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ABSTRACT

Recently, we showed that a sinusoidal infrasound affects
the perception of low-frequency sounds in the audio-
frequency range (cf. [1]). Masking of a 64 Hz pure tone due
to the presence of a supra-threshold 8 Hz infrasound was
observed as well as masking of temporal amplitude
modulation (AM) of a 64 Hz carrier with a modulation
frequency of 8 Hz. This study investigates to what extend
these masking effects can be explained on the basis of the
filter characteristics of the peripheral auditory system. A
special focus will be on the effect of the relative phase
between the amplitude modulation and the infrasound on
the strength of masking. It will also be investigated, if
individual differences can be explained by variations of the
filter characteristics.

Keywords: infrasound, low-frequency sound, amplitude
modulation, masking modelling.

1. INTRODUCTION

Infrasounds are commonly defined as sounds with a
frequency spectrum within the range of 1 Hz to 20 Hz (ISO
7196:1995, [2]; ANSI/ASA S1.1:2013,[3]). The audio-
frequency range is commonly defined as the frequency
range between 20 Hz and 20kHz [2]. Interestingly,
according to [3], “audio frequencies roughly range from
15 Hz to 20 kHz”, i.e., the infrasound-frequency range and
audio-frequency range overlap in this standard. Several

*Corresponding author: jesko.verhey@med.ovgu.de
Copyright: ©2025 Jesko Verhey et al. This is an open-access
article distributed under the terms of the Creative Commons
Attribution 3.0 Unported License, which permits unrestricted use,
distribution, and reproduction in any medium, provided the
original author and source are credited.

3361

studies showed that even lower frequencies down to 1.5 Hz
are perceived by the hearing system, if the infrasound level
is high enough (e.g., [4]). Fundamental aspects of auditory
processing in the audio-frequency range seem to be
observed in infrasound perception through the ear as well,
such as spectral [5] and temporal integration [6].

Although there is evidence that infrasound is processed by
the auditory system, it is still not fully understood how
infrasound is perceived. One hypothesis is that the non-
linear processing within the ear generates distortion
products that contribute to the perception of infrasound [7].
Joost et al. (2021, [8]) tested this hypothesis by measuring
distortions in the ear canal with a low-distortion sound
reproduction system. Although distortion products were
detected in all listeners for at least one of the tested signal
frequencies, their levels were considerably lower (> 10 dB)
than the reference threshold levels for the distortion-product
frequencies. In addition, the presence of distortions seems
to be unrelated to the thresholds for the listener. Thus, their
data argues against an infrasound perception through
harmonic distortions.

An alternative hypothesis of auditory infrasound
processing is that infrasound is perceived as amplitude
modulation in the audio-frequency range. Zwicker [9]
showed in a masking-pattern experiment that a sound
with a very low frequency of 20 Hz modulates the
perception of short higher-frequency tones and that this
interaction depends on the phase of the low-frequency
sounds. They interpreted their data in the light of basilar-
membrane displacement due to the low-frequency sound.
Although his study did only used a frequency equal to
the maximum of the infrasound frequency range, it is
likely that lower frequencies would yield similar results.
Marquardt and Jurado [10] provided a direct support of
the modulation hypothesis. They showed that listeners
had difficulties to distinguish a 63 Hz carrier modulated
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at 8 Hz from a 63 Hz pure tone in the presence of a
supra-threshold 8 Hz infrasound sinusoid.

Motivated by [10], Friedrich et al. [1] measured, among
others, modulation depths at thresholds for a 64 Hz
carrier in the presence of a supra-threshold sinusoidal
infrasound masker. The infrasound frequency was equal
to the modulation frequency (8 Hz). The infrasound was
either in phase (0°) or out of phase (i.e., in antiphase,
180°) to the modulator. The sensation level of the
infrasound was 9 dB and that of the carrier 24 dB.
Nineteen listeners participated in the experiment. For the
majority of listeners, the phase relation between
infrasound and modulation affected the modulation
depth at threshold. The effect could be as large as 8 dB.
Some listeners had lower modulation depth at threshold
in the in-phase condition, others in the antiphase
condition. On average across all nineteen listeners, the
effect was smaller than one decibel and not significant.
Friedrich et al. [11] showed in four listeners, that the
phase effect is quite robust, i.e., essentially the same
effect was obtained when re-measured ten months later.
In a following-up study, Friedrich et al. [12] measured in
two listeners the effect of the relative phase between
infrasound and modulation for phases 0°, 45°, 90°, 135°,
180°, 225°, 270°, and 315. The study showed individual
data of the two listeners. They had opposite phase effects
when only the phases 0° and 180° were measured. The
data indicate that the extreme values for the modulation
depth at threshold for those two listeners were not at 0°
and 180°. On average across the two listeners, the
minimum threshold for modulation was obtained at 90°
and the maximum at 270°.

The aim of the present study is to model the interaction
between infrasound and low-frequency audible sound by
considering basic mechanisms of auditory processing. A
special focus will be on the above mentioned phase
effect in the interaction between infrasound and
amplitude modulation of a low-frequency carrier in the
audio-frequency range.

2. MODEL APPROACH

A common approach to model the frequency—place
transformation at the level of the basilar membrane is to
analyse the incoming sound with a band of overlapping
auditory (band-pass) filters [13]. The approach in the
present study is that the masking infrasound and the low-
frequency signal in the audio-frequency range interact in
the auditory filter with the largest excitation due to the
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(masked) audio sound. This is a common assumption of
the power-spectrum model [14].
Jurado et al. [15] showed that there is a lower limit with
respect to the centre frequency of the auditory filters.
They measured psychoacoustical tuning curves for signal
frequencies 31.5 Hz, 40 Hz, 50 Hz, 63 Hz, and 80 Hz.
Their data indicate that the minimum centre frequency
for the auditory filter is around 50 Hz to 63 Hz.
Using a notched noise paradigm, Jurado and Moore [16]
measured an auditory-filter width of around 30 Hz for a
centre frequency of 63 Hz. This is close to the ERB
predicted by the following Eqn. 1:
ERB(fc)=24.7+0.108"fc (1)

with fc as the centre frequency of the auditory filter in
Hertz.
Overall, the data of [16] and Jurado et al. (2011) indicate
that an auditory filter centred at the carrier frequency of
Friedrich et al. [1] exists and that this filter has a bandwidth
of roughly one ERB. For the simulations of the present
study, a gammatone filter is used with the following Eqn. 2
as an impulse response:

gt)=at"-exp(-2nb ERB(fc))-cos(2x fc t+@) 2)
with ¢ and b as scaling parameters, ¢ as the starting phase,
and 7 as the order of the filter (e.g., [13]). Note that this
auditory filter is symmetric on a linear frequency scale,
whereas the data in Jurado and Moore (2010) indicate a
slight asymmetry, which is, for simplicity, not considered in
the present study.
The auditory-filter width is not exactly the same for all
listeners (e.g., [17]). This is especially the case for hearing
impaired listeners but is also found, to a lesser extent, for
normal hearing listeners. For example, Bharadway et al.
[18] derived an auditory-filter width from their notched
noise data in a forward-masking paradigm They reported
psychoacoustic frequency tuning of their 26 listeners with
an average auditory-filter width of 249 Hz and a standard
error of 24 Hz for a signal frequency of 4 kHz.
The present study accounts for the above-mentioned inter-
individual variability by simulating auditory processing
with several values of b in Eqn. 1. In addition, it is
investigated, if the shape but not the auditory filter width is
changed by using a different filter order (3 instead of 4). An
order of 3 was, e.g., used in Breebaart et al. [19].
Prior to the auditory filtering at level of the cochlea, the
incoming signal is filtered by the outer- and middle-ear. For
simplicity, it is assumed that this filter can be realised as a
filter with a decrease of 24 dB per decade towards lower
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frequencies in the whole range of frequencies considered
here, i.e. below 100 Hz. This attenuation per decade is
extrapolated from a figure of Zwislocki, redrawn on
https://entokey.com/anatomy-and-physiology-of-hearing/.
In the present study, the effect of outer and middle-ear filter
is only realised as a frequency specific attenuation, i.e., it
does not alter the phase of the signals. In addition, for
simplicity, the attenuation at 64 Hz is set to 0 dB.

3. RESULTS AND DISCUSSION

Fig. 1 shows three examples of transfer functions of the
simplified outer- and middle-ear filter (doted grey line), the
auditory filter (thin dashed line) and the combined filter
(thick solid line). The value for » was 0.8, 1, and 1.25 for
the bottom, middle, and top panel, respectively. Note that
the combined filter has a steeper slope on the low-frequency
side than on the high frequency side. This agrees
qualitatively with the derived filters shown in [16]. Due to
the outer- and middle-ear filter, the 8 Hz signal is attenuated
by 21.7dB. The total attenuation depends on b. It is
57.1dB, 49.9 dB, and 40.8 dB for b equal to 0.8, 1, and
1.25, respectively.

Attenuation in dB

20 40 60 80 100
Frequency in Hz

Figure 1. Transfer functions of outer- and middle-ear
filter (doted grey line), the auditory filter (thin dashed
line) and the combined filter (thick solid line). Each
panel shows a different version of the auditory filter
(see running text for details).

Fig. 2 shows the filtered version of 8 Hz infrasound (solid
grey line) and of the amplitude-modulated tone with a
carrier frequency of 64 Hz. In addition, the envelope of the
latter signal is shown with a thin dotted line. In each panel,

a different auditory filter is used (for the transfer functions
of the corresponding filters, see Fig. 1).
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Figure 2. Time signals after filtering with the
combined filters shown in Fig. 1 with solid lines. The
solid grey line is the filtered 8 Hz signal with an initial
phase difference of 0°, the thick solid line the filtered
amplitude modulated 64 Hz tone and the dotted line
the Hilbert envelope of the latter signal. All signal are
normalised to an amplitude of one.

The filtering changes the phase relation between the in-
phase 8 Hz signal and amplitude modulation. For =8,
modulation and infrasound are still in phase (difference less
than 1°). For the standard one ERB wide filter (b= 1), the
two signals are 37° out of phase, and for the b=1.25, the
phase difference is 67°. If for the largest b also the filter
order n is changed to 3, then the phase difference between
the filterer signals amounts to 97 degrees (not shown).

On average across the listeners, the 8 Hz signal [1] had a
sound pressure level of about 114 dB. When attenuated
with the intermediate filter shown in Fig. 1, it has a level of
65 dB. This level is not much lower than the average level
of the low-frequency carrier which was about 71 dB. It is
likely that the modulation and the infrasound interact
changing the task of modulation detection to one of
modulation discrimination. This explains the increase in
modulation depth at threshold in the presence of the
infrasound in most listeners, irrespective of the phase
relation between infrasound and amplitude modulation.
Two listeners in [1] showed a decrease in threshold for one
phase relation. Such an unmasking can also be explained by
assuming that the modulation due to the infrasound is
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subthreshold and enhances the low-frequency carrier in
such a way that it is audible at a lower modulation depth.
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