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Abstract

:

The growing number of civil applications in which Unmanned Aerial Vehicles (UAVs) are involved can create many concerns for airspace security and surveillance. Gathering as much information as possible about a drone can be crucial to apply proper countermeasures if a potentially dangerous situation is detected. Of course, the presence of a UAV can be detected by radar, but it is possible to extend the system capabilities to obtain additional information. For example, in the case in which the UAV is equipped with propellers, the radar-measured rotational speed could be important information to classify the type of UAV or to reveal if it is carrying some possibly harmful payload. In addition, the rotational speed measured through radar could be used for different purposes, such as to detect a drone manumission, to estimate its maximum payload, or for predictive maintenance of the drone. Measuring the propellers’ rotational speed with radar systems is a critical task, as the Doppler generated by the rotation can be very high, and it is very difficult to find commercial radar systems in the market able to handle such a high Doppler. Another problem is caused by the typically very small Radar Cross-Section (RCS) of the propellers, which makes their detection even more difficult. In the literature, common detection techniques are based on the measurement of the Doppler effect produced by the propellers to derive their rotational speed, but due to the very limited capabilities of commercial sensors, this approach can be applied only at very low values of the rotational speed. In this work, a different approach based on a Frequency-Modulated Continuous Wave (FMCW) radar is proposed, which exploits the vibration of the UAV generated by the rotation of the propellers. The phenomenon and how the sensor can detect it will be presented, which is joined with a performance analysis comparing different estimation techniques for the indirect measurement of the propellers’ speed to evaluate the potential benefits of the proposed approach.
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1. Introduction


The industry of drones, also known as Unmanned Aerial Vehicles (UAVs), has rapidly grown in recent years, as drones make various applications easier, such as commercial delivery or mapping search and rescue operations [1,2,3]. UAVs are extensively used also in research, especially in contexts where they can speed up massive data collection and reduce the workload of the research teams. Advances in the field of drone technology, such as efficient algorithms to avoid obstacles and increased battery lifetime, joined with optimized structural design, allow to control the UAV beyond the visual line of sight, enabling the autopilot-based control and navigation functionalities not only in military scenarios but also for civil applications [4]. Unfortunately, however, as with any other kind of technology, drones may represent a potential threat to the community or the environment because of intentional illicit use or unintentional events that may happen. Ensuring the safety of the air space in the presence of drones is the biggest problem due to the risk of injuries that drones can bring to the general public. The potential use of UAVs for terrorist attacks against infrastructures and soft targets is a growing concern for those in charge of keeping cities and outdoor spaces safe, being drone technology nowadays globally available. On the other hand, even when used for benefit, drone-related accidents may happen: the drone can be a victim of jamming, or someone can try to override the control of the legitimate pilot [5,6,7,8].



Among the possible methods and techniques to detect drones and gather information about their characteristics and flight dynamics, radar signals can be used both for detection and classification purposes [9]. By exploiting the radar technology, it is possible not only to measure the drones’ velocity or distance but also to estimate their physical dimensions, for example by measuring their Radar Cross-Section (RCS) [10,11]. Additionally, the micro-Doppler component of the radar signal reflected by a drone can be properly extracted and processed to detect and classify different types of UAVs [12] as well as their characteristics (such as physical dimensions, number and type of drone propellers), eventually supported by the help of Machine Learning (ML) algorithms [13,14,15,16]. Measuring the propeller’s rotational speed of a radar-detected UAV can provide useful information to better understand the characteristics of the drone being detected. This is a very challenging task, and different approaches have been proposed to solve it. In [17], the authors present a method based on the analysis of the Doppler produced by the propellers, and they suggest the same technique can also allow us to measure the propeller’s length. The proposed method is very interesting, but the radar system used is a Continuous Wave Radar, and due to the fact that more than one single target can be present in the reference scenario, the approach can be very difficult to use in practical applications. Even in [18], a technique to measure the propeller’s dimensions and speed is proposed, which is based on the use not of a radar system but of a Lidar system. The problem with this method is the low speed of the propeller under test, which is equal to four rounds per second (corresponding to 240 rounds per minute (RPM)). A different approach is based on optical cameras: the image processing method proposed in [19] aims to extract the rotational speed of the propellers. In this case, the limitation of the method is related to the maximum allowable distance of the target, which is constrained, in its turn, by the technical characteristics of the camera optical sensor.



Radar-based detection is one of the best options to measure the propellers’ rotational speed if the UAV is far away from the sensor, and recent works developed and extended this approach from a static target to a moving one [20,21]. As a matter of fact, for drones equipped with propellers, information about their rotational speed may help in understanding if the UAV is carrying some kind of potentially harmful load. This is an important task if the radar system is employed to monitor the air space and detect any threats, as armed drones can be used in terrorist attacks or military situations. To this aim, in [15], the authors try to analyze the micro-Doppler effect generated by the propellers’ rotation to understand whether the detected UAV is carrying some weight or payload.



Differently from the mentioned approach, this paper presents a radar-based processing method to indirectly measure the propeller’s speed by analyzing the phase of the beat signal generated by the propeller vibration and propagating to the drone chassis. Laboratory experiments have been carried out to test the proposed approach, and the obtained results are promising.



The rest of the paper is organized as follows. Section 2 briefly presents how to measure and detect vibrations with a radar sensor, and in Section 3, the proposed experimental setup and signal processing technique applied to the radar signal are described. Section 4 and Section 5 presents the performed experimental activity and the obtained results, and finally, Section 6 provides some conclusive remarks and highlights possible future research developments.




2. Vibration Detection with Radar


Measuring the rotational speed of a propeller is a very difficult task to perform with the common Doppler approach. A simple scheme of how to implement this operation by exploiting the Doppler effect is depicted in Figure 1.



Assuming that the propeller merely rotates and does not translate, the only Doppler component produced by the rotation is the micro-Doppler one. The Doppler shift produced by the rotation of the propeller is directly related to the rotational speed; by measuring the former term, it is possible to obtain the latter, but to this aim, the length of the propeller L is a necessary piece of information [22]. For a better understanding of radar characteristics that can be exploited to measure the rotational speed, some analyses based on real components of commercial drones can be performed.



The frame of the drone used in this work has a longitudinal dimension of 45 cm, and the two-blades propellers have a 20 cm long diameter. The drone is equipped with four motors featuring   K v   = 1000 RPM/V, meaning that they can rotate at 1000 Rounds Per Minute (RPM) for each 1 V of supplied battery voltage. In this case, an 11 V battery is used, so a maximum rotational speed of 11,000 RPM can be obtained. From these values, it is possible to compute the maximum Doppler shift generated by the propellers as follows:


  |  f d  | =  2 λ   ·   v  r   r a d   =   4   f c   L    v  R P M    π   c  ·  60    



(1)




where   f d   is the maximum Doppler shift given in Hz,   v  r   r a d    is the radial velocity measured in m/s,  λ  represents the radar signal wavelength measured in m, L is half the diameter of the propellers given in m, c is the speed of light in m/s, and   v  R P M    is the rotational velocity expressed in RPM. For example, if we consider a propeller with a diameter of 20 cm at 11,100 RPM, the Doppler shift is   f d   = 58,100 Hz. To measure this rotational velocity, the radar sensor needs a Pulse Repetition Interval (PRI) shorter than 8.6 ns. This is very difficult to achieve with a commercial system, and it becomes possible only in the case where the propeller rotates at much lower speed [23].



To reveal and measure the propellers’ rotational speed, it is possible to exploit the effects of vibrations and the features they provide to the radar signals. Monitoring propellers’ vibrations is an important task for a UAV designer; vibrations can be generated by an unbalanced propeller and can affect the performance of the UAV. However, vibrations are not only caused by structural defects, but they are intrinsic to the propeller rotation. For this reason, huge efforts are made to design propellers featuring very small vibrations or advanced control systems that aim to reduce their impact on the drone performance [24,25,26]. The effect of a propeller vibration is depicted in Figure 2, where z is the reference axis, and   + Z   and   − Z   is the propeller displacement, due to its vibration along the direction orthogonal to the rotation plane.



Despite being a big problem for drones, from the radar system point of view, the vibration of the propeller is a phenomenon that can be leveraged to indirectly measure the propeller’s rotational speed. In fact, propellers’ vibrations propagate to the whole drone chassis, and it is possible to try to measure its resulting displacement and relate it to the type and number of propellers the drone is equipped with. Assuming that the system is not ideal, the vibration induced by the propeller on the chassis will not only be along the z-axis (see Figure 2), but there will be a component also in the direction radial to the pointing direction of the radar system. This component, if detected, can be correlated to the rotation speed of the propellers and consequently used to measure its value.



To understand how to perform the process described above with a radar sensor, it is possible to start from a setup where a generic vibrating target is present in the detection field of the radar. In this case, the sensor can not only detect the target but also measure its vibration-related displacement. No matter what type of radar is used, this effect is always present if the target has moving parts, such as the propellers of a UAV, or if the target itself vibrates [27]. In fact, the micro-Doppler effect is exploited in different application fields from target classification to vibration measurement. For example, it is exploited to measure vital parameters of a person or to monitor the health conditions of a building or infrastructure [28,29,30,31]. The model of the micro-Doppler effect of a vibrating target can be derived from the classical Doppler formulation: it is presented in [32,33,34] and schematized in Figure 3.



In general, vibrations of a target take place not only along the radial direction of the radar wave-front, but this is the only direction along which the sensor can detect vibrations. As a consequence, a vibration of the drone chassis generated by one or more propellers can be detected only through its radial component. As such, for the sake of simplicity, only the radial component of the target vibration is considered in the model. Such a component can be identified by two parameters: the main vibration frequency   f v  , and the displacement   D v  . The frequency is composed by several terms, but in order to simplify the model, only a single term will be considered. The evolution of displacement over time can be therefore written as:


  D  ( t )  =  D v   ·  sin  ( 2 π  f v  t )   



(2)







By naming the distance between the radar and the target as   R 0  , the range distance can vary according to the law   R  ( t )  =  R 0  + D  ( t )   , so the received signal can be written as:


  s  ( t )  = ρ  ·  exp  j  2 π  f 0  t + 4 π   R ( t )  λ    = ρ  ·  exp  j  2 π  f 0  t + Ψ  ( t )     



(3)




where  ρ  is the backscattering coefficient,   f 0   is the carrier frequency,  λ  is the wavelength and   Ψ ( t )   is the phase term. For a propeller,  ρ  is a very small value, so the radar system needs a specific design to be able to work with such a reduced RCS [35]. This is an additional reason motivating the development of other methods to measure the propeller speed. The term   R ( t )   can be replaced in Equation (3), obtaining the resulting   s ( t )   as:


  s  ( t )  = ρ  ·  exp  j  2 π  f 0  t +   4 π  R 0   λ  +   4 π  λ   D v  sin  ( 2 π  f v  t )     



(4)







Equation (4) includes two terms: the main distance   R 0   and the displacement vibration of the target. To extract the micro-Doppler effect related to the vibration, it is possible to replace   2 π  f v    with   ω v  , and the micro-Doppler takes the form:


   s  m D    ( t )  =   4 π  D v   λ  sin  (  ω v  t )   



(5)







The generated micro-Doppler vibration frequency can be exploited to detect the propeller’s rotational speed.




3. Proposed Setup and Methodology


This section presents the measurement setup used to validate the developed signal processing technique. The proposed methodology is related to the use of a Frequency-Modulated Continuous Wave (FMCW) automotive radar, which is the type of technology applied in this work. Since the sensor used is not designed for aerial surveillance, the setup is relative to the detection capabilities of the sensor involved.



3.1. Measurement Setup


The radar employed in this work is the Texas Instruments AWR1642 [36], as shown in Figure 4. This is an FMCW radar designed for the automotive market, using a working bandwidth from 76 to 81 GHz. The frequency range is divided in two operational sub-bands: from 76 to 81 GHz for short-range applications, and from 76 to 77 GHz for long-range applications. The automotive application for which this specific radar is designed also requires angular position detection of the target. For this reason, the radar is equipped with two transmitters and two receivers so that Multiple In Multiple Out (MIMO) technology can be implemented.



The sensor is designed to directly provide the computation results of the Digital Signal Processor (DSP) on the output ports. These are the Controller Area Network (CAN) and the Universal Asynchronous Receiver–Transmitter (UART) ports, and from each of them, it is possible to read the position and the velocity of the revealed targets. Since in this work, the proposed technique is based on the raw samples output from the Analog-to-Digital Converters (ADCs), a second Field-Programmable Gate Array (FPGA) board, namely a DCA 1000 EVM [37], is connected to the Low-Voltage Differential Signaling (LVDS) bus. At this point, the raw samples of the beat signals can be stored on a computer for offline data processing. This particular type of FMCW radar transmits chirp signals grouped by frame. It is possible to transmit a configurable number of chirps within each frame, and each frame can be used to compute the range-Doppler map from which the distance and velocity of the target can be obtained. This modulation scheme is also used in systems sometimes known as Pulsed Linear Frequency Continuous Wave radars, as they only transmit up-chirps separated by a certain waiting time. Principles of FMCW radars are reported in [38,39]. The considered device can be configured to fit different performance figures: for example, to monitor different velocities or range distances of the targets. To these aims, it is possible to change many parameters of the chirps transmitted by the sensor. In Figure 5, these parameters are explained by a graphical representation.



A description of the parameters can be summarized as follows:




	
Idle Time: the time required for the ramp generator to return to its original state;



	
ADC Valid Start Time: idle time used to remove data at the very beginning of the ramp. This way, we can improve system linearity and reduce distortion in the beat signal;



	
ADC Sampling Time: the amount of time during which ADC samples the beat signal;



	
Used Radar Bandwidth: the effective radar bandwidth once the initial part of the ramp has been removed.








It is interesting to highlight some of the implementation characteristics of the device. The ADC starts to collect the samples at the end of the ADC Valid Start Time and samples the beat signal for a time, namely the ADC Sampling Time, which depends on the number of samples used inside each chirp, and on the sampling frequency. So, the ADC Sampling Time can be written as follows:


  ADC  Sampling  Time =  f  s a m p l i n g    ·   n  s a m p l e s    



(6)




where   f  s a m p l i n g    is the sampling frequency of the ADCs,   n  s a m p l e s    is the number of samples collected, and both parameters are configurable by the user. This operating mode means that the real bandwidth of the chirp, which is called Used Radar Bandwidth in the figure, is always less than the maximum obtainable Total Radar Bandwidth.



The radar transmits a series of chirps: the start frequency is 77 GHz and the stop frequency depends on the radar configuration, but it can reach a maximum of 81 GHz. Frames are used to organize chirps transmission; each frame can contain at least 1 chirp up to a maximum of 255. In this work, a frame with a single chirp is used. The AWR1642 is also a MIMO radar, so it is possible to exploit also the angular discrimination of the target to improve the performance of the proposed technique [40,41,42].



The sensor board and the FPGA board are connected together by a 60-pin ribbon cable. By means of two USB cables, the boards are then connected to a computer, where the configuration User Interface (UI) and the processing scripts are executed. By these cables, the configuration parameters, as well as the start acquisition command, are sent from the UI to the boards. During the acquisition, the raw samples of the beat signal are sent from the FPGA to the computer over User Datagram Protocol (UDP) packets. Both the boards use a power supply of 5 V. The connection scheme is reported in Figure 6.



The measurement setup consists of the radar system and a non-commercial drone assembled in our laboratory, so that it is possible to have total control of the drone characteristics, such as changing the number and type of propellers, and their rotational speed. The frame of the drone is a DJI F450 equipped with four motor slots, so that it is possible to change the part of the setup related to the drone. The frame has a wheelbase of length equal to 45 cm, that is made of plastic material for the harms, and conductive metal and plastic for the center part. The other components used to assembly the drone are:




	
Four motors with   K v   = 1000 RPM/V;



	
Four 20 cm-long propellers;



	
A 11 V LiPo battery;



	
An Arduino-based flight controller;



	
A 40 A Electronic Speed Controller (ESC) driver;



	
A 2.4 GHz radio controller.








All these items are depicted in Figure 7. With such configuration, the maximum rotational speed of the propeller is 11,000 RPM, so a maximum vibration frequency of 183.333 Hz can be obtained.



In all test cases, the drone and the radar system stand on tripods positioned at more or less the same height, since the radar system is designed to detect objects on its azimuth and the radiation diagram along the elevation is 40 degrees at −3 dB. It would be also possible to simulate a tilted position of the drone since the tripods are adjustable on three axes. Both the systems are not moving, so they stand at the same distance during all the time needed for the measurements. A top view of the measurement setup is depicted in Figure 8.



The choice of radar configuration parameters represents a trade-off between the focus of the work and the physical characteristics of the sensor. The configuration is determined by the measurement area, the length of the drone chassis, and the maximum frequency value of the vibrations. As stated before, parameters such as Idle Time and ADC Valid Start Time are related to the proper functioning of the sensor. The values of the parameters used in this work are reported in Table 1:   t  p e r i o d i c i t y    represents the pulse repetition interval,   n  c h i r p T o t    is the total number of transmitted chirps,   n  A D C S a m p l e s    is the number of samples used inside each transmitted chirp and   f  S a m p l i n g    is the sampling frequency of the analog-to-digital converters. The last two parameters affect the Used Radar Bandwidth, since the actual time in which the beat signal is sampled depends on the number of samples and on the sampling time.



With this choice of parameters, the maximum range of detectable targets is 4.285 m with a resolution of 0.067 m. The maximum detectable vibration frequency can be computed as:


   f  m a x V i b   =  1  t  p e r i o d i c i t y    = 512  Hz  



(7)




where   t  p e r i o d i c i t y    is the frame duration. The sensor transmits chirps grouped by frame and since a value of the vibration signal is collected at each transmitted chirp, only one chirp is transmitted within a frame. The sampling frequency can then be calculated as shown in Equation (7).




3.2. Proposed Radar Signal Processing Technique


The processing of the raw samples provided by the radar board starts with their reorganization. The sensor has four receiver lines; a beat signal is sampled by each of them, and the samples are stored on a computer. To obtain the propeller’s rotational speed (in RPM), the data must be rearranged into a data cube in which the samples of each chirp are stored along the so-called Fast-Time, the different chirps are stored along the Slow-Time, and such a matrix can be obtained for each receiving line. This way, a data cube is obtained for each frame. In this work, only one chirp per frame is transmitted, and the data cube can be considered for the total acquisition time [43].



In general, a radar sensor is able to detect small vibrations, but the technique that allows to do that changes from one radar type to another. With FMCW radars, the vibration can be extracted from the phase of the beat signal [44]. In the specific case of the sensor used in this work, only up-chirps will be transmitted. Up-chirps are intended as chirps with a frequency slope that can be only positive, so from one transmission to another, the signal frequency always starts from   f  s t a r t    and not from   f  s t o p   , as it happens in general in FMCW radars where up-chirp and down-chirp are transmitted consecutively, realizing a continuous wave. A single chirp can be modeled as:


   s T   ( t )  = exp  j  2 π  f 0  t + π  B T   t 2  +  ϕ 0     



(8)




where   f 0   is the starting frequency, t is the Fast-Time,   ϕ 0   is the signal phase, B is the bandwidth, and T is the chirp time. The back-scattered signal can be written as:


   s R   ( t )  = ρ  ·  exp  j  2 π  f 0   ( t − τ )  + π  B T    ( t − τ )  2  +  ϕ 0     



(9)




where  τ  is the travel delay from the transmitting time, which is related to the distance according to:


  τ =   2 R ( t )  c  =   2 [  R 0  + x  ( t )  ]  c   



(10)







The beat signal sampled from the ADCs is obtained by multiplying the transmitted and the received signal as:


   s b   ( t )  ≈ ρ  ·  exp  j ( 2 π  B T  τ t + 2 π  f 0  τ )   



(11)







The term   τ 2   from Equation (9) turns out to be much smaller than   τ t   and   x ( t )  . For this reason, we can approximate Equation (11) to a simpler form. Such a signal can also be written in terms of Fast-Time (t) and Slow-Time (  i T  ) [44] as:


   s b   ( i T + t )  ≈ ρ  ·  exp  j    4 π  B T   R 0   c  t +   4 π  f 0   R 0   c  +  (   4 π  B T  t  c  +   4 π  f 0   c  )  x  ( i T )    ≈ ρ  ·  exp  j ( 2 π  f b  t +  Ψ i  )   



(12)







The sensor can measure the vibration of an object because this information is contained in the phase signal. The temporal evolution of this parameter can be seen as a vibration signal which can be also converted into displacement. The relationship between phase and displacement is given by:


   Ψ i  =   4 π  R 0    λ 0   +   4 π x ( i T )   λ c    



(13)




where   R 0   is the target distance from the radar source,   x ( i T )   is the displacement signal, and   λ 0   and   λ c   are the wavelengths of the initial chirp and the central chirp, respectively.



The minimum detectable phase is:


   Δ Ψ  =   λ c   4 π    Δ x   



(14)




where   Δ x   is the minimum target displacement able to generate a phase variation.



More than a target may be present in the measurement area, so the beat signals are composed of many terms, each one related to a detected target. The beat signal can be modeled as a sum along the range–azimuth   ( R , Θ )   plane according to [34]:


   s b   ( R , Θ )  =  ∑  r = 1   R m    ∑  θ = 1   θ n    s  b  r θ     



(15)




where   R m   is the number of range bins in the range direction and   θ n   is the number of angular bins, which depends on the angular resolution of the radar and the MIMO configuration.



Following the theoretical relationships developed up to this point, the raw samples are stored inside a global data cube. To obtain the range–angular detection map, a bi-dimensional Fast Fourier Transform (FFT) is computed. An example can be found in Figure 9.



Once the position of the target is clearly identified in the map, it is possible to extract the phase information by selecting the bins where the target stands and extracting a vector along the Slow-Time, as illustrated in Figure 10.



The phase information can be used to calculate the propellers’ speed by computing the FFT. Since the signal in this application case suffers from a lot of noise, the MUltiple SIgnal Classification (MUSIC) algorithm can be applied to mitigate this effect [42,45,46,47]. The MUSIC algorithm is a technique applied in radar systems to improve their angular detection capabilities. The algorithm can be applied to calculate the so-called pseudo-spectrum of the signal, which leads to a simpler detection of the main harmonic components, and in the application under study, it makes it simpler to detect the propeller’s speed. Starting from the vibration signal   x ( i T )  , the same can be written as a sum of r sinusoidal components:


  x  ( i T )  =  ∑  k = 1  r   A k   ·   x k   ( i T )  + w  ( i T )   



(16)




where   x k   is the single component,   w ( i T )   is the noise and   A k   is the amplitude. The term   x ( i T )   can be called   x ˜   for the sake of simplicity and written in a discrete form as:


   x ˜   ( n )  = A  ( n )   ·  S  ( n )  + W  ( n )  ,  W I T H  n = 0 ,  … ,  M  



(17)




where M is the number of samples of the signal, while   a (  n k  )   and   A ( n )   are defined as:


  a  (  n k  )  =   [ 1 ,   e  j  ω k    ,   e  j  ( M − 1 )   ω k    ]  T   



(18)






  A  ( n )  = [ a  (  n 1  )  , a  (  n 2  )  ,  … ,  a  (  n r  )  ]  



(19)







When the signals are uncorrelated with the noise, the total signal covariance matrix has two components: namely, the signal covariance matrix and the noise covariance matrix:


  R ≜ E  {  x ˜   ( n )    x ˜  *   ( n )  }  = A P  A H  +  σ n 2  I  



(20)




being   P = E { s  s H  }   the signal covariance matrix. It is possible to decompose R as [48]:


  R = U Σ  U H  =  [  U s  ,  U n  ]   ·       Σ ′    0     0     σ n 2   I  M − r         ·       U s H       U n H       



(21)




where   U n   is the noise subspace and   U s   is the signal subspace. The pseudo-spectrum can be computed as:


  P  ( n )  =  1   a H   ( n )   U n   U n H  a  ( n )     



(22)







To understand the improvement brought by this second approach, Figure 11 shows an example of application of this technique to the front axis of the drone with a two-propellers stand. By looking at Figure 11, the signal peaks are easily detectable, and both the vibration frequencies are clearly identifiable. Multiplying the frequency value corresponding to the peak by the number of seconds in a minute, it is possible to convert it into the rotational speed value expressed in RPMs.





4. Experimental Test and Results


Several tests are performed to carry out the measurement of the propellers’ speed. To run the tests, propellers are covered with aluminum tape in order to improve their RCS. This is necessary because the radar system used, specifically designed for automotive applications, is not aimed to detect objects with such a small RCS. The test is conducted at different rotational speeds kept constant, and it is simultaneously measured by a reference digital laser tachometer, namely the DT2234C+ [49], shown in Figure 12.



The laser tachometer has a measurement input range of [2.5; 99,999] RPM with a resolution equal to 0.1 RPM in the range [2.5; 999.9] RPM and equal to 1 RPM in the range [1000; 99,999] RPM. The value measured by the laser tachometer does not directly provide the propeller speed: since the blades are covered with the aluminum tape, they are both detected by the device, so to properly convert the measured value of rotational speed (given in RPM) to the frequency measured by the radar (in Hz), the following calculation must be performed:


   f  R a d a r    (  Hz  )  =   T a c h o m e t e r  [  RPM  ]    n  b l a d e s    ·  60    



(23)




where   f  R a d a r    is the rotational frequency,   n  b l a d e s    is the number of blades of the propeller, and   T a c h o m e t e r    [ RPM ]   is the value measured by the tachometer.



The results obtained with the FFT and MUSIC approaches are reported in Table 2 and Table 3, respectively. The angular and range bins used to obtain the position of the target are chosen by considering the center of the UAV’s chassis, at angular bin “1” and range bin “25”; the front axis is located at angular bin “1” and range bin “22”; and the rear axis is located at angular bin “1” and range bin “28”. These values are determined by the frontal position of the drone to the radar sensor and by the 45 cm-long wheelbase of the chassis. To be applied, the MUSIC algorithm needs the dimension of the signal subspace as input. This dimension is in general of the same order as the number of main components searched within the original signal. In general, this parameter is very difficult to select, since the number of main signal components cannot be known a priori. For this reason, numerous tests were carried out with different values of the signal base dimension, and the best result in terms of minimum percentage error was obtained with a dimension of sixty-four. All results obtained with the FFT and MUSIC techniques are reported in Appendix A.



The last rows of Table 2 and Table 3 are related to a test in which the drone chassis is tilted in front along the pitch axis. The FFT and the MUSIC computation are made on all the 51,200 samples of the extracted vibration signal. With the configuration parameters chosen, the acquisition has a time duration of 49.971 s. In general, with radar systems, the length of the acquisition window is crucial to provide the extracted information in a short time (ideally, in quasi-real time). In this case, performing the analysis on all the vibration signal samples acquired on a quite long time window has the sole purpose of testing the approach with the maximum possible frequency resolution. Reducing the number of signal samples will provide the rotational speed value in less time but with reduced measurement performance. As an example, if the computation of the FFT is made over all the signal samples, the frequency resolution for the setup chosen is 0.01 Hz, while with fewer samples, for example 5120, collected on a shorter time window, the resolution would amount to 0.1 Hz. This can reduce the accuracy in the evaluation of the calculated peak frequency, which would result in increased uncertainty of the measured propellers’ rotational speed. To mitigate this problem, since one of the goals of this work is to understand the measurement capabilities of the proposed approach, all vibration signal samples are used for computation in the frequency analysis, as the rotational conditions of the propellers are controlled and kept stationary during the acquisition.



The two highest peaks within the signal spectrum and the signal pseudo-spectrum are selected to obtain the results. An example of the temporal evolution of the vibration displacement signal is illustrated in Figure 13.



It is possible to quantify the difference between the reference rotational speed provided by the laser tachometer and the proposed radar-based approach by computing the Mean Percentage Error (MPE) [50] defined as follows:


   MPE  =   1 N    ∑  i = 1  N    T a c h o m e t e  r i  − E q u i v a l e n t  M e a s u r e  d i    T a c h o m e t e  r i     ·  100   [ % ]   



(24)




where N is the number of measured values. As regards the FFT-based technique, the MPE is 1.08%, and for the MUSIC-based technique, it is 1.34%. The MPE obtained with the MUSIC technique is slightly higher than the MPE obtained with FFT, but in the latter case, the detection of the peaks is more difficult to perform, since the spectrum of the vibration signal is noisier. The variation of the MUSIC MPE obtained for different values of the signal basis dimension is given in Figure 14.




5. Discussion


In general, the FFT approach can be applied to UAVs with more propellers per axis. To denoise the signal, the application of a proper filter could be considered, but tuning the filter parameters in a specific frequency range, without any information about the UAV, could be extremely difficult. The adoption of the MUSIC algorithm removes much noise from the vibration signal spectrum, thus supporting decisions taken based on the resulting pseudo-spectrum. This approach will preserve the main harmonics of the signal without knowing their frequency in advance, which would be necessary to design a proper filter. While the application of the MUSIC algorithm simplifies detection, it worsens the measurement performance evaluated in terms of the defined MPE. However, this could be an acceptable trade-off considering that in the presence of a very noisy FFT, a peak due to the noise and not to the signal could be selected, thus further worsening performance.



In comparison with the results obtained by other recent approaches, such as those presented in [51], the proposed method is able to estimate the propellers’ rotational speed even when the range resolution is larger than the length of the propeller’s blade. In fact, as described in Section 1, the capability of the sensor to measure the displacement is related to the wavelength of the transmitted signal and not to the range resolution. Moreover, the approach proposed in [51] remains purely theoretical, while the validity of the method proposed in this work is confirmed by experimental tests.




6. Conclusions


In this work, a novel approach to indirectly measure the rotational speed of UAV propellers has been proposed. In general, the rotation of these components generates vibrations on the drone chassis, and the frequency of these vibrations is related to the rotation speed. Since radar sensors can detect vibrations happening along their radial direction, the aim of this work was to investigate the possibility to exploit this sensor capability for the indirect measurement of the propellers’ rotational speed. The feasibility of the proposed signal processing technique has been proved by experiments, and the vibration frequencies extracted with the radar sensor are in line with the values of the propellers’ rotational speed given in RPM and measured by a reference instrument. The MUSIC algorithm has been applied to improve peak detection in the spectra of noisy vibration signals, despite worsening a little the attainable MPE. As the automotive radar sensor considered can discriminate the target position within the measurement area, the approach herein presented can be extended to the case of multiple UAVs. In conclusion, the proposed technique achieves very good performance and can be further developed and improved. The setup used does not involve a moving drone in airspace, and further tests in a different context, for example considering longer distances and a flying drone, or different kind of UAVs equipped with propellers, will be conducted to further investigate and extend what has been achieved so far.







Author Contributions


Conceptualization, G.C.; methodology, G.C. and L.S.; software, G.C.; formal analysis, G.I.; investigation, G.C.; resources, G.C. and E.G.; data curation, G.C. and G.I.; writing—original draft preparation, G.C.; writing—review and editing, G.I., L.S. and S.S.; visualization, S.S.; supervision, E.G.; project administration, E.G.; funding acquisition, E.G. All authors have read and agreed to the published version of the manuscript.




Funding


The research activity presented in this paper was supported by the POR MARCHE FESR project “Marche Innovation and Research fAcilities for Connected and sustainable Living Environments (MIRACLE)”—CUP B28I19000330007 and by the financial program DM MiSE 5 Marzo 2018 project “ChAALenge”—F/180016/01-05/X43.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Conflicts of Interest


The authors declare no conflict of interest.




Abbreviations


The following abbreviations are used in this manuscript:





	ADC
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	Fast Fourier Transform



	FMCW
	Frequency-Modulated Continuous Wave



	FPGA
	Field-Programmable Gate Array
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	Multiple In Multiple Out
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	Machine Learning
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	Mean Percentage Error
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	Unmanned Aerial Vehicle
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Table A1. Results obtained with a MUSIC signal subspace of four.






Table A1. Results obtained with a MUSIC signal subspace of four.





	No. Propellers
	Tachometer Front (RPM)
	Tachometer Rear (RPM)
	Radar-Measured MUSIC Rotational Frequency (Hz) Front
	Radar-Measured MUSIC Rotational Frequency (Hz) Rear
	Equivalent Rotational Speed Radar Front (RPM)
	Equivalent Rotational Speed Radar Rear (RPM)





	1
	5400
	/
	48.388
	/
	5806
	/



	1
	7100
	/
	58.874
	/
	7065
	/



	2
	5000
	5500
	43.505
	/
	5220
	/



	4
	3800, 4300
	3800, 4300
	39.743, /
	36.601, /
	4769, /
	4392, /



	4 Tilted
	3800, 4300
	3800, 4300
	34.480, /
	40.423, /
	4137, /
	4851, /
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Table A2. Results obtained with a MUSIC signal subspace of thirty two.






Table A2. Results obtained with a MUSIC signal subspace of thirty two.





	No. Propellers
	Tachometer Front (RPM)
	Tachometer Rear (RPM)
	Radar-Measured MUSIC Rotational Frequency (Hz) Front
	Radar-Measured MUSIC Rotational Frequency (Hz) Rear
	Equivalent Rotational Speed Radar Front (RPM)
	Equivalent Rotational Speed Radar Rear (RPM)





	1
	5400
	/
	45.006
	/
	5400
	/



	1
	7100
	/
	58.654
	/
	7038
	/



	2
	5000
	5500
	41.764
	44.466
	5012
	5336



	4
	3800, 4300
	3800, 4300
	32.599, 35.300
	32.739, 35.200
	3912, 4236
	3929, 4202



	4 Tilted
	3800, 4300
	3800, 4300
	31.978, 34.780
	31.118, 35.660
	3837, 4173
	3734, 4279
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Table A3. Results obtained with a MUSIC signal subspace of one hundred and twenty eight.






Table A3. Results obtained with a MUSIC signal subspace of one hundred and twenty eight.





	No. Propellers
	Tachometer Front (RPM)
	Tachometer Rear (RPM)
	Radar-Measured MUSIC Rotational Frequency (Hz) Front
	Radar-Measured MUSIC Rotational Frequency (Hz) Rear
	Equivalent Rotational Speed Radar Front (RPM)
	Equivalent Rotational Speed Radar Rear (RPM)





	1
	5400
	/
	44.986
	/
	5398
	/



	1
	7100
	/
	58.734
	/
	7048
	/



	2
	5000
	5500
	41.784
	45.546
	5014
	5465



	4
	3800, 4300
	3800, 4300
	32.579, 36.361
	32.358, 34.100
	3909, 4363
	3883, 4092



	4 Tilted
	3800, 4300
	3800, 4300
	32.299, 35.620
	31.958, 35.830
	3876, 4274
	3835, 4299
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Table A4. Results obtained with a MUSIC signal subspace of two hundred and fifty six.
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	No. Propellers
	Tachometer Front (RPM)
	Tachometer Rear (RPM)
	Radar-Measured MUSIC Rotational Frequency (Hz) Front
	Radar-Measured MUSIC Rotational Frequency (Hz) Rear
	Equivalent Rotational Speed Radar Front (RPM)
	Equivalent Rotational Speed Radar Rear (RPM)





	1
	5400
	/
	44.986
	/
	5398
	/



	1
	7100
	/
	58.734
	/
	7048
	/



	2
	5000
	5500
	41.784
	45.546
	5014
	5465



	4
	3800, 4300
	3800, 4300
	32.599, 36.361
	32.339, 34.100
	3912, 4363
	3880, 4092



	4 Tilted
	3800, 4300
	3800, 4300
	32.299, 35.620
	31.818, 35.500
	3876, 4274
	3818, 4260
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Table A5. Results obtained with a MUSIC signal subspace of five hundred twelve.
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	No. Propellers
	Tachometer Front (RPM)
	Tachometer Rear (RPM)
	Radar-Measured MUSIC Rotational Frequency [Hz) Front
	Radar-Measured MUSIC Rotational Frequency (Hz) Rear
	Equivalent Rotational Speed Radar Front (RPM)
	Equivalent Rotational Speed Radar Rear (RPM)





	1
	5400
	/
	45.026
	/
	5403
	/



	1
	7100
	/
	58.454
	/
	7014
	/



	2
	5000
	5500
	41.824
	45.566
	5019
	5468



	4
	3800, 4300
	3800, 4300
	32.799, 34.220
	32.779, 34.279
	3936, 4106
	3933, 4113



	4 Tilted
	3800, 4300
	3800, 4300
	32.359, 35.760
	31.498, 35.820
	3883, 4291
	3780, 4298
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Table A6. Results obtained with a MUSIC signal subspace of one thousand and twenty-four.






Table A6. Results obtained with a MUSIC signal subspace of one thousand and twenty-four.





	No. Propellers
	Tachometer Front (RPM)
	Tachometer Rear (RPM)
	Radar-Measured MUSIC Rotational Frequency (Hz) Front
	Radar-Measured MUSIC Rotational Frequency (Hz) Rear
	Equivalent Rotational Speed Radar Front (RPM)
	Equivalent Rotational Speed Radar Rear (RPM)





	1
	5400
	/
	45.026
	/
	5403
	/



	1
	7100
	/
	58.574
	/
	7029
	/



	2
	5000
	5500
	41.864
	45.406
	5023
	5448



	4
	3800, 4300
	3800, 4300
	32.739, 34.459
	33.739, 34.140
	3928, 4135
	4046, 4096



	4 Tilted
	3800, 4300
	3800, 4300
	32.479, 35.780
	39.399, 35.860
	3897, 4293
	3888, 4303
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Figure 1. Simple scheme of a propeller’s speed measurement with radar. The length of the propeller is two times L, which represents the length of a blade. 
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Figure 2. Propeller displacement due to vibration. 
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Figure 3. Working principle of radar vibrometry: the head of the radar transmits the signal and because of the target vibration, the received echo exhibits a phase delay  ψ . The x-axis represents the range, and the y-axis represents the cross-range.   D v   is the target displacement along the radial direction of the target vibration. 
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Figure 4. The Texas Instruments AWR1642 radar used in this work. 
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Figure 5. Graphical representation of the main parameters related to the radar signal chirps. 
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Figure 6. Connection scheme of the radar board, the FPGA board, and the computer. 
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Figure 7. Components used to build the UAV: (a) central part of the chassis, (b) arms of the chassis where the motors are lodged, (c) propellers, and (d) 40 A ESC driver connected to the motors featuring   K v   = 1000 RPM/V. 
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Figure 8. Top-view representation of the experimental setup. The drone and the radar are positioned on two different tripods at a distance d = 1.673 m. 
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Figure 9. Range-angular detection map. 
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Figure 10. Radar signal processing flowchart. 
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Figure 11. Example of vibration frequency computed with (a) FFT and (b) MUSIC with a subspace dimension equal to 512. Both spectra are normalized in amplitude to be easily comparable. 
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Figure 12. The digital laser tachometer DT2234C+ used in this work. 
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Figure 13. Displacement signal obtained from the proposed signal processing technique. 






Figure 13. Displacement signal obtained from the proposed signal processing technique.



[image: Remotesensing 15 00270 g013]







[image: Remotesensing 15 00270 g014 550] 





Figure 14. Mean Percentage Error of the MUSIC processing for different values of the signal subspace dimension. 
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Table 1. Radar Parameters.






Table 1. Radar Parameters.





	Radar Parameter
	Value





	Idle Time
	100 μs



	ADC Valid Start Time
	6 μs



	ADC Sampling Time
	63 μs



	Used Radar Bandwidth
	2.240 GHz



	   t  p e r i o d i c i t y    
	976  μ s



	   n  c h i r p T o t    
	51,200



	   n  A D C S a m p l e s    
	128



	   f  S a m p l i n g    
	4 MHz
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Table 2. Results obtained from the laser tachometer and the FFT technique.
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	No. Propellers
	Tachometer Front (RPM]
	Tachometer Rear (RPM)
	Radar-Measured FFT Rotational Frequency (Hz) Front
	Radar-Measured FFT Rotational Frequency (Hz) Rear
	Equivalent Rotational Speed Radar Front (RPM)
	Equivalent Rotational Speed Radar Rear (RPM)





	1
	5400
	/
	45.006
	/
	5400
	/



	1
	7100
	/
	58.293
	/
	6995
	/



	2
	5000
	5500
	41.884
	45.406
	5026
	5448



	4
	3800, 4300
	3800, 4300
	32.138, 34.400
	31.558, 35.700
	3856, 4128
	3786, 4284



	4 Tilted
	3800, 4300
	3800, 4300
	32.299, 35.540
	31.758, 35.720
	3890, 4264
	3810, 4286
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Table 3. Results obtained from the laser tachometer and the MUSIC algorithm.






Table 3. Results obtained from the laser tachometer and the MUSIC algorithm.





	No. Propellers
	Tachometer Front (RPM)
	Tachometer Rear (RPM)
	Radar-Measured MUSIC Rotational Frequency (Hz) Front
	Radar-Measured MUSIC Rotational Frequency (Hz) Rear
	Equivalent Rotational Speed Radar Front (RPM)
	Equivalent Rotational Speed Radar Rear (RPM)





	1
	5400
	/
	44.986
	/
	5398
	/



	1
	7100
	/
	58.734
	/
	7048
	/



	2
	5000
	5500
	41.784
	45.546
	5014
	5465



	4
	3800, 4300
	3800, 4300
	32.599, 36.361
	32.339, 34.100
	3912, 4363
	3880, 4092



	4 Tilted
	3800, 4300
	3800, 4300
	32.299, 35.620
	31.818, 35.500
	3876, 4274
	3818, 4260
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