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Abstract

The overall goal of this study is to monitor the number and
type of bats located in a specific, hard-to-reach area, without
disturbing their natural flight behaviour. This can be achieved
by acoustic monitoring of the bat’s ultrasonic echoes. By
attaching an acoustic sensor to an Unmanned Aerial Vehicle
(UAV), a large area can be covered. However, it has been
shown that bats may be either attracted or deterred by UAVs.
What specifically is causing this effect is still unclear. To
evaluate our hypothesis, that the bats can hear the UAV’s
“whining”, we measured the sound level of drone drivetrains
up to 100 kHz in the laboratory and applied an environmental
damping model of sound. Our findings suggest that dedicated
species of gleaning bats can still hear much of the UAV
noises, whereas non-gleaning bats are less affected. We
further investigated, which parameters have the most
influence on the emitted noise by varying the type of
Electronic Speed Controller (ESC), motor, and diameter of
propeller blades and suggest an optimum drone drivetrain.

Introduction

Increased mortality of bats and various bird species has been
reported in wind farms [1]. Usual mitigation measures include
operation curtailment of wind turbines during high bat activity
times such as foraging and migration [2]. These curtailments
are usually initiated through monitoring bat activities using
acoustic devices such as ultrasonic recorders placed at nacelle
height or ground level [2]. Due to the limited recording radius
of these devices, it is usually hard to monitor the entire area
of wind farms [3]. UAVs may help to tackle this problem.
However, they emit noise during operation, which could be in
the hearing range of bats resulting in behavioural changes,
which may be different from the actual behaviour and
therefore affects the accuracy of gathered data. The hearing
range of bats has been found to be in the range of 100 Hz to
200 kHz, widely varying between species [4]. This study aims
to measure the frequency response of UAV drivetrains,
consisting of an electronic speed controller (ESC), motor and
propeller combination, up to a frequency of 100 kHz and to
find the extent to which various bat species can detect the
presence of such monitoring UAVs with the help of sound
attenuation models and auditory brainstem response (ABR)
data of bats.

Methodology

Studies on UAV noises have discovered that the aerodynamic
noise produced by UAVs typically originates from vortices
formed at the tip of the wings, rotors, or propellers [5]. These
noises are periodic in nature and depend on the number of
blades and rotational speed of the propeller [6]. Michez et al.
conducted measurements on ultrasound emissions from
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UAVs and identified the ESCs as the most probable noise
source in the higher frequency range [7].

We measured the frequency response of various drivetrains,
which in this study mainly comprised different combinations
of motors, propellers, and ESCs (Figure 1). The attenuation of
sound from a point source in a uniform and unbounded
atmosphere is affected by two factors. While one factor is a
geometric effect and depends on the radiation characteristic
and the distance from the point source, the other effect is due
to molecular absorption [8]. Attenuation models were
considered in the resulting frequency-dependent Sound
Pressure Level (SPL) graphs to simulate these conditions. A
cylindrical model for free field sound propagation was applied
to simulate the worst-case sound propagation in air. The
sound propagation from the source to different distances (7)
was predicted considering the nonlinear dissipation of sound

by (Eq. 1)
Lp(r2) = Ly(n) =10 log (%) (1)

where 7 is the distance from the source to the microphone.

In addition to the distance, there are other factors such as
temperature, humidity, wind speed and environment that
affect sound attenuation proportional to frequency [7]. To
incorporate these effects, an atmospheric model based on the
ISO 9613-1 was applied. Vladisauskas and Jakevicius report
that the sound absorption in air between frequencies of
50 kHz and 500 kHz is largely dependent on temperature [9].

Measure SPL
of UAV drivetrain
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Figure 1: Methodology to predict the impact of the UAV drivetrain
sound emission on bats.

Studies have shown that the frequencies of emitted calls from
bats such as barbastelle, serotine, and natterer’s bats interfere
with the ESC noise band [7]. ABR data is a collection of
electrical potentials that are generated in response to acoustic
stimuli and have been used as a quick and non-invasive
method of assessing hearing abilities in various species [11].
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ABR data of various bat species was overlaid on our
simulated attenuation results to draw conclusions in which
frequency ranges and to what extent the emitted SPL could
possibly be heard by the bats.

Typical measurement methods of UAV noise emissions are
laboratory and field studies, whereby the laboratory studies
are based on measurements taken at multiple positions of
fixed or hovering UAVs [10]. For this purpose, a combination
of two motors of different KVs (the no-load speed per volt),
seven propellers of different dimensions ranging from
propeller diameters of 14” to 17” from two different
manufacturers and three different ESCs with different Pulse
Width Modulation (PWM) frequencies were selected. The
SPL of the selected UAV drivetrains at thrust levels were
measured in the anechoic laboratory up to 100 kHz. An
anechoic chamber was used, because it allows free field
measurements with negligible background noises and
unwanted reflections. The measurement setup shown in
Figure 2 included a Briiel & Kjar 4” microphone with an
integrated preamplifier capable of measuring frequencies up
to 100 kHz. An RCbenchmark 1520 thrust stand capable of
measuring forces up to 5 kg, allowed the variation of power
settings of the drivetrain. A dedicated power supply capable
of delivering currents up to 30 A provided a fixed voltage of
22 V to power the drivetrain.

Briiel & Kjaer PULSE front-end setup and LabShop software
were used for data acquisition as well as Fast Fourier
Transform (FFT) analysis to extract the frequency responses.
Each measurement was carried out for 60 s. The frequency
resolution was 15.62 Hz. Further post-processing and
simulation models were added to the raw data using
MATLAB.

Different thrust levels varying from 0.5 kg to 2,5 kg in steps
of 0.5 kg were examined as the drones initially must produce
a range of thrusts to take off, stabilize, hover, and land
depending on the payload and the environmental conditions.
These operating states, flight manoeuvres and thrust levels
influence the noise emissions of UAVs [10]. The
measurements were repeated with the microphone at different
positions with respect to the propeller axis such as top, bottom
and side with a distance of 20 cm between the microphone tip
and propeller axis or tip depending on the orientation.

Figure 2: Measurement setup of the drivetrain attached to
the thrust stand along with the microphone.

Results and Discussion

Before the actual measurements, the background noise in the
anechoic chamber was measured and energetically subtracted
from all the results to bring them closer to the real emission
level. As a first step in the analysis, measurements were
carried out for clockwise and counter-clockwise rotation of
the propellers for the same combination of drivetrain, and it
was observed that no visible change in the frequency-
dependent SPL graph occurred. Similarly, different
orientations of the microphone, such as top and side were
tested, and the results were analysed. It was found that both
orientations show similar patterns and peaks, but there was a
slight downward shift in SPL for the side orientation of the
microphone until 40 kHz, after which the graphs for both
orientations converged. Therefore, to consider the worst-case
scenario, the top orientation of the microphone was chosen for
future measurements. Two motors, namely MN4014 KV400
and MN4012 KV480 from the same manufacturer were
compared for noise emissions keeping the ESC and propeller
the same. Even though both produced similar patterns, the
MN4014 produced slightly lower SPLs over the whole
frequency range.

The frequency-dependent SPL graphs of thrust levels from
0.5 to 2.5 kg in steps of 500 g were plotted together for a
single combination of drivetrains to find how the noise
emissions are related to the thrust levels. With respect to the
SPL, it was observed that lower thrust levels produced by the
drivetrain also produce lower SPLs of the emitted noise. At
the same time, when comparing the smoothness (smoothness
being referred to as the lower number of peaks/disturbances)
of the graph, the higher the thrust levels the smoother the
graphs as depicted in Figure 3. Therefore, a thrust level of
1.5 kg could be considered as a trade-off between lower SPL
and smoothness. This thrust level also suits the thrust demand
at a hovering position for a UAV with an approximate weight
of 6 kg, which fits the weight assumption of a monitoring
UAV with attached recording equipment. Therefore, the
frequency-dependent SPL graphs at 1.5 kg were chosen as the
base for future comparisons and analysis. The same analysis
was repeated for different combinations of motors, propellers
and ESCs. The observations remained the same throughout
these combinations as well.
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Figure 3: Frequency-dependent SPL graph of a KDE
ESC/MN4012 motor/T-MOTOR 14” propeller drivetrain for
thrust levels ranging from 0.5 to 2.5 kg in steps of 500 g.

Subsequently, the noise levels produced by the drivetrains
equipped with propellers of diameter ranging from 14” to 17”



manufactured by T-MOTOR were analysed to determine the
relation of propeller diameter to noise emissions. At 1.5 kg
thrust, the 17” propeller produced slightly lower SPLs above
20 kHz compared to the other propellers, while the 14”
propeller had the highest SPLs amongst the group. Between
10 to 20 kHz, the 15 propeller appeared slightly better. A
similar analysis was performed for SPL graphs from the
propellers manufactured by Schulze Luftschrauben, where the
177 propeller consistently produced lower SPLs throughout
the measured frequency range. To compare the 17” propellers
from both manufacturers, their SPL graphs were plotted
together, and the results showed that the T-MOTOR propeller
consistently produced higher SPLs across the whole
frequency range.

To compare the effect of ESCs on noise emissions, ESCs from
three manufacturers, namely T-MOTOR, KDE and FETTEC,
operating with a pulse width modulation (PWM) of 16.1 kHz,
15.15 kHz, and 66.6 kHz, respectively, were tested along with
177 propeller at hovering and maximum thrust levels. At
hovering thrust levels, all ESCs showed almost similar
graphs, except for a high peak at 2 to 3 kHz (KDE ESC) and
several smaller peaks between 50 and 80 kHz (FETTEC
ESC). At 2.5kg thrust, all ESCs showed very similar
behaviour with an identical smooth graph above 10 kHz.

Based on the findings related to motors, propellers and ESCs,
a worst- and best-case combination of the drivetrains noise
emission was selected from the available combinations. The
combination of T-MOTOR ESC, MN4014 motor and 17”
Schulze propeller was the best and FETTEC ESC, MN4012
motor, and 147 T-MOTOR propeller was the worst
combination. Going forward, the frequency-dependent SPL
graph of the best-case combination at 1.5 kg of thrust was
used for incorporating simulation models and drawing
conclusions with the help of ABR of bats.

Figure 4 shows the resulting SPL graphs of the best-case
drivetrain combination after applying the geometric and
atmospheric attenuation models to simulate the effect of
attenuation on the noise emission for distances of 0.2, 0.4, 2,
10 and 20 m at a temperature of 10°C, a humidity of 50 %,
and an atmospheric pressure of 1000 hPa.
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Figure 4: Overlay of ABR sensitivities of bats over the
frequency-dependent SPL graph of the best combination (T-
MOTOR ESC/ MN4014 motor/ 17” Schulze propeller)
drivetrain after applying the attenuation models [11] [17]
[18].
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At frequencies below 500 Hz, there is a 3 dB decrease in SPL
with every twofold of distance as expected from Egq. (1).
Above 5kHz, it can be observed that the effect of the
atmospheric model starts to contribute an increased reduction
in SPL as one approaches higher frequencies.

ABRs of 38 different bat species were extracted from previous
studies and their threshold ABR sensitivities in dB were
plotted in a bar graph as shown in Figure 5 to determine the
number of bats under different threshold levels [11-20].

Gleaning bats use a substrate-gleaning foraging strategy in
which a mixture of prey-generated noises, echolocation, and
vision are used to find and hunt prey [21]. Out of the 38 bat
species, 15 were classified as gleaning bats. The classification
of the remaining bat species could not be confirmed due to a
lack of existing literature. From the bar graph presented in
Figure 5, it can be seen that some gleaning bats have ABR
thresholds above 20 dB. Therefore, it could not be concluded
that all gleaning bats have a higher sensitivity although some
data suggest that gleaning bats are highly sensitive to
frequencies between 10 and 12 kHz [18].
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Figure 5: Classification of bats based on ABR sensitivity for
different bat species [11-20].

In the final step, the ABRs of three different bat species,
namely the greater false vampire bat (megaderma lyra),
brown long-eared (plecotus auritus) and black myotis (myotis
nigricans), were overlaid onto the frequency-dependent SPL
graph with attenuation models as shown in Figure 4. The
greater false vampire bat and brown long-eared bat are among
the bats with the highest sensitivities of -25 and -23 dB ABR
thresholds, respectively, and the black myotis with the lowest
sensitivity of 50 dB ABR threshold [11][17] [18]. Plotting the
three species allows to investigate throughout a broad range
of bat’s hearing capacity. The greater false vampire bat has a
hearing capacity in the range of 3 kHz (70 dB) to 100 kHz
(10 dB) and within this range, it is evident that noise emission
of the drivetrain at all distances ranging from 0 to 20 m
remains above the hearing threshold of these bats with highest
sensitivities. This indicates that even at distances of 20 m,
these bats can clearly hear the sound produced by UAVs. In
contrast, only the frequency-dependent SPL graph of a
distance below 2 m falls within the hearing range of bats such
as the black myotis with lower hearing sensitivity.

Conclusions

Our analysis of several drivetrain combinations indicates that
the propeller is the most noise-emitting part of UAVs. The
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noise emission of UAVs is clearly dependent on the thrust
level, size and shape of the propeller. The use of a simple
cylindrical attenuation model in combination with an
atmospheric model shows that the attenuation of air has an
impact on the perceived sound level of the UAV. Overlaying
the ABR data with the frequency-dependent SPL graph, we
can conclude that there are many bat species that will not hear
the UAYV, but there are also some bat species that will clearly
hear the UAV even for our preferred 17" drivetrain with a
thrust of 1500 g. The literature review shows that there is a
lack of ABR data from local bats, which presents scope for
further investigation.
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