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ABSTRACT

In the framework of the EPSRC - UK DroneNoise project,
a multi-channel methodology for small Unmanned Air-
craft Systems (sUAS) noise measurement was applied un-
der controlled conditions. The measurement campaign
was carried out in August 2022 in Edzell, a village in Scot-
land. This paper presents preliminary results on the appli-
cation of this on-field measurement protocol for a series of
sUAS during hovering. Noise signals were recorded from
two quadcopters and one hexacopter in stationary flight
using a linear ground microphone array. The data were
then analysed in both time and frequency domains. In ad-
dition, back-propagation techniques were applied for the
calculation of noise directivity. Comparisons of the acous-
tic footprint of the tested sUAS were carried out using
both acoustic metrics and Sound Quality Metrics (SQMs).
The analysis procedure presented in this paper can also re-
port SQMs at different receivers to aid the psychoacoustic
assessment of sUAS noise.

Keywords: sUAS noise, on-field noise measurements,
Sound Quality Metrics.

1. INTRODUCTION

Since the introduction of new multi-rotor aircraft flying
close to the community, the study of their emitted noise
is considered a key part of the public acceptance criteria
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for the successful adoption of small Unmanned Aircraft
Systems (sUAS) in the airspace [1].

Due to the versatile flight capabilities, characterising
the noise footprint of sUAS is a challenging task, which
also increases in complexity when the aircraft is highly
affected by adverse weather conditions during operations
(e.g., wind gusts). The noise emission of sUAS varies de-
pending on the specific operating conditions, and there-
fore the acoustics characterisation and analysis of these
vehicles separately consider four types of flight opera-
tions: take-off, hovering, flyover, and landing [2, 3].

In particular, for hovering operations, the recently
published EASA “Guidelines on Noise Measurement for
Unmanned Aircrat Systems” recommend reporting the
equivalent continuous sound level LAeq as the main
acoustic metric to quantify the overall sound pressure
level of each sUAS event [4].

On the other hand, Sound Quality Metrics (SQMs)
describe the psychoacoustic characteristics of signals that
are useful from a noise perception perspective. This con-
cept is important because sUAS noise has been credited
as more annoying than conventional aircraft noise at the
same loudness level, and sUAS noise annoyance is sig-
nificantly related to loudness, sharpness, and fluctuation
strength [5, 6].

This paper presents the results of the acoustic charac-
terisation of sUAS during hovering, using the LAeq metric
and the derivation of directivity of the main noise compo-
nents. This approach includes the noise level contribu-
tions from broadband noise and tonal components, which
includes the shaft frequencies, blade passing frequencies
(BPF), and their harmonics. Furthermore, a psychoacous-
tic characterisation of the sUAS tested during hovering is
also presented.
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2. METHODS

The sensoring setup considered nine free-field micro-
phones mounted on metal ground plates placed in a
straight line (Fig. 1 1 ). Each microphone position was
derived to obtain steps of ∆Θ = 15◦ to each side of
the centre microphone over which the sUAS hovered at
10m height. The experimental setup was also applied for
noise characterisation during flyovers in [7] following the
recommendations of the ISO working group and NASA-
UNWG [8, 9].

Figure 1. Sensoring setup

Noise levels were reported as LAeq at each micro-
phone position. Furthermore, a frequency analysis al-
lowed extracting the noise contribution from narrow-band
components and/or the overall sound pressure levels.

1 This paper only reports data from the microphone array
at ground level. The Sound Level Meter, Ambisonic miro-
phone, and pole-mounted microphone were included for further
research proposes.

Table 1. sUAS basic info

Model sUAS
ID

Number
of rotors

Weight
[g]

Diagonal
Wheelbase

[mm]

Payload
Weight

[g]

DJI Matrice 300 RTK M3 4 6300 895 930
Yuneec H520E Yn 6 1633 520 350
DJI Mini 3 pro 3p 4 249 247 -

To obtain the noise directivity of each sUAS, the
sound pressure levels recorded on the ground were back-
propagated to the constant radius centred at sUAS position
r0 =1m. This process was carried out considering the ef-
fects of atmospheric absorption, spherical spreading [10],
and pressure doubling from the free-field condition [11].

In addition, SQMs were also derived at each mi-
crophone position to investigate the differences in the
psychoacoustics atributes of noise emitted by each sUAS
tested.

Aircraft description and operation
Hovering is a sUAS flight operation where the aircraft

stays in a stationary position. For this study, the sUAS
hovered above the centre microphone during 20 s. The
noise recordings of the three multi-rotor sUAS described
in Tab. 1 were included in the database [12] for analysis.

3. RESULTS

Acoustic metrics.
The averages of the instantaneous A-weighted sound

pressure level LA of three hovering events, for each of the
tested sUAS are presented in Fig. 2.

The highest amplitudes correspond to the drone (M3)
with and without the corresponding payload attached
(Tab. 1). The sound levels produced by the other sUAS
(Yn and 3p) showed a lower values of LA. As expected,
hover operations are stationary during the recorded time,
as shown in Fig. 2. However, the smaller sUAS seems to
have a more unstable behaviour which has an impact on
the sound emissions (see the 2 seconds at the beginning
of the time frame in Fig. 2). This sUAS seems to be more
affected by weather conditions, piloting causes or remote
control problems.

The LAeq metric was then calculated at each micro-
phone position. Since the sUAS hovers above the cen-
tre microphone position (5th microphone), the decreasing
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Figure 2. Instantaneous LA during hovering of
sUAS at centre microphone.

Figure 3. LAeq on all microphone positions during
hovering. sUAS: M3 with payload attached

amplitude is presented symmetrically on each side of the
microphone array in Fig. 3.

Recorded sound signals were analysed in the fre-
quency domain to extract the tonal and broadband (as-
sumed to be mainly trailing edge noise) components.

Fig. 4 shows the Power Spectral Density (PSD, in
dB/Hz) for the M3 sUAS during hovering. For this spe-
cific sUAS, the first series of tonal components corre-
spond to the shaft frequencies (around 40Hz), then the ro-
tors’ Blade Passing Frequencies (BPFs) are located about
100Hz. The rotors’ BPFs harmonics are very consistent
between the three hovering events for the M3 sUAS.

The stability (in time) of the sound signals, and
specifically the tonal components, of the sUAS tested can
be observed in a spectrogram. For instance, Fig. 5 shows
how the tonal components of the M3 sUAS are very stable
during 20 s of measurement. However, as shown in Fig. 2,
the stability of the sound signals depends on the size of the
aircraft and even more on the influence of weather condi-
tions [13].

Figure 4. PSDs of three recordings at centre micro-
phone during hovering. sUAS: M3 with payload at-
tached

The frequency range depicted (below 1000Hz) is the
region where the tonal components appear to be dominant.

Figure 5. Spectrogram at centre microphone posi-
tion during hovering. sUAS: M3 with payload at-
tached

The decomposition process into tonal and broadband
components can be performed on each microphone data
using a moving-median filter of the spectra [14]. The
tonal component is then considered as the contribution
of the prominent peaks (at least ≥6 dB than the median-
filtered spectrum). For the hovering event presented in
Fig. 6 (M3 uUAS, at the centre microphone) broadband
noise is the dominant component (in the high frequency
region), closer to the LAeq amplitude, and therfore ≈
10 dB higher than the tonal component. The frequency
range for the integration of SPL was established from
50Hz to 1000Hz. At low-to-mid frequencies, tonal
noise (i.e., shaft frequencies, BPFs and BPFs’ harmonics)
dominates the frequency spectrum.
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Figure 6. sUAS noise components: Overall, Tonal
and Broadband derived at centre microphone posi-
tion during hovering. sUAS: M3 with payload at-
tached

Directivity.

The directivity of tonal and broadband noise compo-
nents, and overall noise levels were calculated by back-
propagating the sound level amplitudes from the nine
ground microphone array data to a position r0 =1m from
the sUAS. The microphone positions provided the sound
level at angles −60◦ ≤ Θ ≤ 60◦.

Fig. 7 shows the directivities of broadband and tonal
components for the M3 sUAS. Broadband noise directiv-
ity shows directional emission at sUAS underneath posi-
tion, with lower amplitude (≈−5 dB) at extreme angles
(−60◦ and 60◦).

The tonal component shows differences in sound lev-
els from the broadband component higher than 10 dB in
most of the angles, with also a more directional emis-
sion towards the emission angles beneath the sUAS. The
directivity of the overall A-weighted sound level closely
matches the directivity of the broadband noise compoo-
nent. This is mainly due to the broadband noise compo-
nent dominating the mid-to-high region in the frequency
spectrum of the M3 sUAS. This is also another indica-
tion of the potential issue of the impact of high-frequency
broadband noise on sUAS noise perception, especially
when the vehicle is operating at a close distance from
communities.

Gwak et.al., [5] pointed out the concentration of
acoustic energy in the high-frequency region as one of
the main differences between the noise signature of sUAS
and other conventional civil aircraft.

Figure 7. sUAS Horizontal Directivity: Overall,
Tonal and Broadband components during hovering.
sUAS: M3 with payload attached

Sound Quality Metrics.
In addition to the above acoustic characterisation, a

psychoacoustic characterisation was performed by using
a series of SQMs. The three SQMs chosen are: Loud-
ness, Sharpness and Fluctuation Strength. These SQMs
were selected as they are highly correlated with sUAS
noise annoyance [5, 6]. The SQMs were calculated with
the software HEAD Acoustics ArtemiS SUITE 12.0. The
excedance level of 5% was calculated for a set of SQMs.
The level of excedance represents the highest SQM value
reached during the recorded events.

Fig. 8 depicts the mean value of each SQM for all
the hovering events at the receiver positions, for each
sUAS. Specifically, the 5th percentile and the inter-quartile
range of Loudness (human perception of sound volume, in
[sones]), Sharpness (the perception of the greater propor-
tion of high frequency content of a sound, in [acum]), and
Fluctuation Strength (the perception of the very-low fre-
quency variation of the signal amplitude or frequency, in
[vacil]).

The Loudness metric (Fig. 8-a) seems to be directly
related to the sUAS size, with higher values at centre mi-
crophone position and decreasing towards both sides of
the microphone array.

The Sharpness metric (Fig. 8-b) is higher for the
smallest sUAS. The sUAS 3p has the highest unbalanced
of noise content towards the high-frequency region. In this
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(a) N5 Loudness

(b) S5 Sharpness

(c) F5 Fluctuation Strength

Figure 8. Sound Quality Metrics during. The inter-
quartile range is also depicted.

case, the value of Sharpness seems to be inversely related
to the size of the sUAS.

Finally, the Fluctuation Strenght metric (Fig. 8-c)
shows that the amplitude modulation due to the interac-
tion between rotors is higher for the biggest sUAS (M3)
than the small ones. Likewise, low-frequency modulated
amplitude was clear visualised in the BPF range for the
sUAS M3 during flyovers [7].

4. CONCLUSIONS

A multi-channel array method for the sUAS characterisa-
tion of acoustic and psychoacoustic parameters has been
successfully applied to three sUAS varying in size (and
payload).

Post-processing of measured sound signals and fur-

ther calculations of acoustic metrics and SQMs allow us
to provide a complete characterisation of the sUAS tested.
This includes information about spectral, temporal and
directivity characteristics, which are highly correlated to
sUAS noise perception.

This experimental setup provides a useful tool to ob-
tain the noise characteristics of sUAS under real opera-
tions, and can contribute to the development of protocols
for sUAS noise certification. A complete acoustic (and
psychoacoustic) characterisation can also contribute to the
development of policy-making for public acceptance.

Some opportunities have been identified to improve
the capabilities of the method, such as including mea-
surements from yaw maneuvers and hovering at greater
heights above ground level, and also other arrangements
of the microphone array to minimise generated air flow
impinging on the ground microphones.
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