azimuth
270° azimuth

Wind incidence angles

“Northwind and the sun”
presented from 90° azimuth
(S90) at about 65 dB SPL.

Speech signal

Table 1. Overview of test conditions, wind velocity, wind incidence angle, and speech signal.

The recordings were made on a KEMAR (GRAS 45CB
Acoustic Test Fixture), placed centrally in the air flow
with its ears 0.5 meter away from the exhaust and 160
cm above the floor. The KEMAR was placed on an electric
turntable that was adjusted to create the three different
wind incidence angles (see Figure 2). The angles were cho-
sen to spread out any potential microphone placement-
related advantages: a wind angle incidence of 0° should
theoretically be disadvantageous for all conditions; 135°
should be more advantageous for Omni and Omni + WG;
and 270° should be advantageous for M&RIE. A loud-
speaker (Genelec 6010A Studio Monitor) was placed 0.5
meters from, and in the same height as the KEMAR’s right
ear (S90). This loudspeaker was intended to represent a
male conversational partner telling a story. This speech
signal was not added to test speech recognition, but to
give the test participants a reference when rating the
wind noise annoyance.

The hearing aids were mounted in the KEMAR ears using
closely fitting foam tips from insert phones. The output of
the hearing aids into the KEMAR ears (GRAS RA0045-S7
Ear Simulators) was recorded via a Briel & Kjaer NEXUS
Conditioning Amplifier and an RME Fireface UCX sound
card using Audacity 2.4.2 software adjusted to make 32-
bit stereo recordings with a 44.1 kHz sampling frequency.
Each recording was approximately 24 seconds long. A
total of 9 stimuli recordings were made. The recordings
were saved as 24-bit WAV-files and each cut to the same
length of 22.2 seconds.
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Figure 2. Illustrations of how the KEMAR was rotated relatively to the
exhaust of the wind tunnel to create the three incidence angles. The loud-
speaker was always placed at 90° azimuth.

For the purpose of acoustic analysis and calibration of
sound levels, an additional 11 recordings were made: 9

recordings of the wind noise without speech and two re-
cordings of a 1 kHz-tone 94 dB SPL calibration tone from
a Briel & Kjzer Sound Calibrator Type 4231 (one for each
ear).

Subjective rating of wind noise annoyance -
setup and procedure

For the subjective ratings, listening tests were conducted
utilizing the web-based system SenselabOnline (version
4.1.1; FORCE Technology, Brendby, Denmark;™). The lis-
tening experiment included three subtests corresponding
to the three tested incidence angles. Within each subtest,
participants were presented with three recordings made
according to the three test conditions. Both subtests and
recordings within each subtest were double-blinded and
randomized in a full-factorial randomized block design.

All data collection took place in a quiet hearing aid fitting
room. The test stimuli were presented via Beyerdynamic
DT990 PRO circumaural headphones. The test partici-
pants were instructed to carefully listen to all recordings
within each subtest and afterwards rate the level of wind
noise annoyance on a 7-point Likert-type scale that had
been adapted from Korhonen et al”®. The points of the
scale were defined as follows: (1) not noticeable (and thus
not annoying); (2) slightly noticeable, but not annoying;
(3) somewhat noticeable, but not annoying; (4) slightly an-
noying; (5) somewhat annoying; (6) very annoying; and (7)
extremely annoying. The presentation level was initially
calibrated to the actual level recorded in the wind tunnel,
but informal testing proved that it was too loud for nor-
mal-hearing listeners. The level was therefore lowered by
15 dB (equal to the 15 dB flat gain that was programmed
in the initial fitting of the devices). The recordings were
also compensated for the HATS ear couplers (ERP-DRP)
and headphone frequency response.

RESULTS

Acoustic results

The Z-weighted equivalent continuous sound levels were
calculated between 22 and 22050 Hz using the recordings
of the calibration tone as a reference. One-third octave
spectra were similarly calculated using 24th order 1/3-oc-
tave filters. All sound levels are specified in dB(Z).

Overall wind noise levels in dB(Z) for all conditions and in-
cidence angles can be found in Table 2. It should be high-
lighted that these levels are wind noise levels measured
at the output of the hearing aids, i.e. with 15 dB flat lin-
ear gain, but without the speech signal. For all incidence
angles and left and right devices combined, M&RIE-levels
varied from 72 to 86 dB(Z), Omni varied from 78 to 96
dB(Z)and Omni+WG varied from 78 to 92 dB(Z). Looking
at maximum levels, Omni generated the most wind noise
followed by Omni+WG, and finally M&RIE.

For all tested conditions, 0° azimuth was the incidence an-
gle that produced the most wind noise, but whether 135°
or 270° generated the second-most depended on what
side the device was placed.



OVERALL WIND NOISE LEVELS (dB(Z))

0° 135° 270°

Condition Left Right Left Right Left Right Average

M&RIE 86 84 72 82 73 73 783
Omni 96 96 78 86 83 82 86.8
Omni + WG 92 92 78 84 83 80 84.8
Average 91 905 743 84 775 788

Table 2. Overall wind noise levels in dB(Z) (22-22050 Hz) measured at the output of right
and left hearing aid with the four conditions: M&RIE, Omni and Omni+WG at angles 0°, 135°
and 270° azimuth. Measured in 5 m/s wind speed.

Figure 3 shows 1/3-octave spectra for left and right de-
vices’ output measured with the three conditionsin 5 m/s
wind from three different angles. Crosses, squares and cir-
cles represent M&RIE, Omni and Omni+WG, respectively.
The spectra show that Omni and Omni+WG behave rela-
tively alike apart from the low frequency difference as a
result of WG; mostly when the wind noise was at 0° azi-
muth. M&RIE has lower levels across the spectrum for all
wind noise incidence angles.

Figure 3. Right and left hearing aid output measured in dB(Z) in 1/3-octave bands for 5 m/s wind presented from 0°(top), 135° (middle) and 270°

(bottom) azimuth with the three conditions: M&RIE (crosses), Omni (squares) and Omni+WG (circles).
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Subjective results

Owing to the non-normality of these ordinal data, the
non-parametric Mann-Whitney U-test and Spearman’s
rank-order correlation were used for statistical analysis of
the subjective results. Mann-Whitney U-tests have been
Bonferroni-corrected to counteract the problem of multi-
ple comparisons, implying that the alpha-level for statisti-
cal significance was adjusted to .008. Statistical analysis
includes all ratings.

Figure 4 displays median ratings and statistically signifi-
cant differences between the tested conditions. Median
ratings of wind noise annoyance ranged across angles be-
tween 2-4 with M&RIE, between 4.5 and 7 with Omni, and
between 5 and 6 with Omni+ WG. Wind from 0° generally
caused the highest subjective ratings followed by 135°
and 270° azimuth.

M&RIE was at all tested angles rated significantly bet-
ter than Omni (0% p < 0.0007; 135% p < 0.001; 270% p <
0.0001) and Omni +WG (0% p < 0.007; 135% p < 0.007,
270° p < 0.0001). There were no significant differences
between Omni and Omni with WG (0% p < 0.02; 135% p <
0.3;270%:p<0.2)

Median Subjective Rating of Annoyance
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Wind direction (° azimuth)
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Figure 4. Median subjective ratings of annoyance with the three conditions M&RIE, Omni and

Omni+WG in 5 m/s wind from 0%, 135° and 270° azimuth. Lower ratings are better. M&RIE was
rated significantly better than Omni and Omni+WG at all azimuths. The differences in ratings

between Omni and Omni+WG were not significant.

Correlation between wind noise level and
subjective ratings

Figure 5 displays a scatterplot and trendline for aver-
age wind noise levels between left and right devices and
conditions together with median subjective ratings. The
Spearman’s rank-order correlation showed a strong cor-
relation between wind noise levels and the subjective rat-
ings (r.(10) = 0.9, p < .0001), indicating that higher levels
induced higher subjective ratings.

Relationship between wind noise level and annoyance
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Figure 5. Scatterplot and trendline for average wind noise levels between left and right devices
and conditions together with median subjective ratings. Lower ratings are better.

DISCUSSION

Participants in this study rated the wind noise significantly
less annoying for the M&RIE condition compared to both
Omni and Omni +WG at all tested wind directions. The
ratings for M&RIE were at least 2 scaling units better than
Omni at most incidence angles. Assuming participants
used the rating scale in a linear fashion, this amounts to
an approximately 33% improvement in subjective rating
of wind noise with M&RIE compared to the traditional mi-
crophone placement conditions. No significant difference
on the ratings between Omni and Omni with Wind Guard
was found. Unsurprisingly, there was a strong correlation
between measured level of wind noise and rating of an-
noyance with higher levels receiving worse ratings. This is
consistent with a similar study, which also found that the
level of wind noise annoyance is driven by the overall level
of wind noise in the hearing aid’s output.”

It was also found that the overall measured wind noise
level with M&RIE was approximately 9 dB less than either
Omni or Omni+WG. While this is somewhat less than the
previously reported 15 dB reduction in wind noise with
M&RIE, the difference in results is due to methodological
differences in the two studies; the earlier study measured
only the right ear but at more angles of wind noise inci-
dence, used high and low pass filtering to limit the meas-
urement results to the hearing aid bandwidth, and used
a different duration of the exposure to the wind noise. All
of these differences likely contributed to the difference in
results. However, both studies were consistent in finding
that M&RIE resulted in vastly lower wind noise.

It would seem reasonable to compare the results of this
study with others that compared Completely-in-the-
Canal (CIC) microphone placement with Behind-the-Ear
(BTE) placement. Indeed, Zakis® found that a CIC device
on average across 8 incidence angles produced less wind
noise than two difference BTE devices. Regardless, one
should be careful in comparing results since previous
studies have shown that different models of the same
form factor can generate very different levels of wind
noise.!*'® Also, the results from this investigation suggest
that the M&RIE-placement may be even better protected
by the tragus than CIC microphone placement. For ex-
ample, other studies have found that 135° is the wind di-



rection that causes the most turbulence around the CIC
placement. At this specific direction, the CIC placement
was reported in other studies to generate even higher lev-
els than BTE-devices.*"" The current study showed that
both wind noise levels and ratings are lower with M&RIE
than with Omni at all wind directions — even 135°.

Digital wind noise reduction with Wind Guard

Omni +WG produced similar wind noise to Omni at 135°
and 270°, and there was no significant difference between
subjective ratings at any of the tested wind directions.
This was probably due to the chosen wind velocity and the
choice of statistical tests. The wind noise reduction with
Wind Guard is activated when a wind noise level of >70 dB
SPL is detected but since the levels of the wind noise are
calculated in dB(Z), it is not possible to either confirm or
deny whether the wind noise has reached this level. Still,
on the 1/3-octave spectra, it appeared that Wind Guard
reduced the wind by 3-5 dB in the frequency range 500-
1250 Hz at 135° and 270°, but it was more distinct at 0°.
Perhaps the effect would have been the same at 135° and
270° as at 0°if it had been tested with a higher wind veloc-
ity. This is also reflected in the subjective results where
Omni+WG had a better median rating than Omni at 0°
even though it was not statistically significant. Therefore,
it can still be said that Omni+WG had a wind reducing ef-
fect, noticeable to participants. Surprisingly, Omni+WG
had slightly poorer subjective median ratings than the
Omni at 135° and 270° even though their average over-
all wind noise levels were almost the same. This might be
explained by the few decibels that Wind Guard reduced
the wind noise; the speech signal may also have been low-
ered slightly, causing participants to rate the wind noise
more annoying. Although the speech signal was included
to give the test participants a reference when rating the
wind noise annoyance, it is hard to know exactly how and
if the speech signal affected the participants’ ratings. It
cannot be ruled out that some participants might have
based their ratings on how affected their perception of
the speech was.

In view of the significantly better ratings for the M&RIE,
there is strong evidence that it is more effective to physi-
cally protect the microphone against turbulence than to
reduce the wind noise by signal processing after it has en-
tered the system, at least for relatively low wind speeds.
Whether the findings would be the same for higher wind
velocities is a topic worthy of further investigation.

Conclusion

These results support that M&RIE is an effective solution
to wind noise, and is superior to a signal processing based
approach for relatively low wind speeds. Therefore M&RIE
can potentially contribute to greater satisfaction in windy
listening environments and general satisfaction among
hearing aid users.

SUMMARY

This study looked into the effect of M&RIE on subjective
wind noise annoyance compared to omnidirectionality
with and without the digital wind noise reduction algo-
rithm Wind Guard. Sixteen normal-hearing participants
evaluated wind noise recordings in relation to annoyance.
The stimuli had been pre-recorded on an acoustic manikin
in a wind tunnel at a wind velocity of 5 m/s at incidence
angles 0°, 135° and 270° azimuth. The results showed that
M&RIE reduced subjective wind noise annoyance com-
paredto Omniand Omniwith Wind Guard at all tested an-
gles. There were no statistically significant differences be-
tween Omni and Omni with Wind Guard. Wind Guard did
not reduce the wind noise enough for test participants to
rate it less annoying than with Omnidirectionality at the
tested velocity. In conclusion, M&RIE is effective in reduc-
ing subjective wind noise annoyance compared to Omni-
directionality and digital wind noise reduction with Wind
Guard.
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