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ABSTRACT

This paper investigates the perceived spatial extent of a local active noise control system for different types of
disturbances. Several publications determined size and shape of the zone of quiet for various arrangements through
analytical and numerical methods. However, these studies have often overlooked human perception, focusing solely
on technical properties. Therefore, a listening experiment has been conducted to determine the perceived size of
the zone of comfort in a scenario close to reality, using an active headrest setup. Several operational frequency
limits for different types and directions of broadband disturbances are examined. Within this experiment, lateral
transitions to the front and head rotations at the target position have been considered. Statistically consolidated
subjective ratings exhibit limits of around 2 cm to 4 cm for lateral transitions, with an expected decrease towards
higher frequencies. When comparing participants’ answers to measurements, the majority of the median responses
converge at a point with loudness reduction of 20 %. The rotational limits of 7 ◦ to 15 ◦ are not as dependent on
frequency, but are confined by the distinct perception of the secondary sources as well.

1 Introduction

Active noise control (ANC) is a technique for the reduc-
tion of unwanted disturbances. Most ANC algorithms
are based on the same fundamental principle: capturing
signals closely related to the disturbances, manipulat-
ing them with a control filter, and playing the signals
back via loudspeakers, also called secondary sources
in the context of active control. The filters are designed
beforehand or adapted during operation to ensure that
at one or more points of cancellation the sound pres-
sure generated by the secondary sources accurately
resembles the disturbances, but with inverted phase.
This results in a reduction of the disturbances through
destructive interference.

In an automotive scenario, active control can be used
to reduce engine and road noise [1]. Unlike tradi-
tional passive noise reduction techniques such as struc-
tural optimisations or the addition of absorptive materi-
als, ANC systems are generally capable of controlling
lower frequencies while being lightweight and poten-
tially utilising already installed sensors and transducers.
Global ANC aims to reduce sound pressure through-
out the entire space, while local ANC is optimised to
reduce disturbances at specific positions. The latter ap-
proach extends the controlled bandwidth while requir-
ing fewer secondary sources [1]. Although active head-
rests containing secondary loudspeakers have already
been part of early ANC systems [2], they have gained
popularity especially in recent years [3, 4, 5]. Ad-
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vantages of these systems compared to door-mounted
loudspeakers are faster convergence time and increased
stability when using adaptive filters due to a smaller
plant delay [6]. Although arrangement and geometry
of the headrest have influence on the noise reduction
performance [3], the results of this study can be an
indicator for many similar cases.

Local ANC has a limited spatial extent. Various analy-
tical and numerical studies have determined the zone of
quiet (ZoQ), which refers to the the area where 10 dB
noise reduction is achieved around the point of cancel-
lation, for different scenarios. In a pure-tone diffuse
sound field, the ZoQ takes the shape of a sphere with
a diameter of approximately 1/10-th of the wavelength
when using a single secondary source in the acoustic
far-field [7]. Subsequent studies have expanded upon
this research to include multiple points of cancella-
tion [8] and broadband disturbances with secondary
sources in both the acoustic near- and far-field [9].
However, the majority of these studies focus solely on
unweighted sound pressure levels as performance mea-
sure, neglecting the role of human perception. Thus,
this study presents results of a listening experiment that
has been conducted to determine the perceived size
of the controlled area, referred to as zone of comfort
(ZoC), for various scenarios in a noise control setting
close to reality. The results of this study can serve as
a reference for perceptually optimised ANC systems,
for example regarding the accuracy of head-tracking
based approaches [10]. After a brief derivation of an
optimal control filter in section 2, the experiment setup
is described in section 3 while the results are presented
in section 4. These results are then contextualised and
compared to measurements and psychoacoustic mea-
sures in section 5. Recordings of all stimuli at various
positions as well as the results of the listening experi-
ment are openly accessible [11].

2 Optimal control filter

Fig. 1 shows a block diagram of the feedforward ANC
system used in the experiment. For best noise reduc-
tion performance at the point of cancellation, an op-
timal, static control filter is used. While a compre-
hensive derivation for this filter is given for example
by Elliott and Cheer [12], only a simplified version
in the z-domain is provided in this publication, where
for example De(z) corresponds to the z-transform of a
discrete-time signal de[n].

Fig. 1: Simplified block diagram of a feedforward
ANC system with a static control filter.

Given the known transfer functions Pe(z) between the
primary sources and the points of cancellation, the
primary disturbances De(z) at the points of cancellation
can be expressed as

De(z) = Pe(z)V(z) , (1)

where V(z) are the innovation signals driving the pri-
mary sources. For this experiment, the innovation sig-
nals are also used as the input of the control filter W(z)
to avoid deteriorated performance due to low coher-
ence between the primary disturbances and the control
filter’s input. The control signals U(z) driving the sec-
ondary sources are therefore defined as

U(z) = W(z)V(z) . (2)

The residual noise E(z) at the points of cancellation
can now be found with

E(z) = De(z)+Ge(z)U(z) = (3)
= Pe(z)V(z)+Ge(z)W(z)V(z) , (4)

where Ge(z) is a set of transfer functions between the
secondary sources and the points of cancellation. With
optimal noise control, the residual error E(z) should be
equal to zero. Equation (4) can therefore be rewritten
to

Pe(z)V(z) =−Ge(z)Wopt(z)V(z) . (5)

If Ge(z) is invertible, the optimal control filter can be
calculated with

Wopt(z) =−G−1
e (z)Pe(z) . (6)

3 Experiment setup

The listening experiment was conducted in an acousti-
cally treated room with non-parallel walls and dimen-
sions of approximately 5m×4m×3m. The room has
a reverberation time of less than 50ms above 300 Hz
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and less than 30ms above 1 kHz. Within this space,
eight Genelec 8020 B loudspeakers, arranged in a cir-
cular configuration with a radius of 1.5 m, serve as the
primary sources of disturbances, as illustrated in Fig. 2.
An active headrest prototype with two loudspeakers,
placed approximately 20 cm apart and facing the lis-
tener’s ears in resting position, is used as secondary
source. The position of the participant is captured by a
tracking system (OptiTrack Motive with 6 Flex3 cam-
eras, mean error ≤ 0.4mm) with an optical marker
placed on the participant’s head as shown in Fig. 3. To
compensate for variations in marker placement, each
participant has to find their reference position, the loca-
tion with best noise attenuation, in a brief pre-trial.

1m

Fig. 2: Schematics of the room and loudspeaker ar-
rangement.

In the listening experiment itself, participants are in-
structed to rotate (clockwise and counterclockwise) or
move their head forward, starting at the reference posi-
tion. When the perceived ZoC is left or the secondary
sources are starting to cause additional disturbances, a
button on a provided tablet PC should be pressed to cap-
ture the position. If this point cannot be found or is out-
side the range of motion, an "out of bounds" response
can be given. In any case, playback of the primary dis-
turbances and therefore also of the secondary signals
is stopped after each response. The next trial starts im-
mediately when the reference position is reached again
with an accuracy of±1cm and±3 ◦. This procedure al-
lows for identical starting conditions across trials. The
tablet PC provides a user interface for instructions, vi-
sual feedback to find the reference position between
trials faster, and a button to disable ANC temporarily
as well. The display is mirrored to a second screen at
eye level to keep the participant’s head as straight as
possible. Despite this measure, a noticeable change in
pitch angle could be observed with some participants
for lateral transition trials. Due to the fact that the op-
tical marker for the tracking system is placed at the

(a) Front view (b) Top view

(c) Side view

Fig. 3: Positioning of the participant and tracking
marker in front of an active headrest.

top of the participant’s head and not at ear level (see
Fig. 3), the recorded position has to be corrected to
avoid exaggerated results. The corrected position in
frontal direction is therefore

t̃rx = trx +osz · sin(pitch) , (7)

where trx is the uncorrected position along the lateral
plane and osz the vertical offset between the tracking
marker and the ear canal. A value of osz = 13cm is
chosen, measured on a Brüel & Kjær 4128C head and
torso simulator (HATS).
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Fig. 4: Block diagram of the measurement setup.
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Before calculating the control filter, all transfer paths
between the primary and secondary loudspeakers and
a HATS are measured using an exponential sweep
method [13] at a sample rate of 44.1 kHz with the setup
depicted in Fig. 4. To resemble a realistic scenario, the
HATS is placed as close as possible to the active head-
rest without touching it to avoid mechanical coupling
and structure-borne sound in measurements. With eight
primary and two secondary sources, this results in a
2×8 matrix of primary paths Pe(z) and a 2×2 matrix
of secondary paths Ge(z). The impulse responses are
windowed to remove floor and wall reflections. For
the experiment, the 2× 8 static control filter Wopt(z)
is calculated bin-wise in frequency domain [12] while
ensuring a causally constrained filter design, follow-
ing the formulation in eq. (6). The matrix Ge(z) was
conditioned well enough to omit regularisation before
inversion while still operating at the playback system’s
default sample rate of 44.1 kHz.
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Fig. 5: Power spectral density (PSD) of the used in-car
recording at 80 km/h, as well as the interaural
coherence measured inside the vehicle (ref) and
simulated in the experiment (exp).

Two different types of innovation signals are used in
the experiment - uniform white noise, low-pass filtered
with a 32nd Butterworth filter as done by Rafaely [9],
and a recording of in-car noise (Audi A6 C6 Sedan,
3.0 TDI at 80 km/h speed) with the power spectral den-
sity shown in Fig. 5. The in-car noise is additionally
tested for wide-sense stationarity [14]. Different upper
operational frequency limits of the ANC algorithm are
set to 500 Hz, 1 kHz, 2 kHz, and 10 kHz. To achieve
this, the low-pass cut-off frequency of the white noise
innovation signal is set to the corresponding value. For
the in-car noise, the control filters themselves are post-
processed with a 6th order Butterworth low-pass filter,
using a zero-phase forward-backward approach [15]
to preserve their phase response, while playing the un-

modified primary disturbances in the experiment in all
cases.

Primary disturbances are played either by a single loud-
speaker in the front, in the rear or from all eight loud-
speakers on the horizontal plane. To create a diffuse
scenario for the latter, the mono innovation signals are
processed with a granular synthesizer and encoded to
the Ambisonic domain as proposed by Riedel et al. [16].
The signal is decoded to the loudspeakers using the
AllRAD approach [17] with two zero-gain imaginary
loudspeakers at ±90 ◦ elevation. The GranularEncoder
and AllRADecoder of the IEM Plug-In Suite1 are used
for processing, all parameters deviating from their de-
fault values are listed in table 1. With this method, an
interaural coherence comparable to reference record-
ings with a HATS in the vehicle is achieved below
500 Hz as shown in Fig. 5. All primary disturbances
are levelled to approximately 58 dB(A) at the listening
position, similar to the level in the car.

Parameter Base value Modulation

Grain length 0.841 s 31.5 %
Time between grains 0.001 s
Buffer position 1.125 s 1.112 s
Max. spread 360 ◦

Grain distribution circular

Table 1: Custom GranularEncoder settings.

Each combination of innovation signal, controlled fre-
quency range and primary disturbance direction is pre-
sented once. One selected combination (white noise,
low-pass cut-off frequency at 1 kHz, diffuse) is pre-
sented four times to assess reliability and consistency
of the participants. This results in a total of 81 trials.

The white noise innovation signals and the control fil-
ters are calculated in advance in MATLAB. The central
control of the experiment (stimulus selection, playback
logic, export of results) is programmed in Pure Data2;
MobMuPlat3 [18] acts as user interface on the tablet PC.
The audio signals are played back by the digital audio
workstation REAPER, the control filter is applied with
the mcfx VST2 plug-in4. All subsystems communicate
via the Open Sound Control (OSC) protocol.

1https://plugins.iem.at/
2http://msp.ucsd.edu/software.html
3https://danieliglesia.com/mobmuplat/
4https://github.com/kronihias/mcfx
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Fig. 6: Median, range between first and third quartile (IQR), individual answers, and number of "out of bounds"
(OB) for transition trials for different primary disturbance directions. The labels on the abscissa refer to
the cut-off frequencies of the low-pass filter.
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Fig. 7: Median, range between first and third quartile (IQR), individual answers, and number of "out of bounds"
(OB) for counterclockwise rotation trials for different primary disturbance directions. The labels on the
abscissa refer to the cut-off frequencies of the low-pass filter.

4 Results

A total of 24 people between 21 and 60 years (29 years
median) participated in the experiment, aiming to quan-
tify perceived spatial limits of local ANC. 20 subjects
have previously taken part in listening experiments, 22
have a self-reported background in acoustics and/or
audio engineering. None reported any hearing im-
pairment. Experiment durations ranging from 11 min
to 64 min with a median of 21 min are recorded. Al-
though with this number of participants differences
between conditions are rarely statistically significant
at α = 0.05, certain trends can be identified based on
median and quartile location.

A within-subject reliability index [19] is used to eval-
uate the consistency of responses. With the variance

over the repeated trials σ2
rep and the variance over all

trials σ2
all, it can be calculated as

r = 1−
σ2

rep

σ2
all

. (8)

Eight participants are excluded from further analysis
based on a low reliability index of r < 0.6 and an-
other person is excluded due to a strikingly high overall
variance and multiple "out of bounds" answers in the
repeated trials.

A Wilcoxon signed rank test [20] with Holm-
Bonferroni correction [21] is performed to check for
significant differences in responses for clockwise and
counterclockwise rotation. With the exception of one
condition (frontal in-car noise, cut-off frequency at
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2 kHz), no significant differences are found at a signifi-
cance level of α = 0.05. However, for further analysis
only counterclockwise rotation is considered, as this is
the direction where the sound field has been recorded.

The results of the listening experiment are shown in
Fig. 6 and 7. Similar tendencies and results can be ob-
served for both low-pass filtered white noise and in-car
noise. Especially in the transition trials, the perceived
size of the ZoC decreases towards higher frequencies.
This is not a surprise, as simulations by Rafaely [9]
have shown that for diffuse band-pass filtered noise the
ZoQ is similar to that of pure-tone disturbances at the
mid-frequency of the noise bandwidth and shrinking
towards higher frequencies. It is also evident, that the
direction of the primary disturbances has influence on
the size of the ZoC. While frontal and diffuse scenarios
produce relatively similar results, larger ZoCs are seen
for dorsal disturbances. This is in line with simulations
by Elliott and Cheer [12], as the secondary sources
are located behind the participant as well, resulting in
a closer match of phase variation of primary and sec-
ondary sources in the examined direction. A higher
interquartile range (IQR) for dorsal disturbances is also
noticeable, which can be explained by a more gentle
loudness increase compared to other directions (see
Fig. 8 and section 5).

The first quartile acts as a general indicator for the size
of the ZoC, defining an area that is valid for 75 % of
participants. This threshold is easily identifiable in
Fig. 6 and 7. For transition trials with frontal and dif-
fuse disturbances, the ZoC has an extent of about 4 cm
for lower cut-off frequencies with the aforementioned
criterion, declining to about 2 cm towards higher fre-
quencies. A plateau for the extent of the ZoC is reached
at or slightly above 1 kHz cut-off frequency for frontal
disturbances. Although the median of responses for
dorsal disturbances declines towards higher frequen-
cies, the first quartile remains relatively constant at
4 cm across all conditions.

The reduction of the median ZoC size towards higher
cut-off frequencies can also be observed to a certain
degree with diffuse and frontal disturbances during a
rotational motion as shown in Fig. 7. However, for
most dorsal and diffuse conditions, the lower quartile
is located between 10 ◦ and 15 ◦ and relatively inde-
pendent of controlled frequency. Frontal disturbances
result in a slightly narrower ZoC ranging from 7 ◦ to
12 ◦.

5 Relation to perceived loudness

To understand why participants answered this way,
primary and residual disturbances are evaluated fur-
ther. The sound field with and without noise control
is captured for every condition with a HATS at sev-
eral lateral positions of {0,3,6,9,12,15,20,25,30} cm
and head rotations at the reference position of
{0,10,20,30,40,50}◦.
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Fig. 8: Loudness of low-pass filtered white noise at
2 kHz cut-off frequency with ANC for several
primary source directions during lateral transi-
tion.

Fig. 8 shows the binaural loudness according to Moore
and Glasberg [22] for different primary disturbance
directions with low-pass filtered white noise at 2 kHz
cut-off frequency as example. In general, more increase
in loudness near the reference position can be observed
for frontal disturbances, whereas dorsal disturbances
result in a slower increase and lower maximum loud-
ness. The less steep loudness increase can account for
the larger IQR of the responses for dorsal disturbances.

The noise reduction performance can provide an expla-
nation to the general response behaviour of test subjects
for transition trials. Fig. 9 shows the ratio between the
loudness with and without ANC across all measured
positions. Over all conditions, the first quartile of the
responses is located on average at a noise reduction
ratio of 0.82 with a standard deviation of 0.07, indicat-
ing a perceived loudness reduction by approximately
20 % caused by the ANC system. However, there are
some outliers to this observation, such as for cut-off
frequencies at 10 kHz in Fig. 9(a) and 9(e) or 500 Hz in
Fig. 9(f). In these scenarios, notably less noise reduc-
tion is exhibited at the reference position, almost mov-
ing the noise reduction ratio parallelly throughout the
examined range. For frontal disturbances in Fig. 9(c)
and 9(d), the median response is notably higher at a
noise reduction ratio of almost 1, indicating the same
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Fig. 9: Relative loudness reduction for different positions and cut-off frequencies. Median, range between first and
third quartile (IQR), and individual responses are overlaid.
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0 10 20 30 40 50

Yaw / degree

0.00

0.25

0.50

0.75

1.00

1.25

Lo
ud

ne
ss

ra
tio

(e) White noise, back

0 10 20 30 40 50

Yaw / degree

0.00

0.25

0.50

0.75

1.00

1.25

Lo
ud

ne
ss

ra
tio

(f) In-car noise, back

Fig. 10: Relative loudness reduction for different head rotations and cut-off frequencies. Median, range between
first and third quartile (IQR), and individual responses are overlaid.
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perceived loudness as without ANC. However, the first
quartile of responses over all trials with frontal distur-
bances still lies on average at a ratio of 0.87, compara-
ble to diffuse scenarios.
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Fig. 11: Interaural cross-correlation function for low-
pass filtered dorsal white noise at 2 kHz cut-
off frequency with ANC for different head
rotations.

Fig. 10 shows that for head rotation similar observa-
tions can be made regarding the response behaviour and
the noise reduction ratio. The mean of the first quartile
is at a slightly lower loudness ratio of 0.77 with a higher
standard deviation of 0.1. Results for frontal distur-
bances (see Fig. 10(c) and 10(d)) are in a similar noise
reduction range as the transition trials. The results for
diffuse and dorsal disturbances are comparable as well,
but tend to have the median response at positions ex-
hibiting more noise reduction than at the corresponding
transition trials. It is very likely that a second phe-
nomenon is at play here. Starting at approximately 15 ◦

head rotation, the ipsilateral secondary speaker can be
localised as an independent sound source, potentially
confining the perceived extent of the ZoC further. The
interaural cross-correlation function [23] (IACF) can
act as measure to support this theory. Fig. 11 shows
as example the IACF for white, dorsal disturbances
with a cut-off frequency at 2 kHz. Even at a small head
rotation of 10 ◦, the IACF begins to collapse. It reaches
a plateau with strong negative components near 0 ms
lag above 20 ◦ head rotation, indicating a predominant
secondary source at the ipsilateral ear, producing sound
with inverted phase compared to the (primary) sound
field at the contralateral ear.

6 Conclusion

In the presented study, the perceived spatial extent of
local ANC with an active headrest setup is evaluated
in a listening experiment. A lateral transition of 2 cm

to 4 cm is tolerated by 75 % of the participants. The
size of this area decreases with increased controlled
bandwidth. Dorsal disturbances typically result in a
larger perceived ZoC due to a closer match of phase
variation between primary and secondary sources in the
tested setup. Results for variable head rotations are in a
range of 10 ◦ to 15 ◦ for dorsal and diffuse disturbances
and 7 ◦ to 12 ◦ for frontal disturbances while being
relatively independent of controlled bandwidth.

When examining the relative loudness reduction as ratio
of the binaural loudness with and without ANC, most
answers for dorsal and diffuse scenarios converge at
positions with loudness reduction of 20 %. For frontal
disturbances and cases with less noise reduction at the
reference position, the median response is shifted to
positions with less noise reduction. Especially when ro-
tating the head, the distinct perception and localisation
of the secondary speaker acts an additional constraint
on the size of the ZoC. The connection between the
perceived spatial extent of ANC and the loudness re-
duction can be used in the design process of noise
control systems, for example to determine the required
accuracy of head-tracking for local noise control.

For this experiment, we considered only a single geo-
metrical setup. To validate the results, future studies
may evaluate the extent of the ZoC for different arrange-
ments and with higher spatial resolution. Additionally,
numerical simulations of the ANC setup would be of
interest to compare the results to the analytical work
by Rafaely [9]. However, these simulations would re-
quire FEM/BEM approaches towards higher controlled
bandwidths [3].
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