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'Department of Environmental and Applied Fluid Dynamics, von Karman Institute for Fluid Dynamics, Waterloosesteenweg 72,
B-1640 Sint-Genesius-Rode, Belgium

’Department of Flow Physics and Technology, Delft University of Technology, Kluyverweg 1, 2629 HS Delft, The Netherlands
3Department of Aviation Technology, University of Defence, Kounicova 65, 662 10 Brno-stied, Czech Republic

ABSTRACT:

With the rapid proliferation of unmanned aerial vehicles, understanding the aeroacoustics of drones in operating
conditions is essential to mitigate perceived annoyance. Performing these measurements in a large indoor test hall is
particularly attractive, as it allows the execution of complex drone maneuvers under controlled atmospheric
conditions, with high-precision trajectory tracking provided by motion capture systems. Yet, not being acoustically
treated, these facilities present challenging reverberant conditions for acoustic measurements. This research work
focuses on investigating a maneuvering quadcopter drone inside an indoor test hall and proposes a methodology
based on phased-array techniques to decontaminate the recorded noise from the reverberation effects using a tailored
Green’s function. The results indicate that the tonal contributions of the noise spectrum are significantly influenced
by drone operation and orientation, with distinct changes in the blade pass frequencies linked to the varying speeds
of the front and back rotors during different flight phases. By filtering out spurious broadband noise due to sound
reflections, the proposed dereverberation methodology facilitates the tracking of these tonal components, which can
be more clearly visualized in the noise spectrum. The study eventually highlights the importance of analyzing the
drone trajectory when interpreting the corresponding noise radiation.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons
Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1121/10.0036900

(Received 12 February 2025; revised 15 May 2025; accepted 3 June 2025; published online 18 June 2025)
[Editor: Eric Greenwood] Pages: 4468-4481

I. INTRODUCTION delivery can help reduce traffic congestion and carbon emis-
sions in densely populated areas (Kellermann et al., 2020).
Nevertheless, the perceived noise of these vehicles remains
an obstacle to their social acceptance (Schaffer ef al., 2021).
Drone annoyance is a complex and relatively recent
research topic (Gwak et al., 2020; Torija et al., 2019; Yupa-
Villanueva et al., 2024). The noise generation mechanisms
associated with these vehicles include periodic mutual inter-
actions between the propellers and the airframe that cause
tonal noise on the one hand (Roger and Moreau, 2020; Zarri
et al., 2022) and aperiodic mechanisms that induce broad-
band noise on the other hand (Kim et al., 2019; Whelchel
et al., 2022). The relative importance of the tonal and broad-
band components, which can also exhibit fast temporal mod-
ulations, yields a drone noise signature that is quite atypical,
very noticeable in most acoustic landscapes, and is often
pointed out as fairly annoying (Torija and Nicholls, 2022).
Even in steady hovering conditions, the continuous adjust-
ment of the propeller rotational speeds by the flight control
system trying to maintain vehicle stability in gusty atmo-
spheric conditions causes a time-varying high-pitched, per-
sistent, and irritating buzz. Outdoor tests of hovering UAVs
- , . . . . have established that, at equivalent loudness levels, drones
This paper is part of a special issue on Advanced Air Mobility Noise: . S

Predictions, Measurements, and Perception. are more annoying than civil aircraft (Gwak et al., 2020).
YEmail: riccardo.zamponi@vki.ac.be Quite logically, more aggressive maneuvers, such as the fast
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The social acceptance of unmanned aerial vehicles
(UAVs) represents a major challenge (Schaffer et al., 2021;
Sabatini and Gardi, 2023), despite the benefits that should
result in diverse applications (Rizzi et al., 2020). Whether
for industry or public services, the advantages of drones are
multiple (Gupta et al., 2021). For example, they have the
potential to provide a significant contribution to medical
care as a fast and safe option in the event of an urgent need
for supplies, such as drugs or biological materials. In this
regard, the success rate of transplants is aided by the ability
of the UAV to avoid urban traffic and safely deliver pay-
loads in a short time (Scalea et al., 2018). Another notable
example is their use at remote sites: inspection of high-rise
structures during maintenance operations poses significant
risks to humans, and drones can play this crucial role
(Falorca et al., 2021). For example, the deployment of drone
swarms equipped with remote sensing devices for acoustic
measurements represents an alternative solution to monitor-
ing the structural health of offshore wind turbines (Poozesh
et al., 2017; Shafiee et al., 2021). Likewise, drone package
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transition from hovering to forward flight, deceleration,
descent, etc., are also perceived as disturbing (Ramos-
Romero et al., 2023; Green et al., 2024).

Studies focused on maneuvering noise remain relatively
scarce (Schaffer et al., 2021), compared to hovering and for-
ward translation noise (Intaratep et al., 2016; Sarikaya et al.,
2024). Yupa-Villanueva et al. (2024) investigated the
instantaneous psychoacoustic annoyance (PA) (Torija and
Nicholls, 2022) of different UAV models executing outdoor
flyover maneuvers. The annoyance was found to be related
to the varying speed of most of the drone models tested,
with peaks associated with higher speeds. The PA values of
several hover, flyover, takeoff, and landing flight procedures
were evaluated in the work of Torija Martinez et al. (2024).

The aforementioned experimental studies were con-
ducted outdoors. Although open-field tests are more repre-
sentative of the actual operation of a drone, they can be
hindered by uncontrolled atmospheric disturbances, which
causes repeatability problems (Naz et al., 2020; Gallo et al.,
2022). Fixed-drone measurements offer much better repeat-
ability but exhibit sharper and more intense tones than if a
flight controller was actually stabilizing the drone attitude.
Maneuvers are, of course, prohibited in this case.
Alternatively, UAV noise can be investigated in anechoic
environments with microphones and acoustic cameras for
hovering or forward-flight conditions (Alkmim et al., 2022;
Zhou et al., 2022). The recently proposed ISO 5305 (ISO
5305:2024, 2024) provides requirements and extensive
guidelines for measurements in anechoic chambers, as well
as in an acoustic wind tunnel and in the free atmosphere.
However, the space and availability requirements posed in
anechoic testing environments are typically demanding,
even for stationary UAV measurements, and are extremely
difficult to meet for free-flight maneuvers.

In this paper, an alternative approach is explored, mak-
ing use of a large indoor test hall, such as the ID2Move
facility in Nivelles, Belgium, which allows a wide range of
maneuvers of a UAV under flight conditions free from
uncontrolled mean wind or gusts. However, not being
treated acoustically, the test hall offers challenging reverber-
ant conditions for acoustic measurements, with spurious
reflections (Cavanaugh et al., 2010; Savioja and Svensson,
2015) and extended decay times (Waterhouse, 1958) with
respect to free-field conditions. The main objective of the
present work is to develop an experimental protocol
enabling free-field equivalent UAV noise measurements to
be taken in reverberant environments and allowing a reliable
assessment of the acoustic footprint of these vehicles under
operating conditions.

Another issue when measuring drone noise with fixed
microphones is the need to compensate for variations in the
distance between the noise source and the microphones dur-
ing a maneuver, in order to obtain a characterization of the
noise emissions that is intrinsic to the drone. This requires
knowing the position of the drone with sufficient accuracy.
Previous studies (Herold and Sarradj, 2024, 2023; Guo
et al., 2020; Blanchard et al., 2020) used one or more planar
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microphone arrays to obtain the trajectory of the drone. This
approach provides a source position with a precision that
depends on the acoustic wavelength selected for the analy-
sis, usually on the order of a dozen centimeters, using state-
of-the-art beamforming algorithms. In the present study, an
imaging system based on motion capture cameras and
advanced processing algorithms are used to locate the drone
with an accuracy on the order of a millimeter. A phased
array of microphones is still employed, though with the goal
of decontaminating acoustic measurements from the effects
of acoustic reflections, knowing the source position thanks
to the motion capture system. The proposed decontamina-
tion methodology, based on the method of images (Allen
and Berkley, 1979; Aretz et al., 2014), makes it possible to
access the benefits of an indoor test zone, which allows con-
trolled atmospheric conditions and precise tracking of the
drone location, while ensuring that measurements remain
unaffected by sound reflections.

The development of these tools and experimental proce-
dures is detailed in Sec. II, together with a presentation of
the drone testing facility and the motion capture system.
The results provided in Sec. III highlight the effectiveness
of the noise decontamination methods and provide a data-
base of noise emissions associated with different standard
maneuvers. Conclusions are drawn in Sec. I'V.

Il. MATERIALS AND METHODS
A. Indoor test hall, instrumentation, and drone model

The ID2Move indoor test hall is illustrated in Fig. 1(a).
It offers a spacious environment suitable for maneuvering
UAY investigations while avoiding contamination from out-
door atmospheric effects. The dimensions of the room
(23.6 x 26.8 x 8.5m") are visible in Fig. 1(b), as well as the
reference system considered to present the results. In partic-
ular, the z axis is oriented out-of-plane to form a right-
handed coordinate system.

A sub-volume of the room is equipped with a Qualisys
motion capture system (Qualisys AB, Goteborg, Sweden)
composed of 12 Arqus AS high-speed cameras (Qualisys
AB, Goteborg, Sweden) with a frame rate up to 700 Hz. The
maximum capture distance is 26 m, and the spatial resolu-
tion obtained in the tests was on the order of a millimeter.
The recording and processing of the UAV trajectory is per-
formed through the Qualisys Track Manager software
(Qualisys AB, Goteborg, Sweden).

The acoustic characterization of the test hall is achieved
using a monopolar source obtained by plugging a loud-
speaker housing box into a hose pipe with an internal diame-
ter of about 2 cm. The loudspeaker is a Monacor model
SPH-75/8 (Monacor International, Bremen, Germany) and
is driven by a JBL UREI 6230 power amplifier (JBL, Los
Angeles, CA), taking as input a logarithmic chirp signal
sweeping from 100 Hz to 10 kHz over a duration of 5 s that
is produced by an Agilent 33120 A signal generator
(Keysight Technologies, Santa Rosa, CA). The monopolar
far-field directivity of the hose outlet has been verified in the
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FIG. 1. (A) ID2Move indoor test hall for the UAV aeroacoustic investigation, equipped with the Qualisys motion capture system. Adapted from ID2Move
(2015). Copyright 2025. (B) Plant of the test hall and reference system considered for presenting the results. The green cross denotes the position of the
monopolar sources generated for the acoustic characterization of the room. An enclosed space where the testing equipment is stored is situated in the bottom

right corner of the plant.

JAFAAR anechoic chamber of the von Karman Institute for
Fluid Dynamics (VKI) (Zamponi et al., 2020), showing
deviations of less than *0.5dB for frequencies up to
10 kHz. The source is then located at x=8.6m and
y=7.3m of lateral distances from the walls of the test hall
[see Fig. 1(B)], at varying heights above the floor.

Two microphones are placed at distances of 1 and 0.1 m
from the monopolar source and a height of 1 m from the floor
to characterize the reverberation effects of the test room. The
closest sensor enables normalization of the monopolar source
strength. Both microphones are GRAS 40PL-10 free-field type
(GRAS Sound & Vibration, Holte, Denmark) with integrated
constant-current power amplifier featuring a flat frequency
response within =1 dB from 50 Hz to 5 kHz and within +=2 dB
from 5 to 20 kHz. They are calibrated in amplitude using a
GRAS 42AG piston-phone (GRAS Sound & Vibration, Holte,
Denmark) producing a sinusoidal wave of 94 dB at 1 kHz. The
acquisition system consists of an NI PXle-1075 chassis
(National Instruments, Austin, TX) controlled by an NI PXIe-

8105 dual core embedded controller (National Instruments,
Austin, TX).

In addition, a microphone array comprising of 64
capacitor-based microphones model FG23327-P07 (Knowles,
Itasca, IL), with a flat frequency response within =3 dB for
frequencies ranging from 100 Hz to 10 kHz, is used to acquire
the noise emitted by the drone. The structure of the array is
made of three-dimensional printed resin, with an aperture of
approximately 1.5 m. Figure 2(A) shows a photo of the micro-
phone array, while its response expressed by the point-spread
function (PSF) (Allen et al., 2002) is illustrated in Fig. 2(B) for
a synthetic point source placed at a distance of 1 m and emit-
ting white noise at a frequency of f = 1 kHz. The transducers,
which are inserted into brass tubes anchored in resin and
arranged to form a Dougherty-array disposition (Dougherty,
1998), are connected to the NI PXIe-8105 controller (National
Instruments, Austin, TX) through in-house amplifiers and cali-
brated in amplitude and phase using the semi-empirical method
proposed by Moriaux et al. (2024). The central microphone is

FIG. 2.(A) Dougherty microphone
array used for the acoustic measure-
ments. Reproduced with permission
from Zamponi et al., in 25th AIAA/
CEAS  Aeroacoustics Conference
(2019). Copyright 2019 (Zamponi et al.,
2019). (B) PSF computed at f=1 kHz
for a simulated source emitting white
noise at a distance of 1 m from the
array.

A) (B)
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(A)

FIG. 3. (A) DJI Air 2S quadcopter drone investigated in the experiments. (B) Detail of the reflective markers installed on the drone to track its trajectory.

located at x =8.7m, y = 6.5m, and z = 1.3 m with respect
to the reference system indicated in Fig. 1(B).

Data are acquired with a sampling frequency of 51.2 kHz
and processed using Welch’s method (Welch, 1967), with
blocks of 2! samples windowed through a Hamming weight-
ing function having a 50% data overlap, thus providing a fre-
quency resolution of 12.5 Hz. The duration of acquisition for
the room acoustic characterization is set to 30 s, i.e., corre-
sponding to six full chirp signals, while that for the UAV is
variable and depends on the maneuver investigated.

The UAV used during the measurement campaign is the
DIJI Air 2S (DJI Sky City, Shenzhen, China) commercial
drone, a small quadcopter with foldable 7238 low-noise pro-
pellers (0.183 m in diameter and 0.097 m of thread pitch)
and structure that is depicted in Fig. 3(A). Once they unfold,
the front and back pairs of propellers lie in two different hori-
zontal planes. In addition, the center of gravity of the drone is
not exactly at the mid-distance between the front and aft pro-
peller pairs. This implies that, in steady hovering conditions,
the two pairs of propellers spin at different rotational speeds.

The position and attitude of the drone can be tracked
using reflective markers placed on the frame [see Fig. 3(B)],
detectable by the motion capture system. A reflective
marker is also placed in the vicinity of the central micro-
phone of the array to determine the relative distance
between the drone and the array at every time instant.
Furthermore, to synchronize the microphones and the cam-
era recordings, a pole topped with an additional marker is
struck against the ground after the acquisition starts, thus
providing a sharp impulsive sound recorded by the array and
a distinct movement detected by the motion capture system.

An overview of the maneuvers performed in this study
is provided in Fig. 4. In forward flights, the drone flies in
front of the microphone array along the x axis, keeping the y
and z coordinates approximately constant. It moves from
left to right while accelerating in Fig. 4(A), moves from
right to left while decelerating in Fig. 4(B), and performs a
side-to-side maneuver from left to right first and from right
to left afterward in Fig. 4(C). In the first two maneuvers, the
drone is oriented sideways with respect to the microphone
array, whereas, in the last one, it faces it. In vertical flights,
the drone flies along the z axis, keeping its x and y

J. Acoust. Soc. Am. 157 (6), June 2025

coordinates. It ascends in Fig. 4(D) and descends in Fig.
4(E), and, in both cases, it faces the microphone array.

B. Characterization of the reverberation effects

As mentioned in Sec. I, the main challenge of perform-
ing acoustic measurements of a UAV under operative condi-
tions inside a test hall is represented by the reverberation
effects. The sound waves reflected by the room walls inter-
fere (destructively or constructively) with the noise radiated
by the drone and affect the sound decay. The methodology
required to assess the acoustic field in the ID2Move facility
is outlined in this section.

A first characterization of the reverberant conditions of
the room can be performed by estimating the reverberation
radius, or critical distance, D., i.e., the distance from a
sound source where the direct sound is equal in strength to
the reverberant one. If a spherical wavefront is assumed in
the acoustic far field, the latter quantity can be determined
by measuring the sound level L evaluated in the near field
and the sound level Ly evaluated in the far field according to
the relation (Davis et al., 2013)

D, = Dyp 10L0710)/20, (1)

with Dy being the reference distance from the source at which
Lp is measured. Here, the near field is defined as the region in
which the spreading of the acoustic wavefront is not yet spheri-
cal. For the ID2Move facility, it results that D, ~ 2.2 m.
Furthermore, the method of images makes it possible to
compute the tailored Green’s function associated with rigid
reflective walls for a given acoustic point source and listener
location and a specific frequency (Allen and Berkley, 1979).
It consists of introducing a fictional (or image) source to
model the reflection of a physical one by the wall, the two
sources having the same strength and being symmetric with
respect to the wall plane. In the general case in which six
walls are present, i.e., in a rectangular room, each image
will be itself imaged, providing a higher-order reflection.
Let the vectors x; = [x5, ys, z;] and x, = [x,, ¥, z,] rep-
resent the Cartesian coordinates of a monopolar source and
an omnidirectional receiver with respect to the origin of the

Zamponi etal. 4471
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FIG. 4. Trajectories (in black) performed for the investigation of the UAV noise according to the reference system in Fig. 1(B). (A) Forward flight with drone
accelerating, (B) forward flight with drone decelerating, (C) drone moving side-to-side, (D) vertical flight with drone ascending, (E) vertical flight with drone
descending. The microphones are depicted in green, whereas the UAV position at the end of the maneuver, as well as its projection on the floor, is in red.

reference system, respectively. The vector pointing from
every image source to the listener can be defined as

Xy — X + 2Pr Xy — 2 qx Lx

Yr—=Yys+ 2py)’s - 2‘1yLy ) )
Zyr — Zs + 2pzZs - Zquz

Ryq =

where p = [p, py, p:] is an integer vector triplet that deter-
mines with respect to which wall of the room the image
source is reflected and ¢ = [gy, ¢y, ¢-] indicates the order of
the reflections that are considered. The elements of the for-
mer vector can take values of 0 and 1, resulting in a set P of
eight possible permutations. Those of the latter vector can
range between —N, and N,, N, being the highest order of
reflections imposed in the model to limit the computational
complexity, which implies a total of (2N, + 1)* combina-
tions for the set Q. L., Ly, and L. represent the length, width,
and height of the rectangular room, respectively.

Using the information on the image position and order,
the tailored Green’s function of the room g, for a monopolar
source is obtained by summing the free-field Green’s func-
tion of the corresponding physical source, denoted by ¢ = 0,
with those of the different images:

o iklIRy gl

gi(k,xg,x,,N,) = Z Zm, 3)

PEP q€Q

where k is the acoustic wave number and i is the imaginary
unit.

Equation (3) is derived for rigid walls, i.e., without
accounting for losses. In practice, this hypothesis is typically

4472  J. Acoust. Soc. Am. 157 (6), June 2025

invalid and the solution in terms of point image sources may
no longer be exact. One approximate way to account for
non-rigid walls in the tailored Green’s function is by multi-
plying the second term in the right-hand side of Eq. (3) to
the angle-independent reflection coefficient f3, resulting in

o iklIRyq|

gt(k’xsyxrer) - Z Zﬂ(p7 q)m (4)

PEP q€Q

From a physical perspective, § denotes the percentage of
acoustic energy that is actually reflected by a given surface
and is linked to the Sabine energy-absorption coefficient, c,,
by the relationship (Allen and Berkley, 1979)

a0 =1—p° 5

Since the reflection coefficient is based on the acoustic proper-
ties of the materials used for the walls of the room, it is possible
to express it as ff= ﬁ“\ff“_”"‘l ﬁ)lg-“l |y‘?‘_”"" ‘y‘g)"ﬁl‘ff_pzlﬁlzz‘
(Xu et al., 2024), where the subscripts a; and a,, with
a € {x,y,z}, correspond to the boundaries at a =0 and
a = L,, respectively. An overview of the coefficients f,
adopted for the ID2Move facility is given in the Appendix.
For frequencies ranging from 0.1 to 5 kHz, for wall-
reflection coefficients greater than 0.7, and when both the
source and receiver are not too close to the walls, this
approach is expected to provide a suitable representation of
the tailored Green’s function for a realistic rectangular room
(Allen and Berkley, 1979). In this work, the method of
images has been implemented in an automatic routine that
determines g, and provides the simulated acoustic response

Zamponi et al.
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of a given geometry of the room. The image sources are
computed up to the order 10.

The suitability of the approach outlined above to char-
acterize constructive and destructive interference patterns of
sound reflections can be assessed by comparing g, with the
experimental transfer function (TF) of the ID2Move facility.
This quantity relates the reverberant environment and the
corresponding anechoic conditions for an acoustic point
source, i.e., the loudspeaker described in Sec. I A, placed at
the same distance and is calculated according to

pp,an

TF = 10 log,, (?”’—‘e) , (6)

with S, being the power of the acoustic signal p(r) recorded
by the microphone. The comparison will be discussed in
Sec. IITA.

C. Drone-tracking beamforming

The decontamination of the acoustic signals acquired in
the test hall from reverberation effects, i.e., their dereverber-
ation, can be performed using phased-array techniques.
Acoustic beamforming methods on a moving source usually
require a time domain approach, e.g., the rotating source
identifier algorithm (Amoiridis et al., 2022), to account for
Doppler frequency shift and amplification. Unfortunately,
these methods are time-consuming and typically unsuitable
for corrective approaches. The purpose of this section is to
present the assumptions under which frequency-domain
beamforming can be applied to moving sources, i.e., to track
the drone trajectory. The proposed approach will be referred
to as drone-tracking beamforming.

Consider a moving monopolar source with strength Q,
at a position x;, and with a retarded time 7. The acoustic
pressure seen by the microphone at a position x, and
receiver time ¢ =t + ||x, — x;||/co in free-field conditions,
co being the speed of sound, is described by

___ 9 ik (1%, /<o)

p(x.f) = prP— , @)
where the Doppler amplitude and frequency modulations
have been neglected, considering the low displacement
velocity of the drone operated in this study. The time signal
is now divided into short overlapping chunks such that the
change in source position during each time segment is negli-
gible. The same parameters for Welch’s method mentioned
in Sec. ITA are used to define the duration of the time
chunks, i.e., 0.08 s with 50% of overlap. This ensures an
adequate trade-off between accurately estimating the signal
power in the frequency range of interest and granting a neg-
ligible source displacement.

The pressure data from Eq. (7) for every time segment
are then processed through a conventional frequency-
domain beamforming algorithm (Allen et al., 2002;
Zamponi, 2021). The reverberation effects in the test hall
are accounted for by including the tailored Green’s function
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in Eq. (4) in the steering-vector formulation, which refers to
a monopolar source. The corresponding beamforming out-
put A; related to the j-th point of the considered scan grid is
given by

Aj = W;CWJ', (8)

where w; = g;/ |\gj||2 is the normalized steering vector, g;,
containing the tailored Green’s functions g, between each
microphone and the j-th grid point, C is the cross-spectral
matrix of the recorded signals, and the operator * denotes
the Hermitian transpose.

It is important to stress that, in sound source localization,
there is no reason for the scan grid to perfectly match the true
physical source region, which can be identified as the minimum
region characterized by finite acoustic power. The potential
sources in the scan grid, which are assumed to be uncorrelated
monopoles, are indeed considered equivalent sources having the
same acoustic power as the physical source region. The tailored
Green’s function in Eq. (4), calculated using the method of
images and derived for a point monopole, cannot be directly
used to model the sound radiated by the drone, i.e., the physical
source, most likely characterized by a more complex directivity
pattern. However, it can be used to compute the sound emitted
by each of these equivalent sources in the test hall. In doing so,
the sound field reconstructed by the beamforming method
describes the acoustic signature of the UAV effectively decon-
taminated from reverberation effects.

Subsequently, the source strength from the sound map
in Eq. (8) can be integrated within a predefined region of
integration (ROI) to determine the noise levels radiated by
the drone using the source power integration (SPI) method
(Merino-Martinez et al., 2020). This technique is based on
the assumption that the integrated source power can be rep-
resented by a synthetic acoustic monopole, which is typi-
cally located at the center of the ROI and thus needs to be
appropriately scaled to normalize the total source power
with respect to this elementary source. In this way, it is pos-
sible to account for the effects of the PSF of the microphone
array [see Fig. 2(b)]. Therefore, the resulting sound power P
is expressed by

Z w; Cw;

jEROI

D owi(gg)w

jEROI

P =

€))

In this work, the scan grid for evaluating the potential
sources is planar and parallel to the microphone-array distri-
bution. It is 1 x 1 m wide, features a spatial resolution of
0.01 m, and, for each chunk, is centered at the position
of the drone provided by the motion capture system. The
ROI has its center at the same location and extends over
an area of 0.5 x 0.5 m. In this way, it encompasses the
total sound source and is large enough to capture the poten-
tial main-lobe broadening due to coherence loss while
excluding the contribution of side lobes in the sound map
(Merino-Martinez et al., 2019). Finally, the integrated
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power spectra are computed for a frequency range of
0.1-5 kHz, which represents the range of validity of the
method of images in the derived tailored Green’s function
(see Sec. IIB).

The last step of the proposed methodology to investi-
gate maneuvering drone noise is the transition of the inte-
grated power spectra back to the time domain. This is done
by backpropagating the amplitude of the decontaminated
acoustic pressure p’ at the receiver location for each chunk
and frequency, which reads

PO.S
4r||x, — x|

P(x.f) = (10)

Here, the vector norm [|x, — x;|| represents the distance
between the tracked position of the drone and the central
microphone of the array. Equation (10) refers to a source
radiating in free-field conditions, i.e., with spherical spread-
ing. Different amplitude corrections can be implemented to
include reverberation effects, as will be discussed in Sec.
IITA. p’ is then reconstructed as a time signal using the
Griffin—Lim algorithm (Griffin and Lim, 1984), which is a
phase reconstruction method based on the redundancy of the
short-time Fourier transform that promotes the consistency
of the spectrogram using a gradient descent approach (Ji and
Tie, 2016). This procedure allows, for instance, psycho-
acoustic assessments to be conducted on the signal decon-
taminated by reverberation effects.

lll. RESULTS AND DISCUSSION
A. Acoustic characterization of the test hall

This section presents the results of the acoustic charac-
terization of the ID2Move test hall with the goal of validat-
ing the tailored Green’s function approach proposed to
decontaminate the signal from reverberation effects.
Specifically, the first part focuses on assessing the influence
of constructive and destructive interference on the acoustic

151
-o-Experiments
—Prediction - floor
109 ==Prediction - room

0.2 0.5 1 2 3 4
f (kHz)
(A)

field, while the second investigates the sound decay inside
the test hall. A preliminary version of these results has
recently been presented by Zamponi et al. (2024).

Figure 5 displays the TF [see Eq. (6)] between the test
hall, i.e., in reverberant conditions, and the VKI anechoic
chamber, i.e., in free-field conditions, obtained from the
experimental measurements and predicted analytically. The
latter calculation is performed using the method of images
for both a rectangular room resembling the ID2Move facil-
ity and a hemi-anechoic environment where only the sound
reflected by the floor is considered. Two different monopo-
lar source heights are investigated, while the location of the
microphone is kept constant (see Sec. II A). The results
demonstrate that the effects of sound reflections in the test
hall are non-negligible. Specifically, compared to anechoic
conditions, the experimental TF exhibits constructive/
destructive interference patterns induced by sound reflec-
tions, with deviations on the order of *£5dB. Furthermore,
the analytical prediction shows reasonably good agreement
with the measurements across the considered frequency
range. This outcome suggests that the method of images is
suitable for calculating the acoustic field in the test hall,
even though the room is not exactly rectangular and other
objects present in the experimental setup are not accounted
for in the model (Zamponi et al., 2024). Interestingly, the
computation obtained considering only the floor reflections
correctly predicts the experimental trend and suggests that
the floor is primarily responsible for the interference effects
seen in the microphone recordings, provided that the source
is sufficiently far from the ceiling and side walls and within
the reverberation radius of the room D...

The analytical TF derived above can now be used to
correct the spectra of the signal acquired in the room. This
procedure aims to account for the influence of sound reflec-
tions on the sound pressure levels obtained in reverberant
conditions. The correction is tested in measurements carried
out with the monopolar source in the test hall and the L, var-
iations between the microphone signal at 0.1 m and that at
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FIG. 5. Transfer function (TF) [see Eq. (6)] between free-field conditions measured in the anechoic chamber and the ID2Move test hall. The microphone is
placed at a height of 1 m and a distance of 1 m from the monopolar source (see Sec. II A), whose height is set to (A) 0.9 m and (B) 0.6 m.
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FIG. 6. Variation in sound pressure level between the microphone signals at 0.1 and 1 m, measured under anechoic conditions, in the test hall, and in the
test hall with TF correction applied. The monopolar source height is set to (A) 0.9 m and (B) 0.6 m.

1 m for the different source heights are presented in Fig. 6.
As mentioned in Sec. IT A, expressing the sound pressure
levels relative to the near-field microphone compensates for
the varying amplitudes of the loudspeaker driving the
monopolar source in the anechoic chamber and the test hall,
making the comparison more robust. The analysis demon-
strates that the corrected spectra effectively eliminate the
oscillating trend caused by interference effects from ground
reflections (Zamponi et al., 2024), although minor devia-
tions remain, particularly in the low-frequency range and
when the source is closer to the floor. These discrepancies
reflect those observed in the TF in Fig. 5 and may be due to
minor deviations of the interpolated absorption coefficients
from the realistic conditions (see the Appendix). However,
since the drone is typically flown at altitudes higher than
1 m, this is not expected to impact the conclusions drawn in
the following analysis, although potential inaccuracies may
still arise if the methodology is applied during takeoff or
landing operations, or in the case of large drones exhibiting
lower blade passing frequencies.

To assess the influence of reverberation on sound
decay, the acoustic field induced by the monopolar source
in the test hall is calculated using the method of images
and compared with the measurements of the microphone at
various distances from the loudspeaker. The results of this
study, which illustrate how the sound pressure level L,
changes over the distance in the room, are presented in
Fig. 7. The effect of reverberation is evident by the fact
that the sound does not decay following the inverse square
law, which is valid under free-field conditions and states
that the acoustic pressure is inversely proportional to the
distance (Glegg and Devenport, 2017), but rather at a lower
rate. This outcome is expected, considering that the acous-
tic power is constrained inside the room as a result of the
acoustic reflections. Upon comparing the analytical com-
putations with the experimental results, the decay
law predicted by the method of images, which can be
approximated by a power law with an exponent of —0.5
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(characteristic of cylindrical spreading), well represents
the sound-decay trend in the room within a range of 5 m,
exhibiting maximum deviations within 1 dB (Zamponi
et al., 2024). In this case, accounting for only the sound
reflection by the floor is not sufficient to achieve a satisfac-
tory prediction, implying that the tailored Green’s function
for a rectangular room is required to model the acoustic
response of the ID2Move test hall.

The considerations made above for the sound decay
being proportional to a power law with an exponent of —0.5
as a consequence of the tailored Green’s function of the test
hall also apply to the backpropagation of the acoustic pres-
sure in Eq. (10), which now reads

0.5
pos (|x,1m —xs||) (11

{2, — ]|

p,(xr,f) =

B 4| [x,—1m — x|

with x,_1, being the coordinates of a reference receiver
placed at 1 m of distance from the source. In order to

0-
—_ _5 )
m
=
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FIG. 7. Overall-sound-pressure-level decay over the distance computed
using the method of images. L, o is normalized using the value recorded at
1 m of distance. The simulation is performed in a rectangular room with the
same dimensions as the ID2Move test hall and a monopolar source at the
positionx =6m,y =6m,andz = 1.5m.

Zamponi etal. 4475

8€:05:ZL G20z AInr L1


https://doi.org/10.1121/10.0036900

5 50
4
3 45
2%
~ 40
m
2! 352
*=0.5 30 =
25
0.2
20

JASA

50
45
40
m
352

p

30
25
20

=== Central microphone
—Drone-tracking beamforming

20 Y T

f (kHz)

©

FIG. 8. Spectrograms measured by the (A) central microphone and (B) reconstructed by drone-tracking beamforming for a drone hovering at 1 m from the
array and at a height of 1.3 m. (C) Time-averaged sound pressure levels, where the two BPFs and their harmonics are highlighted up to the fourth harmonic.

The data are computed with a reference pressure of pr.f =20 pPa.

compare the noise radiated by different operations in the
results discussed in the subsequent analysis, the distance
between the minimum tracked position of the drone during
each maneuver (x;) and the central microphone of the array
(x,) is normalized at a reference value of 2 m.

B. Assessment of the dereverberation effect

The impact of the decontamination from reverberation
effects in the test hall on drone acoustics is now assessed by
comparing the signal acquired by the central microphone of the
array with that reconstructed through the beamforming method.
The comparison is carried out for the UAV in hovering condi-
tions, which is presented here as a validation test case. The
sound pressure levels and spectrograms for a hovering drone at
1 m distance from the array and approximately aligned with its
center, i.e., at a height of 1.3 m, are reported in Fig. 8.

As expected, the acoustic footprint of the UAV is domi-
nated by the tonal component of the frequency spectrum,
especially at low frequencies, whereas the broadband part is
more significant at high frequencies, with a maximum
around 3 kHz that may be linked to electric motor noise
(Huff and Henderson, 2018). The narrow noise peaks are
located at frequencies that are the exact multiple of two
close yet distinguished blade pass frequencies (BPFs), as
highlighted in Fig. 8. This outcome is explained by the fact
that the front propellers spin at a different rotational speed
than the back ones, owing to the asymmetrical architecture
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of the DJI Air 2S (see Sec. II). The spectrograms also show
that the BPFs are constant in time, demonstrating the stabil-
ity of such a drone model in hovering conditions and the
negligible influence of flow recirculation in the test hall.
However, the amplitudes of the tonal peaks exhibit a modu-
lation that is most likely associated with an adjustment of
the propeller speeds by the UAV controller.

The main effect of dereverberation is to decrease the radi-
ated broadband noise levels for f > 0.5kHz and increase the
dynamic range of the BPF peaks, which can be visualized
more clearly in the spectrogram. In other words, drone-tracking
beamforming facilitates tracking the tonal components of the
frequency spectrum, and this proves particularly beneficial for
aeroacoustic investigation of the UAV during maneuvering
conditions. Furthermore, part of these peaks is amplified, and
part is attenuated as a consequence of the interference pattern
caused by sound reflections (see Fig. 5). The method addition-
ally enables a clearer visualization of the modulation of the
peak amplitudes at the BPFs due to the controller.

If the drone hovers at a higher altitude, i.e., 2 m, the
influence of the test hall floor becomes less important, as
Fig. 9 shows. In this case, the signal acquired by the central
microphone and that reconstructed by the proposed method-
ology provide comparable L, contributions, since the condi-
tions experienced by the UAV are closer to those in the
free field. Hence, it is reasonable to expect that the impact
of the dereverberation varies during the drone maneuver
depending on its distance from reflective surfaces. The
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FIG. 9. Spectrograms measured by the (A) central microphone and (B) reconstructed by drone-tracking beamforming for a drone hovering at 1 m from the
array and at a height of 2 m. (C) Time-averaged sound pressure levels, where the two BPFs and their harmonics are highlighted up to the fourth harmonic.

The data are computed with a reference pressure of pr.f =20 pPa.

agreement between the acquired and reconstructed sound
pressure levels also corroborates the validity of the scaling
law in Eq. (11) in modeling the sound decay in the test hall.

It is important to mention that, for a formal validation of
the dereverberation methodology, the UAV noise radiated in
the test hall should be directly compared with that emitted in
the free field under the same conditions. However, making
such a comparison would be challenging due to the flight
controller of the drone. On the one hand, outdoor measure-
ments would be hindered by uncontrolled atmospheric distur-
bances, which would require continuous stabilization of the
propeller speeds, as mentioned in Sec. I. On the other hand,
the VKI anechoic room is a confined space where the drone
wake is likely to be reinjected into the propellers, altering its
stability. These changes in propeller speed produced by the
controller would likely affect drone noise, preventing valida-
tion. Therefore, a different experimental procedure would be
necessary for this comparison. Although not fully representa-
tive of drone operation, one possible solution could be to per-
form fixed-rotor measurements with a prescribed propeller
speed. This will be a topic for future work.

C. Investigation of the maneuvering drone

In this section, the noise emitted by the drone during
the maneuvers listed in Fig. 4 and reconstructed using the
drone-tracking beamforming is investigated. A total of three
measurements were performed for each maneuver to verify
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the repeatability of the results. Each of the spectrograms
reported in the following is complemented by a graph that
shows the evolution of the drone relative position with
respect to the center of the array (vector d) and velocity
(vector v) over time, allowing interpretation of the acoustic
data in function of the UAV dynamics.

Before discussing the acoustic footprint of the different
maneuvers, it is important to analyze the noise emission
deviations that occur when the drone faces the receiver—
during side-to-side and vertical flights—or is oriented side-
ways relative to the receiver—during side-to-side and
forward flights. In Fig. 10, the sound pressure levels from

== Drone - Front
a ==Drone - Side

f (kHz)

FIG. 10. Sound pressure levels reconstructed by drone-tracking beamform-
ing for a drone facing the array (dashed-dotted line) and oriented sideways
(solid line). The UAV hovers at 1 m from the array and at a height of
1.3 m. The data are computed with a reference pressure of p..s =20 yPa.
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Fig. 8(C) are compared to those produced by the drone hov-
ering at the same position (I m from the array and at a
height of 1.3 m) but oriented sideways. Interestingly, a sub-
stantial reduction in the amplitude of the harmonics of the
highest BPF up to 15 dB is observed in the latter case,
whereas the broadband noise region around 3 kHz appears
to be mostly unaltered by the orientation of the UAV. This
result is supported by the fact that the front rotors spin at a
higher speed in order to maintain vehicle stability, and when
the drone is oriented sideways, one of them is partially
shielded, mitigating the amplitude of the peak for this BPF
and the related harmonics.

The spectrogram associated with the drone accelerating
in forward flight is presented in Fig. 11. The data are addi-
tionally plotted against the frequency normalized by the
BPF of the front rotors of the hovering drone to better visu-
alize the evolution of the propeller speed over time. In this
case, the amplitudes of the tonal contributions are consistent
with the hover of the drone oriented sideways. The differ-
ence in rotational speed between the front and back rotors
appears to be reduced when the UAV is operated in forward
flight. This effect is probably due to the change in the drone
pitch, which results in an adjustment in the rotor speeds, and
is more accentuated at higher velocities. As a result, the two
BPFs and related harmonics tend to converge during the
maneuver and almost overlap by the end of it. Moreover, the
broadband noise around 3 kHz appears to increase with
increasing v,, which may be connected with the ingestion of
more disturbed inflow by the aft rotors.

Similar explanations can be speculated on when the
drone decelerates in forward flight (Fig. 12). In this case, the
BPFs and their harmonics tend to diverge over time from

£ (Hz)

FIG. 11. On the top, the spectrogram reconstructed by drone-tracking
beamforming referred to a drone accelerating in forward flight [Fig. 4(A)].
The data are computed with a reference pressure of pys =20 uPa. On the
right axis, the frequency is normalized by the BPF associated with the front
rotors of the hovering drone. On the bottom, the trajectory followed by the
drone and evolution of the vector components describing its velocity (v)
and relative position (d) with respect to the array center.
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FIG. 12. On the top, the spectrogram reconstructed by drone-tracking
beamforming referred to a drone decelerating in forward flight [Fig. 4(B)].
The data are computed with a reference pressure of prs =20 uPa. On the
right axis, the frequency is normalized by the BPF associated with the front
rotors of the hovering drone. On the bottom, the trajectory followed by the
drone and evolution of the vector components describing its velocity (v)
and relative position (d) with respect to the array center.

approximately 0.16 s on, although the tonal contributions
are less clearly separated at the beginning of the decelera-
tion phase. Likewise, broadband noise decreases along with
drone speed.

The scenario pictured above is confirmed when the
drone is operated side-to-side, which is presented in Fig. 13.

f (kHz)
f/ fepr

FIG. 13. On the top, the spectrogram reconstructed by drone-tracking
beamforming referred to a drone moving side-to-side [Fig. 4(C)]. The data
are computed with a reference pressure of prs =20 pPa. On the right axis,
the frequency is normalized by the BPF associated with the front rotors of
the hovering drone. On the bottom, the trajectory followed by the drone and
evolution of the vector components describing its velocity (v) and relative
position (d) with respect to the array center.
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FIG. 14. On the top, the spectrogram reconstructed by drone-tracking
beamforming referred to a drone ascending in vertical flight [Fig. 4(D)].
The data are computed with a reference pressure of prs =20 uPa. On the
right axis, the frequency is normalized by the BPF associated with the front
rotors of the hovering drone. On the bottom, the trajectory followed by the
drone and evolution of the vector components describing its velocity (v)
and relative position (d) with respect to the array center.

The fact that the drone faces the array during this maneuver
results in higher amplitudes of tonal contributions compared
to previous forward flights, consistent with the analysis of
Fig. 10. The acceleration and deceleration phases of the
maneuver are associated with BPFs that get closer and far-
ther away, respectively. In particular, the largest tone split-
ting is observed in correspondence with changes in the

f (kHz)
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FIG. 15. On the top, the spectrogram reconstructed by drone-tracking
beamforming referred to a drone descending in vertical flight [Fig. 4(E)].
The data are computed with a reference pressure of pys =20 yPa. On the
right axis, the frequency is normalized by the BPF associated with the front
rotors of the hovering drone. On the bottom, the trajectory followed by the
drone and evolution of the vector components describing its velocity (v)
and relative position (d) with respect to the array center.
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drone direction, occurring at t =~ 1.1s and ¢ = 3.6s. These
results, which could not be achieved without effective
decontamination from the reverberation effects, further con-
firm the key role that the information provided by the
motion capture system plays in interpreting the noise emit-
ted by the UAV.

When the drone is operated in vertical flight, the rela-
tive differences in front and back rotor speeds observed in
hovering conditions do not vary since the pitch remains
unchanged. During the ascent (Fig. 14), the propellers spin
at a higher rotational speed, resulting in an increase in BPF.
The spectra suddenly change at r ~ 0.75 s, when the rotors
decelerate, causing a steep decrease in the BPF, and the
drone starts stabilizing at a constant altitude. The same con-
siderations apply to the UAV descending in vertical flight
(Fig. 15). In this case, the drone significantly reduces the
rotational speed of the propellers to decrease the altitude.
Afterward, it increases the rotor speeds to 7 ~ 0.6 s in order
to gradually counterbalance the effect of gravity and pro-
mote stabilization at a constant altitude. Above this thresh-
old, the propeller speeds do not change, and they adjust to
those observed for the hover in Fig. 8.

IV. CONCLUSIONS

This research aims to present an experimental method-
ology for accurately investigating the noise radiated by a
maneuvering UAV in a reverberant environment, as an alter-
native to anechoic environments and open-field tests.
Measurements of a commercial quadcopter drone have been
carried out in the ID2Move test hall, which offers a spacious
environment in which the UAV trajectory can be accurately
tracked with a state-of-the-art motion capture system. The
facility has been acoustically characterized by means of sim-
plified monopolar sources to understand the influence of
sound reflections on the drone noise measurements. The
results show that reverberation effects in the test hall cannot
be ignored and cause variations in the measured sound pres-
sure level of up to £5dB with respect to anechoic condi-
tions. For a receiver placed within the critical distance from
the source, the constructive/destructive interference pattern
induced by sound reflections is primarily due to the presence
of the floor. In addition, the sound decay in the room is
found to be proportional to a power law with an exponent of
—0.5, consistent with cylindrical spreading. The outcome of
this characterization allows the tailored Green’s function of
the test hall associated with a monopolar source and, hence,
its acoustic response to be analytically derived.

A novel method that combines a phased-array technique
with the reconstruction of the drone trajectory is proposed to
decontaminate the radiated noise from the reverberation
effects. The time signal recorded by the microphone array is
divided into short chunks, and a sound map centered on the
tracked location of the drone is reconstructed for each
chunk. The assumption that the scan grid of potential sound
sources consists of uncorrelated monopoles makes it possi-
ble to apply the aforementioned tailored Green’s function in
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the steering-vector formulation. Afterward, the sound maps
are integrated within a pre-defined ROI to estimate the
source power related to the chunk. This approach addition-
ally enables phase reconstruction of the integrated source
power using the Griffin—Lim algorithm, which will be
exploited in future investigations to evaluate the PA of
the drone in the time domain. The proposed methodol-
ogy is initially assessed in the case of the drone in hov-
ering conditions, showing that the impact of the
decontamination from the reverberation effects is more
significant the closer to the ground the drone is operated,
and subsequently applied to several maneuvers, including
forward and vertical flights.

The aeroacoustic results show that the tonal contribu-
tions of the noise spectrum are heavily affected by the UAV
operation and orientation. When the drone is oriented side-
ways instead of facing the microphone array, a substantial
reduction of up to 15 dB is observed in the harmonics of the
highest BPF, which is associated with the front rotors of the
hovering drone. This result suggests the presence of a com-
plex directivity pattern influenced by the architecture of the
UAYV and the location of the motors. Moreover, the two dis-
tinct BPFs that characterize the drone in hover due to the
imbalance between the front and back motors get closer and
farther during the acceleration and deceleration phases in
the forward flights, respectively. This is probably due to
adjustments in propeller rotational speeds in response to a
modification in pitch to maintain drone stability within the
maneuver. The same does not occur for vertical flight, as the
UAYV maintains a horizontal position. These results demon-
strate the crucial role that drone trajectory information plays
in investigating related noise emissions.

In conclusion, the proposed decontamination methodol-
ogy enables accurate acoustic measurements in a reverber-
ant environment, taking full advantage of the controlled
atmospheric conditions that characterize the test hall and the
motion capture system with which it is equipped. This
approach will make it possible to generate extensive datasets
of well-documented drone maneuvers in the ID2Move facil-
ity, which can offer the opportunity to improve the current
understanding of drone maneuvering noise and foster further
research on innovative strategies to reduce its annoyance for
humans.
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TABLE 1. Table of reflection coefficients for the floor and walls of the
ID2Move test hall.

f(kHz) 0.125 0.25 0.5 1 2 4
Brioor 0.98 0.98 0.97 0.97 0.96 0.95
Bova 0.94 0.95 0.98 0.99 0.98 1.00
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APPENDIX: WALL-REFLECTION COEFFICIENTS

The frequency-dependent absorption coefficients of the test
hall are determined considering the material specifications of its
walls and floor (Vaverka et al., 1998). In particular, the former
are made of plasterboard, whereas the latter are made of vinyl.
The reflection coefficients 5, are then calculated from Eq. (5).
The results are listed in Table I for discrete frequencies ranging
from 125 Hz to 4 kHz. Elsewhere, f3, has been interpolated.
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