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ABSTRACT: Acoustic waves can affect two important components of multi-rotor drones, more formally 
called multi-rotor unmanned aerial vehicles (UAV). The first is located in the electronic board, the so-called 
IMU (Inertial Measurement Unit), which can be influenced by intense sound waves at resonant frequency. 
The second is the motor-propeller unit of drones. Multi-rotor drones generate low-frequency acoustic 
emissions during flight; if external acoustic waves achieve resonance with these blade-induced vibrations, 
they can cause structural fatigue or mechanical failure in the motor-propeller unit. The paper addresses the 
following issues: first, the influence of resonant frequency sound waves on these two design elements and 
their performance evaluation; second, the feasibility of an integrated counter-UAV system comprising 
acoustic Direction of Arrival (DoA) estimation and Blade Passage Frequency (BPF) detection; and third, a 
new solution for a long-range directional sound effector. This proposed solution includes determining the 
operating frequency as the 3rd to 5th harmonics of the BPF. Furthermore, it introduces a new concept that, 
instead of using a standard array of sound drivers, utilizes a limited quantity of powerful drivers arranged 
skeletally according to a Vicsek fractal topology. This configuration generates a powerful, needle-like 
acoustic beam capable of delivering effective mechanical disruption multi-rotor drones at long ranges. 

Keywords: Resonance acoustic weapon; Acoustic signature; Sound beam; Parametric acoustic array; Anti-
drone acoustic cannon; Blade passage frequency 
 

1. Introduction 

Recently, it has become important to be able to shoot down the multi-rotor drones without causing 
significant damage, allowing for their subsequent thorough inspection. This is necessary for both military 
and civilian purposes, preventing unauthorized flights in sensitive areas such as airports, government 
buildings, military zones, public demonstration sites, pyrotechnic factories, and other critical facilities. 

A sound with a resonant frequency (or a multiple thereof) will cause a strong vibration of the structure 
with increasing amplitude and, at a certain point, will lead to its destruction. There are publications devoted 
to the influence of sound waves on multi-rotor drones with the aim of creating resonance in the structural 
components of the drone, however, the amount of publicly available information on this topic remains 
extremely limited. Among them, Wang et al. [1] investigated the impact on DJI Phantom 3 (DJI, Shenzhen, 
China) (a consumer-grade quadcopter), detailing how acoustic interference compromises its flight stability. 
An ultrasonic emitter held close to the drone caused the propeller motors to spin at different speeds. This 
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particular quadcopter was on the ground with its rotors removed, but the same phenomenon in flight would 
have caused the drone to tilt sharply and most likely crash. 

A group of researchers from South Korea studied 15 types of gyroscopes from four suppliers [2]. Most 
came from two companies, STMicroelectronics (Genevra, Switzerland) and InvenSense (San Jose, CA, 
USA), whose gyroscopes are used in various drones. Seven gyroscopes resonated at their own resonant 
frequencies when exposed to the corresponding sound. At resonant frequencies, gyroscopes are reported to 
“produce very strange output signals”. Some types of drones can be attacked with sound frequencies. For 
their tests, the researchers attached a small consumer-grade speaker to a drone, which was wirelessly 
connected to a nearby laptop. The drone took off normally, but when the desired noise was played through 
the speaker, it fell to the ground. It is reported that with a noise level of 140 decibels emitted by this speaker, 
it is possible to attack a drone from a distance of about 40 m. 

As reported in [3,4], Fractal Antenna Systems, Inc. (Bedford, MA, USA) quite recently has introduced 
Acoustic Resonance Mitigation (ARM) technology that disables drones using precisely directed acoustic 
energy. However, no information was provided on specific details such as frequency, intensity, and distance, 
or on methods of impact that could disable the drones. From the images and some details of the description, 
it can be understood that the method of action is a directed ultrasonic beam, which is produced by a grid of 
piezoelectric transducers. 

2. The Influence of Resonant Sound/Ultrasound Waves on the Drone Inertial Measurement Unit 

The IMU system is very important; it controls the flight of the drone, determines acceleration and speed, 
provides spatial orientation, and triangulates the direction of movement in all three planes of motion: pitch, 
roll, and yaw. IMU can include three types of MEMS (microelectromechanical sensors): accelerometers, 
gyroscopes, and magnetometer. One of the simplest is the accelerometer, which is a microcapsule 
measuring about 1 × 1 mm, in which tiny weights on tiny springs move under the action of gravity, changing 
the capacitance of the capacitor as they slide back and forth. A MEMS gyroscope is more complex, but it 
can be thought of as one accelerometer placed inside another, so that each is at right angles to the other. 
Sound and ultrasound emitters can be used to disrupt the operation of these sensors by resonating with the 
natural oscillations of the mass-spring sensor. Some research on this topic can be found in open publications. 

For example, Ref. [5] describes a monolithic CMOS/MEMS accelerometer manufactured using a 0.18 
μm CMOS/MEMS process compatible with application-specific integrated circuits (ASIC). The triaxial 
accelerometer has an area of 1096 μm × 1256 μm. Experiments have shown that the resonance frequency 
of the proposed triaxial accelerometer was approximately 5.35 kHz for out-of-plane vibration. A 
comparison of the resonance frequencies of out-of-plane oscillations of accelerometers obtained using 
different types of modern technological processes was also presented. The corresponding values range from 
9.5 kHz to 1.7 kHz, depending on the design and manufacturing process used. 

As for gyroscopes, a comprehensive analysis of their resonant frequencies was carried out in [2] for 
some well-known models widely used in drones. The researchers exposed the gyroscopes to single-tone 
noises using a consumer-grade speaker at frequencies ranging from 100 Hz to 30 kHz, spaced at 100 Hz 
intervals. The measured sound pressure level in the experiment was approximately 90 dB. For 
STMicroelectronics gyroscopes, the resonant frequency was found to be approximately 9 kHz for the 
L3G4200D (STMicroelectronics, Geneva, Switzerland) chip, but around 20 kHz for the L3GD20 and 
LSM330 models (STMicroelectronics, Geneva, Switzerland) across all three axes. It should be noted that 
higher oscillation amplitudes were observed along the X (pitch) and Y (roll) axes than along the Z (yaw) 
axis. A different situation was observed for InvenSense gyroscopes: the resonant frequency was in the range 
of approximately 26–28 kHz, but only for the Z axis, with the exception of one MPU6500 (InvenSense, 
San Jose, CA, USA) model, where a resonance response was observed across all three axes. As shown in 
this study, increased vibration generated by sound at the resonant frequency along the X and Y axes causes 
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the drone to fall down. However, if the gyroscope shows a significant increase in vibration only along the 
Z (yaw) axis, this does not affect the drone’s continued flight. 

Other studies also illustrate the resonant frequencies of MEMS sensors, such as accelerometers, 
gyroscopes, and magnetometers. However, it must be emphasized that they all exhibit different resonant 
frequencies over a very wide range, from acoustic to ultrasonic, depending on the model, integrated circuit 
manufacturing technology, manufacturer, etc. Consequently, it is possible to disrupt a drone’s IMU by 
deploying high-intensity acoustic or ultrasonic emissions. However, this poses several challenges. First, 
when targeting an unidentified UAV with an acoustic beam, the resonant frequencies of its internal sensors 
are not known a priori. So, at best, you can vary the frequency in the range of, say, 2–30 kHz, thereby 
reducing the time the UAV is exposed to the resonance frequency. Alternatively, you can use a broadband 
frequency range, but this will significantly decrease the power at the desired frequency. Second, there are 
known countermeasures that notably reduce the frequency response. For example, encasing sensors in 
various materials, such as foam [2], or using an additional structure in the gyroscope that responds only to 
the resonant frequency to suppress the resonant output [6], or using methods such as resonant tuning [7]. 
Therefore, based on the above, attacking an unknown drone with sound and/or ultrasonic waves by affecting 
its MEMS sensors does not seem to be very effective. 

3. The Effect of Acoustic Waves of Resonant Frequency on the Motor-Propeller Unit of Multi-
Rotor Drones 

The impact of sound waves on the drone’s motor-propeller units appears more functional. This unit 
cannot be effectively protected from external influences, as it is the one that enables flight. But more 
importantly, the fundamental frequency—specifically the Blade Passage Frequency (BPF)—of an 
unidentified UAV can be reliably estimated from a distance using a microphone array. When the frequency 
of sound vibrations from an external source, such as a speaker, resonates with the rotation frequency of the 
propeller, it begins to vibrate strongly. Under certain conditions, the motor-propeller unit may break down 
or, in any case, cause serious malfunction. In addition, a vibrating motor produces more electrical noise 
than a smoothly running one. This electrical noise can interfere with the gyroscopic sensor, further 
degrading flight performance, and can also degrade the quality of FPV drone video [8]. 

The rotational speed of the motor using for multi-rotor drones can vary from approximately 7000 to 
20,000 rpm, which corresponds to a frequency of 100–300 Hz [8,9]. But the BPF depends on the number 
of blades in the propeller. If there are 2 blades, the motor shaft frequency must be multiplied by a factor of 
2 [8,9]. However, the angular speed of the motor shaft under load is lower and is approximately 60–80% 
of the idle speed, so the blade passing frequency of almost all types of multi-rotor drones is in the range of 
approximately 100–500 Hz [9,10]. Thus, the fundamental rotation frequency of the drone’s propeller is 
entirely within the audio frequency range. 

The following sections analyze methods for spatial drone localization, blade passage frequency 
identification, and the concept of a directional acoustic cannon. 

4. Acoustic Sensing and Localization of Drones: Core Principles 

The noise level emitted by a drone depends on various design features, such as the type and number of 
propellers, weight, dimensions, electric motors type, and others. Table 1 shows the sound levels comes 
from some drones at different distances. The measurement data were taken from [11] and recalculated using 
the inverse square law [12] for distances of 3000 and 5000 m. 
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Table 1. SPL (sound pressure level) of some drones at different distances. 

Drone Type Data from [11]  dB at 3000 m dB at 5000 m 
Large quardcopter 55 dB at 100 m 25.5 21.1 

Small fixed wings drone 50 dB at 100 m 20.5 16.1 
Octocopter (3.5 kg) 70 dB at 30 m 30.0 25.6 

Matrice 600 Pro (DJI) 43 dB at 350 m 24.3 19.9 

Note that sensitive microphones can detect sound pressure levels as low as 10–11 dB, depending on 
their noise level [13]. Thus, theoretically, these microphones are capable of “hearing” most types of drones 
at a fairly large distance. However, various interference factors, such as traffic and other factors, must be 
taken into account [9]. In this regard, the study [14] reported that the tests conducted demonstrated the 
ability to detect large multi-rotor drones (1.5 m in diameter) at a distance of approximately 500 m. 

Various solutions for detecting the direction of arrival of flying UAVs have been developed recently: based 
on drone radio signals, infrared radiation, visual systems, radar, lidar, and others. However, we will only 
consider detection based on acoustic waves emitted by UAV, as this is the most common method of UAV 
movement, is more effective in nighttime conditions (favorable conditions for attack drones), and provides the 
necessary information for the use of a resonant acoustic cannon. Acoustic drone detection has been the subject 
of numerous engineering studies [9,14,15]. For example, Ref. [9] shows that a drone signal mixed with a traffic 
noise signal can be detected when its level becomes 3 dB lower than the ambient noise level. 

Position determination is based on the same principle as radar and is known as beamforming. A spatial 
microphone array is used to capture the drone’s sound signal. Because the wavefront is incident at some 
angle) to the array plane, the microphone closest to the sound source receives the signal first, followed by 
microphones located further away, and so on. Knowing the distance between the microphones and the 
signal time delay, the angle of arrival (AoA) can be calculated using the speed of sound. More precisely, 
this is done using a steering vector (time delays) for the simplified case of a uniform linear array with ‘m’ 
microphones in line, as follows [16]: 

𝑌 ൌ 𝑣ሺ𝜃ሻ𝑋  

where Y—is the output vector, 𝑣ሺ𝜃ሻ ൌ 𝑒𝑥𝑝൫െ𝑗𝜋𝑚𝑠𝑖𝑛ሺ𝜃ሻ൯—steering vector, the value 𝑚𝑠𝑖𝑛ሺ𝜃ሻ—
corresponds to the time delay based on the physical location of the element (microphone) ‘m’, X—is the 
vector of the input signal. The spatial arrangement of the microphones allows one to determine the direction 
of arrival (DoA) with sufficient precision, consisting of the azimuth and elevation angles [14–16]. 

It is critical to match the acoustic beam frequency to the drone’s blade-passage frequency. It should be 
noted that the noise from a propeller-driven UAV consists of many different sound frequencies, namely 
BPF, its harmonics, motor vibration, generated by air turbulence, and others. These frequencies can have 
different amplitudes, for example, as shown in [14], the frequency power spectrum shows peaks in the 
range of 5–7 kHz. 

Therefore, when detecting and processing drone noise, it is necessary to identify the fundamental 
frequency, which for propeller-type drones is in the low-frequency range (see Table 2). 

Table 2. Blade passage frequency and other characteristics of some drone types [17]. 

Drone Type Weight (g) BPF (Hz) Velocity (m/s) 
DJI Mavic 3 895 153 10 
Autel EVO II 1191 177 10 

DJI Mini 2 242 354 5 
DJI Phantom 3 1216 171 10 
DJI Phantom 4 1380 159 5 

Avy Aera (Quadplane) 18,250 225 21 
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5. A New Approach for the Sound-Based Interdiction of Multirotor Drones 

To achieve high directivity, long-range devices utilize ultrasonic carrier waves at frequencies of 30–
60 kHz (wavelengths of 5–10 mm) modulated by audible sound [18]. A functional model for such 
modulation can be implemented using standard components, including piezoelectric transducers and a 555 
timer oscillator [19–21]. However, the primary disadvantage of these solutions is the poor propagation of 
ultrasound waves. The absorption coefficient increases with frequency according to the relationship α ∝ f2, 
causing the carrier to attenuate rapidly. This physical limitation dissipates the energy over distance, 
restricting the effective pressure zone to the near field and rendering traditional parametric pushers 
inefficient for long-range applications. 

In alternative, Genasys Corporation (San Diego, CA, USA) produces high-powered LRAD (Long 
Range Acoustic Device) emitters, such as the portable LRAD 500X-RE, which delivers a peak sound 
pressure level of 154 dB at the source, enabling effective communication up to 2000 m [22]. The stationary 
LRAD 2000X achieves a level of 162 dB at the source, reaching distances of up to 5.5 km. The primary 
advantage of these devices over parametric pushers is their use of lower sound frequencies, which suffer 
significantly less atmospheric attenuation. However, these systems face major disadvantages: they require 
a high quantity of bulky compression drivers, leading to excessive weight and size. Furthermore, they suffer 
from a large emission cone; unlike the “pencil-beam” of ultrasonic systems, the broader dispersion of 
LRADs prevents a high concentration of energy on the target, reducing the effective impact and increasing 
the risk of affecting unintended areas. 

The proposed solution firstly takes into account the analysis of drone behavior under the acoustic 
resonance effect. As previously established, the Blade Passing Frequency (BPF) of multi-rotor drones 
typically ranges between 200 Hz and 500 Hz. To induce mechanical resonance within the UAV structure, 
the acoustic cannon must emit frequencies within this specific range. However, achieving a narrow acoustic 
beam at these low frequencies presents a significant engineering challenge. According to the Huygens-
Fresnel principle and the Rayleigh criterion 𝐷 ൎ 𝜆 𝜃⁄ , maintaining a focused beam at such wavelengths 
would require an emitter with an enormous diameter—potentially several tens of meters. Furthermore, such 
a system would generate extreme noise pollution, making it impractical for tactical or urban deployment. 

Nevertheless, the resonance effect on the drone construction is not exclusively induced by the 
fundamental frequency (1st harmonic) of the BPF. Higher harmonics—specifically the 3rd, 4th, and 5th—
are equally effective at inducing structural resonance and instability. These higher-order frequencies disrupt 
laminar flow and trigger aerodynamic instability, leading to critical failure of the blades and other drone 
components. Consequently, an optimal trade-off is reached by operating the acoustic cannon in the 1000–
2000 Hz range, balancing effective resonance induction with the requirements for a relatively compact, 
focused emitter. 

However, even under these conditions, achieving a narrow beam requires an emitter with relatively 
large dimensions, which can lead to excessive weight and high aerodynamic drag (windage). So, the 
principal idea of the proposed solution is to avoid using a solid, fully-filled array of drivers. Instead, it 
utilizes a sparse distribution of emitters arranged according to the Vicsek fractal topology [23]. This 
topology suppresses grating lobes by disrupting the spatial periodicity inherent in standard grid arrays. 
Grating lobes typically occur when emitters are spaced at a constant interval greater than 𝜆 2⁄ . The recursive, 
multi-scale geometry of the Vicsek fractal ensures that the phase-matching conditions for parasitic beams 
are never met simultaneously across the array [24]. This results in the destructive interference of off-axis 
radiation, concentrating the energy into a single high-intensity central peak while “smearing” side-lobes 
into a negligible low-level floor. This approach creates a synthesized aperture that maintains high directivity 
while drastically reducing the structural mass and wind resistance of the device. 
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To assess the efficiency of the proposed solution, we evaluate a practical device based on the 
aforementioned principles. Suppose the system has the following design specifications: an average 
operating frequency of 1500 Hz and the utilization of nine high-power compression drivers. These drivers 
are selected for their high electro-acoustic efficiency (~13%) and superior thermal stability under pulsed 
operation [25]. Then these drivers were arranged across a 2.8-m frame according to the Vicsek fractal 
topology. Such a device achieves the performance characteristics presented in Table 3, shown in 
comparison with the Genasys Co. (San Diego, CA, USA) LRAD 2000X and a parametric HyperSonic 
Sound (HSS) device, such as the ultrasonic sound gun described in [20]. 

Table 3. Comparative analysis of acoustic systems (4 m configuration). 

Parameter LRAD 2000X Parametric Device  Proposed Solution 
Driver topology Solid planar array Dense piezo matrix Recursive Vicsek fractal 
Driver quantity 128 units ~4500 units 9 units 

Driver type Proprietary compression driver piezoelectric transducer 
High-power neodymium compres-

sion driver [25]. 
Emitter size (aperture) 1.52 m (circle) ~1.20 m (square) 2.8 m (skeletal frame) 

Peak electric power (Pel) 3000 W ~2500 W 2700 W (pulsed) * 
System weight ~227 kg ~55 kg ~85 kg 

Beam width (conus) 10° (±5°) ~6° (±3°) ~4° (±2°) 
Spot diameter at 100 m 17.5 m 10.5 m ~7.0 m 

Peak SPL at 100 m 122 dB ~100 dB ~136 dB 
Peak intensity at 100 m (Ip) 1.58 W/m2 0.01 W/m2 39.8 W/m2 

* Unlike LRAD systems engineered primarily for continuous voice transmission, this solution is designed for high-intensity 
pulsed impact. By utilizing at about 10–15% duty cycle the system safely drives the transducers at their maximum thermal limits. 

The conventional design, LRAD 2000X utilizes a high-density, “wall-to-wall” arrangement of drivers 
on a continuous solid surface. While this provides a flat phase front ideal for long-range voice intelligibility, 
it results in excessive structural weight and massive aerodynamic drag (wind sail effect). The focusing 
capability is strictly limited by the physical diameter of the heavy enclosure. As shown in the table, the 
sound pressure level (SPL) at long distances is approximately 122 dB, which is insufficient for effective 
UAV interdiction. 

In contrast, the proposed design employs a sparse, non-continuous distribution of high-power drivers 
based on recursive Vicsek fractal geometry. By spreading only a few (one to two dozen) high-output drivers 
across a ~3 m frame, the system achieves a “Synthesized Aperture”. This allows for a narrow beam with 
minimal energy loss, maintaining a high sound pressure level of ~136 dB (corresponding to ~210 Pa) even 
at significant distances. This overpressure, by stressing the blades into resonance, leads to rapid failure of 
electric motors and other structural elements while simultaneously inducing erratic output from navigation 
sensors. Also, this open-frame configuration significantly reduces the total system mass compared to the 
LRAD 2000X while maintaining superior focus and intensity. 

As concerns the ultrasonic parametric device, it shows low effectiveness at 100 m due to the extreme 
atmospheric suppression of ultrasonic waves. Although the parametric approach offers high directivity, the rapid 
energy decay at high frequencies prevents the delivery of the mechanical pressure necessary for drone interdiction. 

6. Conclusions and Discussions 

In this study, using open-source intelligence (OSINT), we analyzed the resonant frequency 
characteristics of MEMS sensors within drone Inertial Measurement Units (IMUs). Their resonant 
frequencies vary significantly depending on the design and manufacturer, ranging from 1.7 to 30 kHz. Also, 
it has been shown that drones can become disoriented and fall when exposed to sound at the gyroscope’s 
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resonant frequency, due to a sudden increase in the noise level of the output signal. However, deploying 
the resonant effect of an acoustic cannon against a drone’s IMU is considered impractical for two reasons: 
first, the resonant frequency of the IMU sensors is unknown in advance, and second, sensors can be easily 
protected with noise-absorbing materials. 

Then we demonstrated the principles of determining the direction of arrival (DOA) of a drone by 
acquisition its acoustic noise. This also involved extracting the fundamental harmonic of the propeller BPF 
from the noise by bandpass filtering in the 100–500 Hz range. 

Finally, we have proposed a new conceptual design for a long-range directional acoustic cannon, based 
on the following three main postulates. First, the primary target of the resonance impact is the drone propeller, 
as it is a critical component that cannot be shielded without compromising flight capability, and its blade 
passing frequency can be accurately identified at long distances. Second, the interdiction operating 
frequencies are designed to coincide with the 3rd to 5th harmonics of the BPF, addressing the significant 
engineering challenges of achieving high sound-beam directivity at the 1st harmonic. Third, the emitter 
consists of a low quantity of powerful acoustic drivers arranged according to a Vicsek fractal topology; this 
configuration further concentrates the sound beam and effectively eliminates energy losses in the lateral lobes. 

The principal advantages of the proposed solution include: 

 The price per shot is negligible; 
 The system targets the propeller of the multi-rotor drone that cannot be protected, as is essential for 

maintaining flight; 
 The use of a skeletal frame based on fractal topology generates a powerful, needle-like acoustic beam 

capable of delivering effective mechanical disruption at long ranges; 
 It is highly energy-efficient, maintaining relatively lightweight and compact dimensions compared to 

existing devices. 

In conclusion, we demonstrated the feasibility of an integrated counter-UAV system comprising a long-
range directional acoustic effector and a microphone array detection unit. This system enables the 
determination of the drone’s Direction of Arrival (DoA), the identification of its frequency (BPF), and the 
generation of a high-intensity, narrowband acoustic beam to engage the target at a significant standoff distance, 
utilizing frequencies that match the resonant harmonics of the drone. 
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