
In-flight directivity and sound power measurement of small-scale
unmanned aerial systems
Gert Herold*

Technische Universität Berlin, Department of Engineering Acoustics, 10587 Berlin, Germany

Received 30 March 2022, Accepted 10 November 2022

Abstract – The sound emission characteristics of unmanned aerial systems are of interest in many contexts.
For a realistic representation of the directional characteristics and the radiated sound energy, it is useful if the
aircraft is operated under realistic conditions. However, deriving emission-based acoustic quantities for a typical
mode of operation such as cruise flight is difficult. In this paper, the directivity and sound power of a quadcopter
drone are determined using a microphone array measurement of a single flight through a predefined corridor.
The recorded data are processed to both reconstruct the drone’s flight path and characterize its acoustic
emission. To verify the reliability of the presented method, the signal processing is tested with simulated data
from moving sources with the directivity of a monopole as well as a dipole. Using different discretizations of the
radiation direction space and evaluating the frequency-dependent directivity factor, it is discussed how the
sound radiation can be described as comprehensively as possible on the basis of as few quantities as possible.
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1 Introduction

Unmanned aerial systems (UAS), also referred to as
unmanned aerial vehicles or drones, are used in a wide
range of applications. Forecasts show that the number of
drones will continuously increase in the future [1]. Since
many types of UAS are capable of flying and maneuvering
in environments that are close to populated areas, public
exposure to drone noise can also be expected to increase
in the future.

For regulatory and certification purposes, as well as for
predicting noise exposure of the public from modeled air
traffic scenarios, it is necessary to characterize drones in
terms of their acoustic emissions. This includes the total
amount of sound energy radiated during typical flight sce-
narios as well as information on the directions in which
sound is radiated, i.e. the directivity, which can vary signif-
icantly for a single drone [2].

Currently, there is still a gap in international standard-
ization regarding drone measurements. Existing standards
for sound power measurements, such as ISO 3744 [3], are
intended for stationary sources only. Application is possible
to some degree for drones in hovering mode [4, 5]. However,
this does not cover typical operational scenarios such as
cruise flight. Standards and regulations for characterizing
the noise immission from aircraft can be used to monitor
noise exposure from flying drones [6, 7], but they are only
of limited use to fully describe their emission characteristics.

To close the measurability gap, a new signal processing
method for evaluating microphone array recordings is intro-
duced in this paper. The aim is to calculate sound power
and directivity of a drone from fly-by measurements. Since
a drone usually cannot follow an exact predefined path, a
basic requirement for the method is that the flight path
itself can vary to some degree. The proposed method con-
sists of two parts: First, the time-dependent position of
the drone in space is determined using a beamforming-
based localization technique. Then, the reconstructed flight
path is used to compensate for distance and velocity in the
recorded sound pressure data and to collect directional
information by evaluating the drone’s relative position to
the microphones.

In the remainder of this paper, the method is described
in theory (Sect. 2) and applied to simulated and measured
datasets (Sect. 3). A secondary objective of this study is to
derive meaningful metrics for describing the emission with
only few parameters. To this end, the mapping of the direc-
tivity with different spatial resolutions is discussed in
Section 3.4. Based on this, sound power and directivity fac-
tor are calculated in Section 3.5. Finally, the findings are
summarized in Section 4.

2 Theory

A prerequisite for calculating the sound emission char-
acteristics is knowledge of the position of the source with
respect to the receiver (i.e. the microphones) at each instant*Corresponding author: gert.herold@tu-berlin.de
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in time. This is challenging when there is relative motion
between the two, and even more so when the motion is
not precisely known a priori. In general, reconstructing
the motion of a source and calculating its emission charac-
teristics can be considered separate problems and are trea-
ted as such below.

2.1 Trajectory

Determining the time-dependent position x(t) of a flying
drone can be done in several ways. Possibilities include the
use of GPS or similar systems [8], optical tracking with a
multi-camera setup [9], built-in sensors [10], acoustic mea-
surements [11], or a combination of these methods.

The approach used in this paper is based on the evalu-
ation of acoustic measurements and follows the signal pro-
cessing of data obtained using a microphone array [12]. It is
briefly described here. The goal is to obtain a description of
the trajectory in terms of 3D position and velocity for any
given point in time.

2.1.1 Collecting points with Functional Beamforming

Assuming that the drone always represents the domi-
nant source in the measuring environment and is small
enough to be considered a point source, microphone array
methods can be used to determine its position in space
and time. First, the recorded time signals are divided into
short segments of equal length. The duration of a segment
depends on the desired spatial resolution and the speed of
the drone.

For each time segment, it is assumed that the change in
position is sufficiently small so that the drone can be consid-
ered a stationary source, allowing frequency-domain beam-
forming to be applied. Based on the multichannel time
segment, a short-time cross-spectral matrix (CSM) is esti-
mated using Welch’s method [13]:

C ¼ 1
K

XK
k¼1

pk pk
H; ð1Þ

where K is the number of cross-spectra that can be
obtained from the segment for averaging – depending on
the number of samples, the selected FFT block size, and
the block overlap. Every pk 2 CM contains the complex
spectral data from one FFT block for each of the M
microphones.

Based on the CSM, it is possible to determine the sound
emission from points located in a region of interest using a
variety of different algorithms [14]. For the calculations
done here, Functional Beamforming [15] was used, which
is characterized by fast computational speed with stable
detection of dominant sources:

b xsð Þ ¼ hH xsð ÞC 1
m h xsð Þ

� �m
: ð2Þ

The steering vector h contains the sound propagation
model – i.e. the correction of phases and amplitudes

according to the distances of the microphones to the focus
points rs,m. The choice of the exponent m influences the
suppression of artifacts like side lobes.

The goal in this part of the processing is to locate the
sources and not so much to precisely quantify their
strength. For this reason, the main diagonal of the CSM
is omitted in the evaluations. It contains only quantitative
information about amplitudes, not phases, and its omission
can reduce the influence of uncorrelated noise sources (e.g.,
disturbances due to flow over the microphones) [16]. In
addition, a formulation of the steering vector is used that
ensures correct detection of a local maximum at the location
of a source in 3D space at the expense of a small quantita-
tive error [17]:

hm ¼ 1

rs;m

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M

PM
l¼1

rs;l�2

s e�jk rs;m�rs;0ð Þ;

m ¼ 1 . . .M ; ð3Þ
where s = 1 . . . N is the index of discretized focus points.
The levels are evaluated at a reference distance of
rs,0 = 1 m from each focus point. For each time segment,
the level maximum in a three-dimensional discretized focus
area is determined. To account for sources that lie between
discretized focus points, the levels at the points surround-
ing the position of the maximum are also included and a
“true” position is calculated using the center of mass. This
position is then stored for further evaluation.

2.1.2 Connecting the dots with a-b filter

The locations calculated in the previous section shall be
described by z(t) and could be used directly as trajectory
support points. However, the drone is not an actual point
source, and the sound generation may also vary over time.
Since this could lead to the trajectory being overly rugged
to outright unphysical, the results are processed using a
Kalman filter [18] to obtain a plausible motion.

For this, a state of the drone xð~tÞ is defined, which con-

tains its 3D position and velocity (~t is a time index):

xð~tÞ ¼ ðx; y; z; u; v;wÞT : ð4Þ
All entries are yet unknown, but an approximation can be
calculated from a previous state by

x̂ ~tð Þ ¼ F x ~t � 1ð Þ: ð5Þ
For the very first state, the observation zð~t ¼ 0Þ can be
used. F is a transition matrix

F ¼

1 0 0 �t 0 0

0 1 0 0 �t 0

0 0 1 0 0 �t

0 0 0 1 0 0

0 0 0 0 1 0

0 0 0 0 0 1

0
BBBBBBBB@

1
CCCCCCCCA
; ð6Þ
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that is used for predicting a new state based on the pre-
vious one. As the prediction does not necessarily match
the observation zð~tÞ, it is updated via

x ~tð Þ ¼ x̂ ~tð Þ þG z ~tð Þ �H x̂ ~tð Þð Þ: ð7Þ
with the gain matrix

G ¼

a 0 0

0 a 0

0 0 a
b
�t 0 0

0 b
�t 0

0 0 b
�t

0
BBBBBBBBB@

1
CCCCCCCCCA

ð8Þ

and the observation matrix

H ¼
1 0 0 0 0 0

0 1 0 0 0 0

0 0 1 0 0 0

0
B@

1
CA: ð9Þ

The coefficients a and b are chosen for weighting between
prediction and observation.

In addition to the a-b smoothing filter, data processing
includes a plausibility check (if an observation is not phys-
ically too far from the previous state) and the insertion of a
limited number of predictions (if no valid observation is
available for a time step) [12]. Spline interpolation is used
to provide positions and velocities between discrete states.

2.2 Directed sound emission

With knowledge about the drone’s trajectory (e.g. by
calculation with the procedure described in Sect. 2.1), it is
possible to determine the sound emission characteristics
using the spatially distributed microphones. Two processing
steps are performed for this: First, the position and motion
relative to the microphones are taken into account by cor-
recting frequency and amplitude. Second, the microphone
signals are split and grouped according to the current rela-
tive position of the sensor to the drone.

Since a description of the emission implies a source-
centered point of view, it is helpful to use Lagrangian
coordinates with the drone at the origin, as illustrated in
Figure 1. The z-axis points in the direction of the drone’s
motion in the zx plane, the y-axis is perpendicular to the
ground. For convenience, spherical coordinates are also
used, where the angle u describes the azimuth from x
towards the y-axis. The elevation angle h is zero in the direc-
tion of flight and 180� or p towards the back of the drone.

2.2.1 Compensating for motion

The recorded raw signals contain “distortions” of the
emission signal due to the relative movement of the drone
through space. These comprise the distance attenuation of
the point source as well as the Doppler effect. Effects such
as atmospheric sound absorption [19], which become rele-
vant at longer distances, are not considered here.

From the trajectory, the distance rs,m from the drone
(index s) to a microphone (index m) as well as the relative
Mach number Mas,m can be calculated for each moment in
time. Using these, the time signal recorded at the micro-
phone can be shifted in time and its amplitude can be cor-
rected, so as to synthesize a signal of a microphone
positioned at a reference distance rs,0 and moving alongside
the drone with varying azimuth and elevation:

pm;corr tð Þ ¼
rs;m tð Þ

rs;0 � ð1�Mas;mðtÞÞ2
� pm t þ rs;m tð Þ

c

� �
: ð10Þ

The time-dependent time-shift of the signal implicitly
removes the frequency shift due to the Doppler effect.

For a signal recorded with a limited sampling rate, inter-
polation between samples may be necessary when imple-
menting Equation (10).

2.2.2 Collecting directed energy

For the calculation of quantities describing radiation
characteristics, an evaluation of the data in the frequency
domain is useful. A continuous assignment of the signals
to microphone channels, on the other hand, is not helpful
due to the constantly changing relative angular position.
Instead, a description of the signal according to radiation
direction is much more practical.

In order to achieve this, the following signal processing
is proposed:
1. Discretize the radiation direction space (u, h) around

the drone into a number of segments.
2. Specify an FFT block length for transforming the data

into the frequency domain.
3. Separate the time signal at each microphone into

blocks of that length, which may overlap by a speci-
fied percentage.

Figure 1. Cartesian and spherical coordinates with the drone
(as red dot) at the origin. The dashed red line represents past
trajectory.
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4. At the beginning of each block, note the relative posi-
tion (u and h) of the respective microphone to the
drone.

5. Transform the data blocks into the frequency domain
and assign them to the corresponding (u, h) segments.

The collected spectra are then averaged for each seg-
ment, yielding a single sound pressure value for each direc-
tion and frequency.

The flight path and sensor setup should be chosen so
that samples can be collected for all desired angular posi-
tions of the discretized two-dimensional direction space.
In this paper, two different discretizations, or sphere parti-
tionings, are proposed. Both are easy to describe in the
given spherical coordinate system.

For the first partitioning, the sphere is divided into seg-
ments with an equi-angular resolution in u- and in h-direc-
tion. As is shown in Figure 2, the result resembles the
latitudes and longitudes of geographic coordinates. With
a resolution of 32 angles in u-direction and 16 angles in
h-direction, this equi-angular grid will be referred to as
“EA512” in the remainder of the paper.

While this grid allows a detailed and intuitive under-
standing of the 3D directivity, it does not convey the energy
radiated towards the specific directions. This is because the
area covered by one segment varies significantly from the
poles to the equator. The spectra are averaged for each seg-
ment, so two segments with the same level but different
areas do not actually contain the same energy. Further-
more, the actual directivity resolution is much higher at
the poles than at the equator.

The second grid, shown in Figure 3, divides the sphere
according to additional rules:

1. The cartesian axes should be located at the center of a
segment.

2. For each plane spanned by two cartesian axes, the
directivity should be describable by at least 8 evenly
distributed angles.

3. All segments should span an equal surface so that the
resulting sound pressures can be directly compared in
terms of energy.

4. All possible directional angles should be accounted
for.

5. There should be as few segments as possible.

An according partitioning with 18 segments can be
achieved by

� two polar caps with borders at h = wcap and
h = p � wcap respectively,

� a ring centered at the “equator” between h = wring and
h = p �wring, with u-equi-angular segmentation into 8
segments starting at u ¼ p

8, and
� u-equi-angular segmentation into 4 segments between
the center ring and the caps, starting at u ¼ p

4

with wcap ¼ arccosð89Þ and wring ¼ arccosð49Þ. The latitudi-
nal center of the resulting 4-segment-rings does not lie
exactly between equator and poles, but at 45.44� instead
of 45� for positive z, thus slightly violating the uniform
angle distribution of rule 2 (except for the xy plane). This
equal-surface grid is referred to as “ES18”.

3 Application

The presented methods are applied to measured and
simulated data in the following. In addition to investigating

Figure 2. Partitioning of sphere into 32 � 16 sections with
equal angle distribution (EA512 grid).

Figure 3. Partitioning of sphere into 18 sections with equal
surface area (ES18 grid).
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the general applicability of the described data processing, a
major objective of this section is to determine whether a
meaningful description of the sound emission is possible
using the low-resolution ES18 grid alone.

3.1 General setup

The measurement was performed in a fully anechoic
room at TU Berlin. The setup is depicted in Figure 4.
The signals were recorded synchronously with 96 channels.
32 of the microphones are arranged in a multi-armed spiral
and flush mounted in a plate parallel to the ground with a
side length of 1.5 m. Their main purpose is to reconstruct
the trajectory (see Sect. 2.1). The usability of a similar
setup for flight path detection has been shown previously
[12].

The remaining 64 sensors are evenly distributed in an
upright circle of approximately 2.1 m diameter. Signals
from these microphones are mainly used for reconstructing
the directed sound emission, as described in Section 2.2.
Several of the microphones from the lower half of the circle
are also used together with the plate microphones for trajec-
tory detection.

The coordinate system is array-centered. Since the posi-
tion of all microphones must be known, the relative posi-
tioning of the plate to the ring is important during setup.
Apart from that, setting up the array in the measurement
environment is not complex, since the two sub-arrays can
be prepared in advance.

It is worth noting at this point that while it is necessary
to have multiple synchronously recording channels, even a
smaller number of microphones arranged to provide suffi-
cient coverage of the angles of interest can yield meaningful
results. Determining the minimum requirements is, how-
ever, beyond the intended scope of this paper.

The measured drone is a consumer quadcopter (shown
in Fig. 5) that weighs 85 g, has a width of 17.5 cm, and a
rotor diameter of 7.7 cm. Signals were recorded during a
flight of the drone over the plate array through the array
ring and beyond. The total signal duration evaluated in this
paper is 3.9 s. The focus of this paper is on the amount of
information that can be obtained from a single measure-
ment. For a reliable and statistically sound characterization
of the drone, evaluating repeated measurements would be
necessary.

In Figure 6 the signal recorded by a single microphone,
positioned between 7 and 8 o’clock in the ring array as
shown in Figure 4, is depicted in the form of a spectrogram.
Tonal components from the blade passing frequencies
(BPFs) of the four rotors as well as some higher harmonics
are clearly visible, as are minor broadband components. The
drone passes the ring between seconds 2 and 3, where the
measured sound pressure level is at its maximum of 43 dB
at 637.5 Hz (12.5 Hz narrow band; for visibility purposes,
the displayed levels are clipped at 30 dB in the figure).

In the time section of the approaching drone, a superim-
posed interference pattern can be seen in the spectrogram.
This is caused by reflections from the ground (i.e. the

Figure 4. Measurement setup with the two arrays. Flight direction of the evaluated case is from right to left.
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horizontal plate array and to a small extent the grate floor),
also known as the acoustical Lloyd’s mirror effect [20]. The
influence of this effect on the overall results is assumed to be
small here and therefore not investigated further. For future
measurements, it would be conceivable to make the setup
environment fully absorbent or to consider a mirror source
in the signal processing.

3.2 Trajectory reconstruction

For the flight path detection according to Section 2.1,
the microphones on the plate as well as 17 channels from
the lower part of the ring were used. The reason for omit-
ting the other ring microphones is that the point spread
function, i.e. the imaging of a point source through beam-
forming, of a fully circular array geometry exhibits strong
side lobes [21]. This is undesirable because then a side lobe
can be misidentified as the source position if the actual
maximum does not lie exactly on a discretized focus grid
point. Parameters for the calculation of the trajectory are
summarized in Table 1.

The accuracy of the localization is tested using reference
measurements of a point source at three different positions
in the plane of the upright microphone circle. The evaluated
signal duration is 3 s and the chosen segment length for
position detection is 0.1 s, resulting in 30 positional coordi-
nates per measurement. Table 2 lists the detected averaged
coordinates as well as the mean and the standard deviation
of the position spread, i.e. the distances of the individual
positions from their average. With a spread of less than
5 cm, the position reconstruction is shown to be repro-
ducible within an acceptable tolerance.

The deviation of the reconstructed from the nominal
source positions is documented in Table 3. The coordinate
differences are of about the same order of magnitude as
the source spread. The overall deviation of source 3 is higher
than for the other two sources. Apart from possible inaccu-
racies in the documented nominal position of the source, the
lower spatial separability of sources with increasing distance
to the microphone array is a possible cause for the larger

deviations. The influence of position uncertainties on the
coordinates u and h as well as on the amplitude correction
decreases with increasing distance of the source position, so
that at larger distances, higher tolerances in position deter-
mination are acceptable.

The reconstructed flight path with a duration of 3.9 s is
shown in Figure 7. Even though the drone was remotely
steered to follow a straight path, altitude variations are
clearly visible. The reason for these is mainly the drone rely-
ing on its optical sensors to control its altitude and being
challenged with uneven terrain due to the setup. This tra-
jectory is used as basis for the further evaluations.

Table 1. Important parameters for the trajectory detection.

Number of microphones 32 + 17
Sampling rate 51,200 Hz
Focus grid (lx � ly � lz) 2 m � 2 m � 9 m
Focus grid resolution 0.05 m
FFT 512 samples

von Hann window, 50% overlap
Averaging time 0.1 s
Beamforming Functional Bf., m = 8

w/o CSM main diagonal
5.1 kHz narrow band

Reference position rs,0 = 1 m

Table 2. Averaged detected coordinates of the three reference
sources and spread (mean �r and standard deviation sDr).

ID x/m y/m z/m �r=m sDr/m

1 0.05 �1.11 �0.02 0.031 0.020
2 1.04 �0.06 0.05 0.016 0.012
3 �0.84 0.78 �0.03 0.017 0.010

Table 3. Deviation of averaged detected to nominal coordinates
of the reference sources.

ID Dx/m Dy/m Dz/m

1 �0.004 �0.065 �0.015
2 �0.003 �0.007 0.048
3 �0.063 0.076 �0.034

Figure 5. Drone used for the measurement. The rotor diameter
is 7.7 cm.

Figure 6. Single-channel spectrogram of the drone flight
measurement.
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3.3 Simulated sources

In addition to the measurement, two simulated datasets
were generated: one of a moving monopole, the second of a
moving dipole. As with the evaluations in this paper, the
simulations of the datasets were done using the Python
software package Acoular [22, 23].

The time signals of the sources are chosen to be the
same for both datasets and to roughly resemble the signal
of a quadcopter drone. The dipole lobes of maximum radi-
ation are oriented perpendicular to the ground, so that a
sensor positioned directly above the source would record
the exact same signal for the monopole and the dipole.

The array setup is identical to the one used in the mea-
surement, except for the simulations being free of reflec-
tions, sensor directionalities, or flow effects. The simulated
flight paths correspond exactly to the reconstructed trajec-
tory of the measured drone. For brevity, the three evalu-
ated datasets are hereafter referred to as described in
Table 4.

Figure 8 shows the spectrum calculated from the mov-
ing monopole at a single channel and averaged over the
entire measurement time, as well as the spectrum of the sig-
nal after motion correction according to Section 2.2.1. After
dedopplerization, the tonal peaks are a lot more distinct,
since the energy distribution over adjacent frequency bands
due to the pitch shift is reversed. Furthermore, the broad-
band noise level is increased from about 48 dB in the raw
data to about 55 dB in the corrected signal due to the com-
pensation of the sound path and normalization to 1 m ref-
erence distance.

3.4 Directivity mapping

Since the directional information is acquired sequen-
tially, it is important that the sound emission is as homoge-
neous over time as possible, so that the sound pressure data
can be compared between different angles. Even with a
straight trajectory, this is not always feasible, as can be seen
from the varying rotor BPFs in Figure 6.

As mentioned above, one possible way to obtain repre-
sentative results is the evaluation of multiple measurements
with the same drone and flight mode. Other ways to
increase the sample number for averaging are:

� decreasing the FFT block size,
� increasing the overlap of the FFT blocks,
� using multiple discrete frequency bands,
� increasing the number of directions that are grouped.

The last point can be realized, for example, by increas-
ing either the number of sensors or the size of the segments
(i.e. decreasing the number of sphere partitions). This is
visualized in Figures 9b and 9c, where the number of
short-time spectra used for averaging the sound pressure

Figure 7. Reconstructed trajectory of the drone flight with velocities. Red dots represent microphone positions. The moving
coordinate system is indicated at three instants in time (start, array passing, end). The yellow frame indicates the 3D focus area (i.e.
the monitored flight corridor) evaluated for recovering the trajectory from the microphone array.

Table 4. Abbreviations of the three datasets.

msm Measured flying drone
sim-m Simulated moving monopole
sim-d Simulated moving dipole

Figure 8. Narrow band spectrum (Df = 6.25 Hz) of the
simulated moving monopole.
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data in each segment is shown for the two used sphere
partitionings. When using the ES18 grid, there are approx-
imately 30 to more than 50 times as many samples available
per segment as when using the EA512 grid for the
evaluation.

The h-angles covered during the flight are shown in
Figure 9a. With the chosen ring array geometry, the time
during which data can be collected for emission angles
around h ¼ p

2 is a lot shorter than the time the microphone
positions relative to the drone is close to the poles of the
sphere grids. As the drone at no point of its trajectory
directly flies towards a microphone, the angles h = 0 and
h = p are not covered. The imbalance in the distribution
of latitude angles can also be seen in the histograms, where
the differences between sectors with the most samples and
those with the fewest samples are several orders of magni-
tude. In the case of the EA512 grid with high angular reso-
lution (Fig. 9b), no samples could be collected for several
positions near the poles.

Assuming that all emission angles are of similar interest,
a more uniform angular coverage would be preferable. This
could be achieved by positioning microphones along and
around the trajectory rather than in a single ring. Impor-
tant parameters used for the sample collection and signal
processing in this paper are listed in Table 5.

3.4.1 EA512 high-resolution visualizations

In Figures 10–12, the collected directional sound emis-
sion (sound pressure level at 1 m distance) is plotted against
the longitudinal angle u and the latitudinal angle h with a
dynamic range of 15 dB. For a more intuitive understand-
ing, the values are also plotted in a 3D perspective. Here,
the distance from the origin represents the relative sound
pressure level.

In Figure 10, the reconstructed emission for the simu-
lated moving monopole is shown for the octave bands
around 500 Hz and 2 kHz. The omnidirectional characteris-
tic is clearly visible, however, at 500 Hz, the variation across
the direction is larger than at 2 kHz. This is explained by
the above-mentioned number of averaging samples (in this
case, discrete narrow frequency bands) being lower in case
of the 500 Hz octave.

This is also visible for the simulated dipole case evalu-
ated for the same frequency bands (shown in Fig. 11):
The reconstruction of the dipole characteristic with orienta-
tion along the y-axis is much smoother for the 2 kHz octave

band. The evaluation and visualization of the simulated
datasets show that with this data processing, it is possible
to reconstruct detailed directivity information if the trajec-
tory of the source is known.

Figure 12 shows a corresponding visualization of the
measured data from the drone flight for octave bands from
500 Hz to 16 kHz. For higher frequencies, the exhibited
directivity is similar to that of the dipole, with more energy
emitted in positive and negative y direction. While this gen-
eral characteristic is to be expected [2], additional effects are
visible here.

For one, the lobes are tilted, so that the upper lobe is
directed slightly towards the flight direction. This can be
expected, since the drone itself is slightly tilted in that direc-
tion while flying. Also, the amount of energy radiated up-
and downwards is not identical and depends on the
regarded frequency band, For the evaluated octave band
around 500 Hz, the directivity appears to be considerably
different in that most of the energy is radiated in lateral
direction.

Furthermore, for some octave bands and best visible at
4 kHz, the directivity pattern is shown to be elongated in z
(i.e. flight) direction. From these evaluations, it cannot be
said with certainty whether this is a physical effect or if this
is caused by small deviations of the assumed (i.e. recon-
structed) to the actual trajectory.

In all considered frequency bands, more sound energy is
detected to be radiated directly in the direction of flight
(h close to zero) than in the opposite direction. A possible
explanation for this are emission reflections at the array
plate on the ground, which are not considered in the evalu-
ation and will be assumed to originate directly from the
drone.

3.4.2 Evaluation with the ES18 grid

Evaluating the directed sound emission using the ES18
sphere partitioning has the advantage that a higher number
of samples can be used for averaging the sound pressure

Figure 9. Latitudinal angle timeline of the ring microphones in the drone’s coordinate system (a) and histograms of how many short-
time spectra are calculated per respective grid segment (b, c).

Table 5. Important parameters for the directed sample
collection.

Microphones 64, 2.1 m ring
Sampling rate 51,200 Hz
Evaluation grid EA512 (Fig. 2) and EA512 (Fig. 3.)
FFT 4096 samples, von Hann window, 97% overlap
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level within a segment. This comes at the cost of a
decreased angular resolution. The suitability of the ES18
grid for generating meaningful results is investigated in
the following.

Figure 13 shows the sound radiation in all discretized
directions of the sphere. Major phenomena visible in
Figure 12 can be seen here as well: a dipole-like directivity,
the tilting of the lobes, and the increased level in the

segment pointing in flight direction. This indicates that
a discretization with the lower-resolution ES18 grid allows
a sufficient reconstruction of important emission
characteristics.

A quantitative comparison of the results for both grids
is shown in Figure 14 for the simulated dipole and the mea-
sured drone in the xy plane. The directivity reconstructions
are in good agreement for most angles discretized by both

Figure 10. Simulated monopole: visualization of the directional sound radiation using the EA512 grid, evaluated for two octave
bands.

Figure 12. Measured drone: visualization of the directional sound radiation using the EA512 grid, evaluated for six octave bands.

Figure 11. Simulated dipole: visualization of the directional sound radiation using the EA512 grid, evaluated for two octave bands.
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grids. However, for u = 0� and u = 180�, the levels are
higher for the ES18 grid, because the broader longitudinal
range represented by these angles includes directions into
which more energy is radiated.

In case of the simulated moving monopole, the recon-
structed levels are in agreement for both grid types. This
is shown in Figure 15, which also features the directivity
patterns on the ES18 grid for different frequencies. As is
expected with a monopole, the directivity results for the
xy, zx and zy planes are virtually identical.

Directivity patterns in the planes perpendicular to the
three coordinate axes are shown in Figure 16 for the simu-
lated dipole and the measured drone at different frequen-
cies. Even though the dipole is simulated to be perfectly
symmetric, the visualization shows a different directivity
in the flight than in lateral direction. This can best be seen
when comparing sub-figures “sim-d, xy” and “sim-d, zy”,
which should be identical. The reason for the differences lies
in the between-the-axes segments of the ES18 grid being of
considerably different shape for the two cases (see also
Fig. 3), thus grouping a different set of relative angles to
represent the respective emission direction. While the dipole
directivity representation would appear more realistic if the
sphere segmentation were done differently (e.g. by choosing
an orientation of the poles along the y axis), arbitrary and

highly varying directivities can easily lead to misrepresenta-
tions if too few segments are chosen for discretization.

Nevertheless, the ES18 grid can be used to obtain a gen-
eral overview of the emission characteristics in a simple
way, as can be seen from the drone measurement in the
right column of Figure 16. The emission characteristics

Figure 13. Directional sound radiation of the drone, evaluated
with the ES18 partitioning for several octave bands.

Figure 14. Directivity patterns (sim-d and msm) in the xy
plane for the 4 kHz octave band, displayed dynamic 15 dB, blue:
ES18, orange: EA512.

Figure 15. Directivity patterns in the xy plane (blue: ES18,
orange: EA512) for 4 kHz, and in the perpendicular planes for
octave bands from 500 Hz to 8 kHz (shades from light to dark).

Figure 16. ES18 directivity patterns in different planes for the
simulated dipole and the measured drone for octave bands from
500 Hz to 8 kHz (shades from light to dark). Displayed dynamic
is 15 dB below max.
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discussed in Figures 12 and 13 are also visualized here, with
the polar diagram allowing an intuitive interpretation.

3.5 Sound power and directivity factor

In the context of acoustic characterization of machinery,
it is often desirable to derive easily comparable quantities
from measurements. An example for this is the calculation
of the sound power level using the enveloping surface
method, e.g. described in ISO 3744 [3]. With the sound
powerW being defined as the integral of the sound intensity
over the surrounding surface, it can be calculated via

W ¼
XN
i¼1

prms;i
2

q0c
Si; ð11Þ

where N is the number of elements in a surface discretiza-
tion, i.e. in the case here, the segments of the two sphere
partitionings. For the EA512 grid, the surface Si of the seg-
ments depends on the respective latitude. In contrast, the
segments in the ES18 grid all have a surface of
Si,18 = 4pr2/18, which leads to the squared sound pressure
prms;i

2 being the only varying term in the summation of
Equation (11). The properties of the medium in which the
sound propagates are described by the density q0 and the
speed of sound c.

Since drones, as shown above, are highly directional
sound sources, it is convenient to quantify the directivity
in a value as well. This is possible with the directivity factor
Q, which sets the sound intensity in a selected reference
direction in relation to the average intensity of the source
[24]:

Q fð Þ ¼ py�
2

q0c
4pr2

W
¼ py�

24pr2

PN
i¼1

prms;i
2Si

: ð12Þ

The sphere radius r = 1 m corresponds to the distance to
which all sound pressures are normalized. As the radiation
of the drone towards the ground is deemed to be of
major importance, the reference direction here is selected
to be the negative y axis, with py� being the prms value

representative for this direction. For the EA512 grid, py� is
calculated by averaging the prms values of the four segments
adjacent to this axis.

In case of the ES18 grid, a representative sphere segment
can be directly selected. Furthermore, for 18 segments with
the same surface area, Equation (12) simplifies to:

Q18 fð Þ ¼ 18 � py� 2

P18
i¼1

prms;i
2

: ð13Þ

Figure 17 shows the frequency-dependent directivity fac-
tor for the two simulated cases. In case of the monopole,
Q varies around and close to a value of one, which indi-
cates an omnidirectional radiation. The dipole has an
average Q � 2:8, which comes close to a directivity factor
of 3 for a perfect dipole [24]. For both cases, the average
values calculated using the different sphere partitionings
are in good agreement, whereas the standard deviation
is about twice as high when using the EA512 grid as com-
pared to the ES18 grid.

These are simulated cases where variations in directivity
indicate imperfect reconstruction caused, for example, by
insufficient averaging. Therefore, the displayed deviations
from the average value are a good measure for the capabil-
ities of the methods.

The directivity factor for the measurement is shown in
Figure 18. As with the simulations, the variation of Q is
higher if the emission reconstruction is done on the EA512
instead of the ES18 grid. The general shape of the curve is
similar for both grids. In contrast to the simulated cases,
the directivity visibly depends on the frequency. The low
directivity factor at 500 Hz corresponds to the flattened
shape seen at this frequency in Figure 12.

While a directivity of 4 and even above is observed at
some frequencies, for the most part Q is well between the
directivities of a monopole and a dipole, with an average
factor af about Q � 1:9. The average directivity factors
and their standard deviation for all cases and grids are sum-
marized in Table 6.

Figure 19 shows the reconstructed sound power
spectrum of the measured drone. The results calculated
on the two different grids are in good agreement, with no

Figure 17. Frequency-dependent directivity factor of the
simulated sources.

Figure 18. Directivity factor of the measured drone.

G. Herold: Acta Acustica 2022, 6, 58 11



significant deviations. The spectrum exhibits strong tonal
components, with he highest peaks being observed between
500 Hz and 2 kHz. In addition to the spectrum, the total as
well as the A-weighted sound power level [25] are calculated
for convenience and to illustrate that similar results can be
obtained with the array-based evaluation presented here as
with stationary measurements.

Table 7 compiles the weighted and unweighted sound
power levels for the simulated and measured cases. The
direct comparison of the values calculated using EA512
and ES18 with a maximum difference of 0.3 dB shows that
the choice of either of the two grids is not significant for the
calculation of the sound power level.

4 Conclusion

The purpose of the investigations conducted here is
to demonstrate the principal applicability of array mea-
surements for an emission-based characterization of a

small-scale drone in cruise mode. The presented methods
have been shown to be suitable for that and enable the
determination of the sound power and directivity of the
drone. Using simulated datasets, the applicability of the
proposed signal processing could be verified.

Two grids with different spatial resolutions were
proposed for investigating the directional radiation. Both
grids are suitable for deriving the quantities of interest.
With the low-resolution ES18 grid, both the general direc-
tivity and derived quantities can be determined with suffi-
cient accuracy. Applying the EA512 grid is useful when
more detailed information about the directional radiation
is needed, although at the cost of less data available for
averaging.

The microphone array used for the investigations is easy
to set up and the sensor arrangement proved to be capable
of providing the drone’s trajectory and its emission charac-
teristics. However, for a more uniform sampling of the direc-
tional radiation, it would be advantageous if the
microphones were distributed more along the flight path.
Furthermore, for future studies it would be desirable to
either change the measurement environment so that no
unwanted reflections occur or that reflections be taken into
account in the signal processing.

For a reliable acoustic characterization of the drone’s
emission, evaluating only one fly-by is not sufficient, since
the sound radiation varies along the flight path. The rem-
edy here is several measurements of the same drone oper-
ated in a comparable flight mode, and a subsequent
averaging of the results.
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