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ABSTRACT

With the imminent introduction of multi-rotor aircraft sys-
tems in airspace and the expectation of their operation
near urban areas, noise emissions from this new type of
noise sources have become an important research topic,
mainly because they have been reported to be more an-
noying than other conventional urban noise sources(e.g.,
road vehicles) at the same loudness level.

Specific techniques for adequately measuring sound pro-
duced by small Unmanned Aircraft Systems (SUAS) are
currently being developed by international standardisation
organisations, aviation agencies, and research institutions.
All of these efforts are intended to be relevant in estab-
lishing common measurement protocols between environ-
mental policymakers, stakeholders, drone companies, and
academia.

This paper presents a multichannel on-field methodol-
ogy for the characterisation of sUAS noise. In addition
to the measurement procedure, the methodology covers
the back-propagation techniques applied in the analysis
of each microphone recording, and preliminary results,
which include acoustic metrics (L Amaz, Laeq and L),
directivity plots, and noise hemispheres during flyovers,
presented in both the time and frequency domains.
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1. INTRODUCTION

The literature has reported experimental protocols for the
small Unmanned Aircraft Systems (SUAS) noise measure-
ment under controlled indoor and semi-controlled out-
door conditions. [1-3]. Although realistic flight opera-
tions within anechoic chambers may be restricted by the
size of the facilities, outdoor experiments must cope with
not always favourable environmental conditions and back-
ground noise.

To guarantee objective and repeatable measurements
of SUAS noise outdoors, a number of techniques and con-
figurations have been proposed in recent years, where ar-
rays of microphones mounted on a reflective ground plate
are the most common measurement setup [4].

Regarding noise metrics, recent “Guidelines for
Noise Measurement of Unmanned Aircraft Systems” [5]
recommends the applicable noise evaluation metric de-
pending on the flight operation, i.e., sound exposure level
L ag for flyovers and L., for hovering procedures; both
indB (A).

For a detailed analysis of the noise produced by these
novel aircraft, an acoustic characterisation of the sUAS
is possible from data post-processing, including back-
propagation techniques and noise hemisphere construc-
tion [6].

The goal of this paper is to overview a methodology
for on-field measurement and analysis of sSUAS noise, and
report some preliminary results on the feasibility of acous-
tic characterisation of SUAS during outdoor flyovers.

2. METHODS

The methodological framework for the acoustic charac-
terisation of SUAS is presented in Fig. 1. Acoustic met-
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rics can be calculated at each microphone position from
multichannel data. Alternatively, Sound Quality Metrics
(SQM) are also feasible to calculate from recorded data
for psychoacoustic analysis. Then, the acoustic metric
based on sound pressure levels are back-propagated at
a constant distance rg. Atmospheric absorption losses,
spherical spreading [7], and ground reflection [8] are the
main factors included in the back-propagation process. Fi-
nally, the directivity of the noise source is constructed with
the sound levels back-propagated from each microphone
position.

Multichannel Noise Measurements

|

. . Lamax Sound Quality
Acoustic Metrics Laeq Metrics
l Atmospheric absorption
Back-propagation | Spherical spreading
l Ground Reflection
. . Horizontal
Directivity Noise Hemispheres

Figure 1. Methodological framework.

2.1 Experimental set-up

The recommendations of the ISO Working Group and
NASA-UNWG [9, 10] have been implemented for out-
door tests. A multichannel microphone array simultane-
ously measures noise at multiple angles along the lateral
plane during overflight and hovering operations. As de-
picted in Fig. 2, the setup considered nine aligned free-
field microphones mounted on metal ground plates, in an
inverted position at 7 mm from the plate, allocated at con-
stant © = 15° angle resolution.

/

\\

Microphones at Ground Level

Figure 2. Microphones set-up. 7 is the distance be-
tween the centre of mass of the SUAS and the mi-
crophone, and 7 is the constant distance for sound
pressure back-propagation [11].
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The environmental conditions were also monitored
throughout the measurement period. Air temperature 13-
16 °C, average wind speeds generally between 0-6m/s
with the predominant wind direction from the southeast.
Background noise levels were monitored at periodic in-
tervals throughout the day and measured at a value of ap-
proximately L 4., = 35 dB on average.

Two manoeuvres were tested during the measurement
campaign. For hovering (reported in [12]), the SUAS op-
erates in a stationary position over the central microphone
during 20.0s. Both operations were carried out at a con-
stant height above the ground h gy = 10.0m. For the
flyover operation (reported in this paper), the sUAS de-
scribes a transverse trajectory with respect to the micro-
phone line over the central microphone at two airspeeds
(15m/s, and 5m/s).

This paper reports the implementation of the proposed
measurement and analysis methodology for a series of
sUAS flyovers, described in Tab. 1.

Table 1. sUAS Description.

Model DJI Matrice 300 RTK
Weight [g] 6300
Payload [g] 930
Max Takeoff Weight [g] 9000
Diag. Wheelbase [mm] 895
3. RESULTS

Fig. 3 shows the spectrogram of a corresponding flyover
of the DJI Matrice 300 RTK at centre microphone. This
spectrogram displays the amplitude and time history of the
key deterministic (or tonal) noise components; and also
the broadband noise content, mainly present at the time
the sUAS overflies the centre microphone.

As shown in Fig. 3, the Blade Passing Frequency
(BPF) of each rotor of the SUAS are located in the region
of 100 Hz. Interestingly, two of these BPFs seem to inter-
act with each other, resulting in a frequency-modulated
amplitude. This might be the reason why Fluctuation
Strength has been usually found as correlating with sUAS
noise annoyance and perceived loudness [13, 14]

Upper BFP harmonics (e.g., 1** harmonic BPF at
200 Hz) are also clearly visualised in Fig. 3. At high fre-
quencies, the broadband noise component seems to domi-
nate the noise signature, which has been found to be re-
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Figure 3. sUAS spectrogram at centre microphone
position during downwind flyovers at 10 m h 4, air-
speed 15m/s

lated to the non-deterministic loading noise and turbu-
lence interaction [15].

3.1 Acoustic metrics

The acoustic metric recommended by EASA [5] for sUAS
flyover operations is L 4. In this study, the derivation of
L g considers the L 44 of the flyover event in (1) and
(2) whitin the time-window t” — ¢’ (i.e., when 10 dB drop
from the maximum noise level L 4,44 ), Where pg =20 x

107%Pa, and t,.f =1s.
dt) (1

)

The Lag of each sUAS flyover event was calcu-
lated within the time window highlighted in Fig. 4-a. The
power spectral density (PSD) plot in Fig. 4-b illustrates
the consistency among the recordings of three consecutive
downwind flyovers. It is also possible to observe the BPF
tonal components about 100 Hz, the fist harmonic BPF re-
gion and the beginning of a dominant broadband region in
500 Hz.

Using the same approach, it is possible to calculate
L 4 g for each microphone position. The results presented
in Fig. 4-c describe the symmetry in the reported metrics.

1 t// p%t)
L geq = 10log;, (t” — /t —pQ
! 0

oy
LAE = LAeq + 10 loglo (t

ref

@

3.2 Directivity

Whereas the acoustic metric is reported on each micro-
phone position, the sound pressure levels are feasible to

SPL [dB/Hz]
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Figure 4. Noise metrics reported from three down-
wind consecutive flyovers.

be calculated by means of back-propagation to constant
radius around the sUAS.

The horizontal directivity is obtained when the
drone emits the flyover’s maximum sound pressure level
L pgmaz» approximately when the drone crosses the micro-
phone line. At the same instant, the directivity is feasible
to be presented by means of overall sound presure level
OASPL or by 1/3 octave bands at angles —60° < © <
60°.

Fig. 5 shows OASPL as directional pattern with high
amplitudes underneat the sUAS, whereas the 1/3 octave
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Figure 5. sUAS Directivity at L 4z Microphone
(b) 200 Hz
The directivity contours were also calculated in the R P

form of a noise hemisphere representation [6]. First, the
horizontal angle was defined by the angle covered —60° <
© < 60° from the position of the microphones. Secondly,
the covered polar angle was defined within the time win-
dow considered in L 4 g calculation, —¢;, < ® < ¢7,. By
the discretization of this signal segment, the sound levels
can be represented by the 1/3 octave band and overall lev-
els.

Fig. 6-a shows the back-propagated amplitude of the T eoprone

1/3 octave band with the main contribution of the BPF.

The modulated amplitude previously detected in the spec-

trogram (Fig. 3) is also clearly visible in this directivity I AN
representation. A similar directivity plot was obtained for
the 200 Hz 1/3 octave band; the main contributor is the 1%
of BPF Fig. 6-b. The noise hemisphere of 1000 Hz band
(including mainly broadband noise) shows two horizon-
tally symmetric lobes as shown in Fig. 5.

(c) 1000 Hz

Furthermore, the noise hemisphere of the overall
sound pressure level (between 50 Hz and 10 000 Hz) also
shows that the maximum amplitude of noise emission

9 8 7 6 5 4 3 4 1

does not coincide with the position of the drone just above Microghone
the microphone line. This suggests that the effect that
makes the sUAS tilt as it moves forward during the fly-
over operation is captured by this directivity plot.

(d) 50 Hz to 10 kHz

Figure 6. 1/3 oct-bands noise hemispheres. (a) BPF-
band; (b) BPF 1! harmonic band; (¢) High-frequency
band; (d) Overall level, from 50 Hz to 10 kHz.
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4. CONCLUSSIONS

Currently, there is an effort in developing standardised
procedures for sUAS noise measurement using multichan-
nel microphone arrays. This paper presents preliminary
results of measurement campaign carried out for a se-
ries of sUAS flyovers under very stable and favourable
weather conditions (i.e., wind speed lower than 6 m/s)

The method, in compliance with state-of-the-art guid-
ance, allowed the report of acoustic metrics from different
microphone positions. In addition, back-propagation of
sound pressure levels and the construction of directivity
contours allow reporting of noise hemispheres for filtered
sound pressure levels per frequency band, overall levels,
as well as for a suite of recommended acoustic metrics.

Based on the results obtained for a series of flyovers,
the noise signature of the sUAS DJI Matrice 300 RTK is
dominated by the noise emitted by the rotors’ BPFs at low-
mid frecuencies. At high frequencies, the broadband noise
component is the one dominating the noise signature of
the vehicle under flyover conditions.

Additional GPS tracking data collection would have
helped to achieve a more accurate resolution of polar an-
gles during flyovers. Including steps in the signal pro-
cessing workflow, such as correction of the Doppler ef-
fect, were not considered in this paper. However, further
work will be carried out for de-Dopplarising acoustic sig-
nals, so these data could also be used for auralisation and
psychoacoustic testing, e.g., in virtual reality experiments.

While some of the draft procedures being developed
have very high requirements for the relative positioning
of aircraft and microphones, the results obtained show a
good degree of consistency, which may allow the above
requirements to be relaxed, making the protocols simpler
for certain applications.
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