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Introduction

Many personnel in industry, construction, or the military
need to wear Hearing Protection Devices (HPD) for avoid-
ing acoustic trauma caused by hazardous impulse noise.
Even with protected ears, however, some risk remains
and a healthy limit in terms of Maximum Permissible
Emissions (MPE), i.e., number of impulses/shots, per
working/training day needs to be maintained. The risk
of hearing injury is quantified by Damage Risk Criteria
(DRC) for a certain combination of noise and HPD. Even
within EU and NATO, several national standards are in
use, with different guidelines for noise measurement, DRC
for risk assessment, and occupational health regulations
for admissible limits. As no existing standard provides
sufficiently generalizable results, especially for superim-
posed continuous and impulsive noise, the topic is still
subject to extensive research worldwide (see, e.g., [1]).

In addition to the great variability between DRC, cer-
tain technical parameters of the measurement are known
to significantly modulate the results in terms of MPE.
Sampling rates below 192kHz were shown to introduce
errors, if no oversampling is used for DRC predictions [9].
Likewise, signal clipping may alter the MPE, leading to a
wrong selection of HPD [7]. Even a band limitation far
beyond auditory perception (e.g., 10 Hz to 47kHz) can
significantly alter C-weighted peak Sound Pressure Level
(SPL) and hazard predictions by physical model based
DRC such as the Auditory Hazard Assessment Algorithm
for Humans (AHAAH) [6]. Most of these evaluations, how-
ever, were based on small datasets or synthetic signals,
and results are difficult to interpret.

The French-German measurement guidelines [10] demand
band limitation at 22kHz together with at least 160 kHz
sampling rate, 10 bit quantization, and 40 dB SNR with
respect to the peak. As these values seem questionable,
especially in combination, we seek to examine their actual
effect on the MPE in view of a possible revision of the
guidelines. We therefore carried out a parameter study,
based on ecologically valid noise measurements in the
vicinity of infantry soldiers, in order to evaluate the ro-
bustness of different DRC against technical parameters
such as sampling rate, band limitation, quantization, SNR,
signal clipping, and observation window specifications.

Damage Risk Criteria for impulse noise

For many DRC, the MPE are obtained through Eq. (1),
while D =100 %/MPE quantifies a single noise event’s
dose as percentage of MPE. Lgx gp is the maximum ad-
missible exposure limit per 8 h working day, e.g., 85 dB as
of ISO 1999, and Ly is the hazard level predicted by the
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DRC. For simplicity whithin this article, we assume un-
protected ears with HPD attenuation Lypp =0dB, as we
are only interested in relative differences. The examined
DRC are briefly summarized below.

MPE = 28000 - 10(Fexsn—LutLipn)/10 (1)
The Pfander (or Schallwert) criterion expresses auditory
hazard by the Pfander level LE#14er (see Eq. 2) which de-
pends on the unweighted peak SPL Lyc.x and C-duration
Tc in seconds which is the sum of all time periods during
which the waveform exceeds —10dB below Lpcax [8].

LG9 = [eaie + 1010gy (T0) [dB] (2)
Leq predicts hazard based on sound energy. Sound
exposure within a certain period of time is defined as
E = [p(t)*dt. The unweighted Sound Exposure Level
(SEL) or Lg with respect to Ep =400 uPa’s is then in-
terpreted as hazard level Ly gpr, (Eq. (3)). While Leq
has minor practical use, it is still considered here, as it
predicts similar hazard as Pfander.

LE*Y = SEL = L = 10log,, (E/Eo) [dB] (3)
LAeq extends Leq by incorporating the A-weighted sound
exposure Fa (see Eq. (4)):

LA = ASEL = Ly g = 10logy (Ea/Eo) [dBA] (4)
LIAeq is an extension to LAeq that adjusts ASEL
through the A-duration T}y, i.e., the duration between the
last zero crossing before and the first zero crossing after
the peak, in seconds (Eq. (5)). T4 is restricted between
0.2ms and 2.5ms (T = min{max{Tx,0.2ms},2.5ms}).
For comparability, we use the alternative formulation for
1s window length [2].

LA = Ly g —1.5-101logy (T4 /0.2ms)  [ABA] (5)
LAeqg-Kurtosis, originally developed for complex factory
noise, adjusts ASEL by the statistical measure of kurtosis
B (Eq. (6)) [3]. A 8>3 (larger than kurtosis of Gaussian
noise) means stronger tails of the probability distribution,
i.e., more extreme values due to impulses. The amount of
adjustment is set by A (here: A=4.02 as proposed by [3]).

L™ = La g + Mogy (8/3) [dBA] - (6)
The AHAAH, a physical model of the hearing system,
interprets the maximum basilar membrane displacement



due to noise exposure as potential hazard HAHA ex-
pressed in Auditory Risk Units (ARU). In thise case,
MPEAHA — gAHA/ FAHA & where the limit HADA s
200 ARU per day or 500 ARU one day per week [2]. For
comparability, we use the hazard level in Eq. (7). Note
that we consider only the unwarned mode, meaning that
the stapedius reflex is initially deactivated and gets trig-
gered by the impulse [5]. It starts 9 ms after the 134dB
threshold is exceeded for the first time. The used imple-
mentation (see [4]) assumes an alignment of that threshold
to bms within the observation window. For consistent
results with lower levels, we use an adaptive threshold
at —3dB below the peak. Due to the sharp rising edge
of weapon noises, in theory following a Friedlander wave,
the difference in trigger time is considered negligible.

LAMA = 101log,, (HAHA /10719 ARU)  [dBARU]  (7)

Noise stimuli & Signal processing

The used weapon noise dataset is based on noise
recordings from the multinational measurement campaign
NATO RTG SET-286 carried out in 2023. Noise events in-
cluded 10 single shots with 9 weapon configurations reach-
ing from pistol to anti-material rifle (some with silencer)
using live ammunition in 8 environmental conditions (4
outdoor, 4 indoor) as well as 4 explosive configurations
(stun grenade and 3 different door breaching charges) with
4 repetitions. Cleaned from defective items, the dataset
comprises 731 impulses in ecologically valid environments,
including occasional door breaching and grenade usage,
and covers a majority of infantry soldiers’ noise exposure.

The measurement apparatus for dataset creation con-
sisted of B&K Type 4938 microphones with foam wind-
screen that were placed at the reference point according to
[10], in 1 m distance at 90° left to the muzzle, with respect
to shooting direction, at 1.6 m height or approximate ear
level (for explosive, distances were only approximate be-
tween 1m and 3m). Signals were recorded with a Zoom
F8n-Pro audio recorder at 32-bit floating point resolution
and 192 kHz sampling rate.

During pre-processing of the calibrated recordings, the
phase was occasionally flipped to always positive peak,
DC offset was removed, and noise events were cut to 6s
duration, with the peak aligned to 1s.

For comparing between different technical parameters
and levels of signal degradations, we created stimulus
variants that underwent additional signal processing steps
in the following order (variable names and default values
are underlined):

1. Observation window Cropping to analysis window of
given duration and onset alignment (duration before
the threshold of —3 dB below peak is reached).
duration: {32,100, 320, 1000} ms
alignment: {1,3,5} ms

2. SNR Addition of noise at given SNR: either uniform
white noise (with SNR resp. signal peak) or Gaussian
white noise (with SNR resp. signal RMS).

SNR resp. peak (uniform): {30, 40,50, max} dB
SNR resp. RMS (Gaussian): {0,5,10, max} dB
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3. Clipping Hard clipping at given threshold value
resp. peak.
threshold: {—0.8,—0.3, —0.1, none} dB

4. Sampling Downsampling to given sampling rate.
sampling rate: {44.1, 48,96, 160,192} kHz

5. Oversampling Oversampling to original 192 kHz.
oversampling: {false, true}

6. Quantization Quantization to given value resolution
(with peak at —3 dBFS, no dithering/noiseshaping).
quantization: {8, 10,16, 24, 32} bit

7. LPF Low-Pass Filter of given type, order, and
upper —3dB cutoff frequency.
type: {none, Bessel, Butterworth, Chebyshev Type 1}
order: {4th,8th}
cutoff frequency: {16,22,30} kHz

8. HPF High-Pass Filter of given type and order at
fixed lower —3 dB cutoff frequency.
type: {none, Bessel, Chebyshev Type 1}
order: {2nd, 4th}
cutoff frequency: 4 Hz

9. Noise Dose estimation by 6 DRC:

Pfander, Leq, LAeq, LTAeq, LAeqg-Kurtosis, AHAAH

The values were selected based on a pilot study, in order to
approach an assumed acceptable error range equal or less
than +5 % for 95 % of the data points. For decibel values,
this translates to 10log;o(1 £ 0.05) ~ £0.2dB. All signal
processing including pre-processing, DRC computation,
and statistical analysis was done in Matlab.

Results & Discussion

The robustness of the examined DRC against the above-
mentioned technical parameters is quantified in terms of
relative error in noise dose D in percent, with respect
to the default condition. The plots in this section show
the individual DRC’s errors side by side, for the different
parameter values, visualizing the respective normalized
probability density function and the median of the noise
events in white on top of an individually colored bar
between the 2.5- and 97.5-percentile that covers 95 % of
the respective impulses.

Figure 8 shows the relative error in noise dose that results
from LPF, i.e., band limitation, with a different cutoff
frequency or filter order than the default 22 kHz/8th-order
Bessel filter as well as from not filtering at all. The effect
of different filter types and orders for constant 22 kHz cut-
off frequency is depicted in Fig. 2. It is obvious that lower
bandwidth decreases D while higher bandwidth increases
it. LAeq, LAeq-Kurtosis, and AHAAH, however, are
barely affected by LPF, due to their inherent band limita-
tion through A-weighting or middle ear transfer function.
Especially the AHAAH is almost immune to LPF, even
with non-linear phase filters (Butterworth, Chebyshev)
down to 16 kHz cutoff. Note that the Chebyshev filter’s
passband ripple led to slightly lower level which resulted
in constant offset of D that could be removed by scaling
of signal level or D (applies for LPF and HPF). LTAeq
additionally includes a large error in T due to waveform
distortion by filtering. While the same problem accounts
for T, Pfander is more robust due to averaging across
many time segments. With Pfander and Leq relying on
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the unweighted signal, their band limitation is only de-
fined by LPF and their results are modulated by LPF
parameters.
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Figure 1: Relative error in noise dose due to LPF cutoff and
order.
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Figure 2: Relative error in noise dose due to LPF type and
order.

According to the Nyquist theorem, digital sampling im-
plies low-pass filtering. Differences between those two
conditions are thus supposed to come from the different
filter types (resampling uses Matlab default polyphase
anti-aliasing filter). The effect of lower sampling rate
on D is depicted in Fig. 3 in case of reconstruction via
oversampling. Especially when comparing the 44.1 kHz
sampling rate condition to the 16kHz LPF condition
from Fig. 1, we observe that both led to similar results.
Without oversampling, especially for waveform parame-
ters (Pfander, LIAeq), but also for energy and kurtosis
(LAeq, LAeg-Kurtosis), errors were significantly larger
(see Fig. 4). Leq, due to lacking frequency weighting and
thus band limitation, varies strongly with the used resam-
pling algorithm and anti-aliasing filter, which in this case
even led to slight dose overestimation.
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Figure 3: Relative error in noise dose due to decimation
(with oversampling).
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Figure 4: Relative error in noise dose due to decimation
(without oversampling).

As additive noise due to low SNR cannot be distinguished
from actual noise exposure, it generally increased D (see
Fig. 5). As long as the noise level stays more than —10dB
below the peak, however, no constant bias to T and thus
Pfander is added, making it effectively robust against
noise. The inverse effect for LAeq-Kurtosis (more noise
leading to less hazard) is due to the signal becoming
more Gaussian; a counter-intuitive behavior that requires
further analysis.
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Figure 5: Relative error in noise dose due to additive white
Gaussian noise (SNR resp. RMS) and uniform white noise
(SNR resp. peak).

The error due to quantization (see Fig. 6) is induced by
the inherent quantization noise and therefore resembles
the error due to SNR. In particular, the 10 bit condition in
Fig. 6 looks almost identical to the 50 dB SNR condition
in Fig. 5 (in theory: SQNR(10bit) ~ 6-10 = 60dB). In
general, most DRC showed to be robust against quanti-
zation down to 8 bit, except maybe AHAAH and surely
LTAeq (similar as for SNR).
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Figure 6: Relative error in noise dose due to quantization.

Hard clipping generally led to lower D, due to energy
being removed. However, with decreasing Lpeak, Tc in-
creases, leading to symmetric errors for Pfander. The



AHAAH seems to take into account that the resulting
harmonic distortion might even slightly increase hazard.
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Figure 7: Relative error in noise dose due to hard clipping.

Figure 8 shows that except of waveform-dependent DRC

(Pfander, LIAeq), HPF had only a small effect on D.

However, as the signal is anyway high-pass filtered at a
cutoff frequency above the tested 4 Hz by microphones and
A /D-converters, we can observe only the effect of ripple
and phase distortion in the passband. The 2nd-order
Chebyshev performed best throughout DRC, if assuming
that constant bias can be compensated.
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Figure 8: Relative error in noise dose due to HPF.

The effect of the analysis window duration and onset
alignment on D is depicted in Fig. 9. Note that AHAAH
and LAeqg-Kurtosis are inherently coupled to the window
duration and the shown errors are rather due to mis-
use than due to the DRC itself. In general, shortening
the analysis window below 320 ms led to significantly re-
duced D, while shorter alignment down to 1ms seems
safe, except for AHAAH. For the used AHAAH implemen-
tation, shortening the alignment by 2 ms already resulted
in inacceptably overestimated noise dose; however, this
error is supposed to disappear if the stapedius reflex were
triggered adaptively.
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Figure 9: Relative error in noise dose due to analysis window
duration and onset alignment.
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Conclusions & Outlook

We quantified the influence of technical parameters such
as sampling, band limitation, SNR, quantization, clipping,
and observation window specifications on the predicted
noise dose by currently-used and candidate standards
including waveform-based (Pfander, LIAeq), energy- and
statistics-based (Leq, LAeq, LAeq-Kurtosis), and physical
model-based (AHAAH) DRC. The results allow us to de-
fine minimum requirements for the examined DRC, with
respect to the evaluated technical parameters. In sum-
mary, “graphical” signal features (A-duration, C-duration,
peak) showed to be sensible to any source of noise or sig-
nal degradation, suggesting rather strict requirements
for waveform-based DRC (Pfander, LIAeq). The same
applies for DRC that depend on the unweighted signal
(Pfander, Leq). Weighted and statistical signal features
(A-weighted energy and kurtosis) and physical models,
however, were found to be more robust against the tested
signal degradations, suggesting more loose technical re-
quirements for LAeq, LAeg-Kurtosis and AHAAH. The
detailed results allow an informed revision of measure-
ment guidelines as well as DRC computation with optimal
balance between required precision and computational
effort for low-power wearable dosimetry.
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