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Abstract— Small Remotely Piloted Aircrafts (RPAs) are gaining
an increasingly prominent role in society. However, their growing
use has raised concerns due to their potential misuse for illicit
activities. Consequently, the detection and accurate classification
of small RPAs have become crucial. Conventional radar systems,
however, struggle to distinguish these aircraft from birds, as their
Radar Cross-Sections (RCS) are very similar. To address this chal-
lenge, the Micro-Doppler (MD) effect has emerged as a valuable
tool, enabling the differentiation of signals between birds and
small RPAs. It also facilitates the classification of these aircraft.
This study analyzed the Micro-Doppler (MD) effect generated
by the motion of the rotating components of quadcopter RPAs
and explored how this phenomenon can be utilized to extract
information, such as rotor rotation speeds and propeller sizes, for
an initial classification of these aircraft. Furthermore, the MD
effect produced by birds was examined to identify characteristics
that can be used to differentiate RPAs from birds. Lastly, the
results of MD effect measurements using a Frequency-Modulated
Continuous Wave (FMCW) radar during the RPA FIMI X8 SE
flight were analyzed and discussed.

Index Terms— Birds, Classification, Radar, Small Remotely Piloted Aircraft.

I. INTRODUCTION

Remotely Piloted Aircrafts (Remotely Piloted Aircraft (RPA)), also known as drones, are increasing
in number and popularity. They can be either fixed-wing or multirotor, with sizes ranging from a
few centimeters (classified as micro) to several meters [1]. This variety enables their adaptation to
numerous civil applications, such as goods delivery, surveillance, photography, filming, industrial and
infrastructure inspections, and agricultural monitoring.

In addition to civil applications, the use of RPA is well-established in military operations, including
airspace defense and support for search and rescue missions [2]. However, RPA can also be exploited
for illicit purposes, such as espionage, drug transport, and terrorist attacks [3]. In this context, ensuring
security and privacy requires identifying and studying methods to counter these threats.

Although the detection and identification of RPAs are challenging, particularly for models classified
as micro and mini, which have a maximum takeoff weight below 25 kg, numerous research studies have

been conducted to address this issue. These approaches include visual methods (e.g., images or videos),
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acoustic detection, passive detection of Radio Rrequency (radiofrequency (RF)) emissions between the
operator and the RPA, radar-based detection, and hybrid techniques that combine two or more of these
methods [4].

In this context, radar detection stands out due to its ability to overcomes several key limitations of
other detection methods. Unlike visual detection, radars can operate effectively under adverse weather
conditions (e.g., fog, rain, and snow) [5]. Since radars work by emitting and receiving electromagnetic
waves, they are immune to environmental sound noise, which often reduces the accuracy of acoustic
detection [6]. Additionally, unlike passive detection, which fails in the absence of RF signals between
the operator and the drone, radar detection does not depend on such communication [7]. Moreover,
radar detection technology is well-established in military applications.

However, conventional radar systems face challenges when detecting micro and mini RPAs. The
primary factors contributing to these difficulties include the small Radar Cross-Section (radar cross-
section (RCS)), the ability of these RPAs to fly at low speeds, hover, quickly change flight direction,
and the materials used in their construction some of which are plastic composites that further reduce
the RCS [8]. Furthermore, these RPAs are similar in size to birds, resulting in similar RCS values. This
resemblance leads to mismatches in conventional radar systems and significantly increases the false
alarm rate [9].

To address these limitations in radar detection, researchers have increasingly focused on investigating
the Micro-Doppler (MD) effects in radar. Fundamentally, the MD effect, derived from the Doppler
effect, occurs when an object or one of its structural components exhibits periodic motion in addition
to its overall motion. This periodic motion induces additional frequency modulation in the reflected
signal, generating sidebands around the conventional Doppler-shifted frequency caused by the object’s
translational movement [10].

For instance, [11] presents a method for distinguishing between birds and rotary-wing drones using
radar based on their MD features. The authors collected data from five different drones and two birds
using K-band Frequency-Modulated Continuous Wave (FMCW) radar in both indoor and outdoor
settings. They applied time-frequency analysis to extract and parameterize the MD signals of each
target and proposed a modified multiscale Convolutional Neural Network (CNN) capable of capturing
both global and local information of MD features while reducing computational costs. Their method
was tested on various targets measured by FMCW radar and achieved an average classification accuracy
for drones and birds that was 9.4 and 4.6% higher than common CNN methods based on AlexNet and
VGG16, respectively.

In [12], the authors proposed a novel approach to extract target parameters, such as velocity, accel-
eration, rotor rotation frequency, rotor number, and rotor length, using an Fractional Fourier Transform
(FRFT) and Short-Time Fourier Transform Based Synchrosqueezing (FSST) for MD signal detection.
Compared to the standard Short-Time Fourier Transform (STFT), their method achieved significantly
improved accuracy and operational efficiency.

The study by [13] compares three methods for classifying various types of drones and aerial targets
using radar signals. The first method uses the signal’s classic spectrogram, the second applies the
spectrum after the Moving Target Detector (MTD), and the third extracts features from the MTD-
processed signal and feeds them into a classifier. The authors developed and validated a theoretical

radar signal model for different target types to simulate and compare these methods. Their results
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suggest that the third method outperforms the others in terms of performance and is more suitable for
modern multifunctional radars due to its ability to reuse existing processing capabilities.

In [14], the authors provide a theoretical basis for linking MD features to the motion dynamics of
small RPAs based on the Doppler spectrum. They analyzed spectral distributions using simulations
and experimental data collected from various small RPAs, considering translational motion and aspect
changes. Unlike prior studies, this work fully describes and anticipates Doppler spectrum variations
relative to the physical characteristics of small RPAs (e.g., blade length and rotor rotation rate). The
authors demonstrated that the Doppler spectrum, compared to Joint Time-Frequency (JTF) images, is
a simpler and more effective tool for analyzing the MD effects of small RPAs. Their findings highlight
the significant potential of MD features extracted from radar echoes for detecting and classifying small
RPAs.

In general, previous studies on the MD effect have focused on analyzing variations between different
types of RPAs and birds, without accounting for potential changes in rotor rotation speed and the
elevation angles of drones relative to the radar. Therefore, this study aims to investigate the MD effect
through simulations by varying bird parameters such as size, wing-beating frequency, and flight speed,
as well as quadrotor RPAs parameters, including blade length, rotor rotation speed, size, and elevation
angle relative to the radar. By examining these effects, it becomes possible to identify distinctive
characteristics of both drones and birds, which can be used for their differentiation.

Finally, this work offers the following contributions:

o Analysis of the MD effect for four commercial RPA models, considering variations in propeller
sizes, rotor rotation speeds, and elevation angles relative to the radar. A coherent pulsed radar
operating at 9.8 GHz is employed for detection.

« Investigation of the MD effect generated by the flight of the black-headed gull (Larus dominicanus)
and the great frigatebird (Fregata minor), taking into account their different wingbeat frequencies
and flight speeds. The same radar system is used for this analysis.

o Comparative analysis of the MD effects produced by RPAs and birds, emphasizing the primary
differences observed between them.

« Demonstrate that the results of the MD effect analysis obtained through simulations can effectively
substitute for those derived from measurements.

« Evaluation of the MD effect obtained from FMCW radar measurements generated during the ARP
FIMI X8 SE flight.

The remainder of this paper is organized as follows: Section II introduces the modeling of echoes

from RPAs and the wing-beat motion of birds. Section III details the simulation methodology and
measurement setup. Section IV presents and discusses numerical results, and Section V provides the

concluding remarks.

II. THEORETICAL FORMULATION

This section will first present the signal model of the echo from small multirotor RPAs in the time

domain, followed by the mathematical modeling of bird wing-flapping motion.

A. Signal Model of the Echo from Small Multirotor RPAs

The echo signal of a small multirotor RPA is represented as the sum of the Doppler effect on the
main body and the MD effect on the propellers [10].The geometry shown in Fig. 1, adapted from
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[14], serves as the reference for modeling the echo signal received from a small quadrotor in the time
domain. The radar is located at the origin of the coordinate system (0, 0, 0). Additionally, Ry represents
the distance between the radar and the center of the RPA along the line of sight (LS), while S is the
elevation angle of the RPA main body relative to the radar. The constant radial velocity of the RPA is

denoted by v, and the constant angular velocity by w,, where the index p refers to the propellers.

Fig. 1. Geometry of an RPA in motion.

In this context, Rr,(t) represents the distance between the radar and the center of the p-th rotor,
$opq 1s the initial phase of the g-th scattering point, R, is the distance between the center of the RPA
and the center of the p-th rotor, and « is the angle between Ry and R,. Additionally, considering a
g-th scattering point on one of the blades of one of the rotors, the distance from this scattering point
to the radar is R, . Furthermore, rp, is the distance between the center of the p-th propeller and the
g-th scattering point, where r,, < blade length.

According to [14], the echo signal received from a multirotor RPA can be expressed in the time

domain as

K
- ZAk exp [ ~ Rt ] T ZZBPQ exp [ I (RTp( )+ Rarpg(1)) |, (D
k=1

p=q q=1
where K is the number of scattering points on the RPA body, and Ay is the complex amplitude of the
k-th scattering point. Rys,q(t) represents the motion of the rotating parts, P is the number of propellers,
@ is the number of micro-movements on the blade of each propeller, and B,, is the complex amplitude
of the g-th scattering point on the p-th propeller.
The Doppler spectrum of an RPA can be expressed as

S(f) = A(S( >+ZZ Z BpqCpq Nm)5<f—|—/\—;j§]\7m>, (2)
p=1 g=1 m=—o0
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where
Cpg(Nm) = Jp(Lpg) exp [jm <¢0pq - g)} ) (3)
where J,,, is the m-th order term of the Bessel function of the first kind, and
Lpg = %rpq cos 3. 4)

wp,Nm
2m

around the central frequency (‘TQU), where N is the number of propellers on each rotor. Additionally,

In Equation (2), the Doppler spectrum of an RPA consists of pairs of harmonic spectral lines (

A is the wavelength corresponding to the central frequency of the radar. The gap between adjacent
spectral lines, commonly referred to as the chopping frequency (f.) [15], is
Nw,

fc: o

&)

To obtain the frequency spectrum bandwidth of the return signal from an RPA, it is first necessary to
consider that for m > %, |Jm ()| quickly converges to zero. Additionally, applying Carson’s bandwidth
rule [14], the bandwidth becomes

[fdmin: fdmax] = —%(7‘ COS meax + U)7 ;(T CcOs 5wmax - 7}) . (6)

where fgjmin 1S the minimum value of the Doppler spectrum, and fg.x is the maximum value as given
by Equation (2). Furthermore, r is the length of the propeller, and wy,x is the maximum angular velocity
of the rotors. According to Equations (5) and (6), the Doppler spectrum of an RPA is spread over a

frequency band with equally spaced spectral lines at a certain chopping frequency.

B. Mathematical Model of Bird Wings Beating Movement

Fig. 2, adapted from [10], shows the structure of a bird’s wing. It can be seen that the structure
consists of the upper arm, forearm, hand, wingspan, and chord. The basic locomotion of a bird’s wings
includes flapping, twisting, and sweeping movements [11]. The wing flapping motion involves raising
and lowering the arm or forearm around the joints at specific flap angles. Wing twist refers to a rotation
of the wing about its main axis, generating lift on the trailing side and depression on the leading side.

Sweep denotes the forward or backward movement of the wing.

A suitable kinetic model is required to study the wing motion of birds. Fig. 3 presents the model
used, which assumes the wing consists of two interconnected parts. Joint 1 connects the shoulder to
the upper arm, which has a length of L;. The upper arm moves in the yz plane, forming an angle v
with the origin on the y-axis, as shown in Fig. 3 (a). Joint 2 connects the upper arm to the forearm,
which has a length of Ly and moves in both the yz and xy planes, as seen in Fig. 3 (b). The forearm
forms an angle of ; — vy with the yz plane, with the origin on the y-axis, and an angle (o with the

zy plane, with the origin on the y-axis.
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Half wingspan

Fig. 2. Structure of a bird’s wing used to develop the adopted mathematical model of the wing beat movement.

Front view
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Fig. 3. Model of a bird’s wingbeat: (a) front view and (b) top views.

From the presented parameters, the upper arm strike angle (11 (t)), the forearm strike angle (¢2(t)),

and the forearm twist angle (p2(t)) are time-varying harmonic functions, as defined by [10]:

P1(t) = A1 cos(27 freart) + 10, (7
Pa(t) = Ay cos(27 fyeart) + 120, ®)
©2(t) = Co cos(27 freart) + ¥20, 9

where the terms 11¢, 120, and pog are the initial values of the angles and A; represents the upper arm
wing beat angle amplitude, while C5 corresponds to the forearm wing beat angle amplitude. In this

way, point 1, located at joint 2, with position P; = (z1,y1, 21), exhibits a time-dependent variation in
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its movement, as defined by [10].

The terms 119, 120, and oo represent the initial values of the movement angles. Thus, point 1,
located at joint 2 with position P, = (z1,y1, 21), exhibits a time-dependent variation in its movement,
as defined by [10].

x1(t) =0, (10)
y1(t) = Lq cos 1/111;2777 (11)
and .
z1(t) = y1(t) tan wllégﬂ. (12)
Similarly, the time-varying position of P> = (x2,y2, 22) is given by [10].

za(t) = —[y2(t) — y1(2)] tan (d), (13)
y2(t) = Lq cos ¢11§372W + Lo cos pa(t)cos[ii (t) — a(t)], (14)

and . .
22(t) = 21(8) + [(t) — (1)) bam 10— 22007, (15)

180

Where d = Wm. Through the mathematical modeling of bird wing motion, the author [10]
developed an animated bird model within the MATLAB software environment. This model simulates
the bird’s motion along a straight path, incorporating wing movements. In this environment, radar echo
signals are generated from the animated bird model, and spectrograms are produced. The MD effect
of birds with varying sizes, flight speeds, and wing-beat frequencies was then analyzed using these
spectrograms. This type of graph is ideal for analyzing the MD effect because it enables visualization

of Doppler frequency variations over time.

ITI. SIMULATION AND MEASUREMENT METHOD

A. Simulation Method through the Application of the RPA Echo Signal Model

To analyze the MD effect generated by the micro-movements of the propellers of quadcopter RPAs,
the mathematical model presented in Section II was implemented in software to simulate the returning
signal from the rotating parts of these aircraft. The software implementation assumed that the radial
velocity (v) of the RPA was zero. Four different quadcopter RPA models, with varying main body
dimensions, propellers, rotor rotation speeds, and elevation angles (3) relative to the radar, were used.
The following models were analyzed: the FIMI X8 SE (Fig. 4(a)), Hercules 500 (Fig. 4(b)), Phantom
4 (Fig. 4(c)), and Matrice 300 (Fig. 4(d)).
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(a) (b) (© (d)
Fig. 4. RPAs selected for MD effect analysis: (a) FIMI X8 SE, (b) Hercules 500, (c) Phantom 4 and (d) Matrice 300.

Table I presents the key parameters of the RPAs shown in Fig. (4). These characteristics were used
to generate the simulation results. The selection of RPAs was aimed at analyzing how variations in
parameters such as blade length (r), rotor rotation speed (w)), and the elevation angle () relative to
the radar affect the MD effect, as observed in the corresponding spectrograms and power spectra. The
Hercules 500 RPA was chosen for further investigation of the variations in w,, and /3 to examine their
impact on the generated spectrograms. Simulations for the Hercules 500 were run with rotor speeds
(wp) of 70 and 140 rev/s. Additionally, for the 70 rev/s rotor speed, simulations were conducted with
B values of 0°, 60°, and 90°. These parameters were selected within the actual specifications of the

RPAs. The results from configuration 7 were then compared with those measured by [14].

TABLE I. MAIN PARAMETERS USED IN RPA SIMULATIONS.

Configurations RPA Model r (cm) w, (Rev/s) 153

1 FIMI X8 SE 10.5 80 0°
2 Hercules 500 13 70 0°
3 Hercules 500 13 140 0°
4 Hercules 500 13 70 60°
5 Hercules 500 13 70 90°
6 Matrice 300 26.6 100 0°
7 Phantom 4 13 70 0°

The results obtained from configuration 7 were compared with the measurements presented by [14],
which are shown in configuration 8. The radar used in the measurement work operates at a frequency
of 9.85 GHz, with a Bandwidth (BW) of 20 MHz, a pulse repetition frequency of 20 — 30 kHz, a
transmission power of 29.8 dBm, and horizontal polarization. The radar implemented in the simulation

software was configured with the same parameters as those used in the measurements from [14].

B. Simulation Method Through the Application of the Mathematical Model of Bird Movement

The mathematical model presented in Section III was implemented in software to analyze the M D
effect generated by the movement of a bird. The simulation creates a model of the bird with wingbeat
motion, where the bird moves from an initial to a final position with constant speed and a fixed wingbeat
frequency (fpeqt)- The movement of the bird is illustrated in Fig. 5.
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Fig. 5. Flight of the animated bird model used in the simulations.

The bird’s trajectory starts in all configurations at X =0, Y =0, and Z = 0. Its flight is observed
for 10 seconds, and the trajectory followed is performed along the X-axis only. Table II displays the
selected flight speed and fpe,; configurations, with speeds of 0.1, 2, and 4 m/s being used. For each
speed, the bird traveled 1, 20, and 40 m along the X-axis in each trajectory.

The radar is located at half the distance traveled along the X-axis, and the position on the Y and Z
axes was maintained at 15 m and —10 m, respectively. For a speed of 0.1 m/s, the radar was positioned
at X =0.5m,Y =15m, and Z = —10 m; for a speed of 2 m/s, the radar was positioned at X = 10 m,
Y =15 m, and Z = —10 m; and for the speed of 4 m/s, the radar was positioned at X = 20 m,
Y =15m, and Z = —10 m.

Through software, radar pulse signals were created, the return of the bird’s signal along the trajectory
was obtained and processed, and the spectrograms of each setting were generated and analyzed. The
flight speed characteristics, fp.q+ and two species with varying wing sizes were analyzed to evaluate
their influence on the MD signature. Furthermore, a comparison with the results obtained from the
analysis performed for the MD signature of RPAs was also carried out. Fig. 6, adapted from [10],
shows the wingbeat movement of the animated model of the bird that was used to obtain the analyzed

echo signal.

VT /V\“"\"/\f ¢ \f"‘\_f"‘\\

Fig. 6. Wing flapping movement performed by the animated model of the bird.

Two bird species were selected for analysis: the black-headed gull (Larus dominicanus) and the great
frigate bird (Fregata minor). According to [16], the wingspan of the great frigate bird can reach up to
2.6 meters; however, in this work, a wingspan of 2.5 meters was considered, resulting in L; = 0.625
m and Lo = 0.625 m. The upper arm wingbeat angle amplitude was set to A; = 40°, with an upper
arm wingbeat angle offset of 119 = 15° and a forearm strike angle offset of 199 = 20°.

Additionally, according to [17], the black-headed gull has a wingspan ranging from 1.5 to 1.7 meters.
For this analysis, a wingspan of 1.5 meters was chosen, yielding L; = 0.375 m and Lo = 0.375 m,
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while maintaining the same parameters as the frigate bird for consistency. The size difference between

the Fregata minor and the black-headed gull was analyzed to assess its impact on the observation of
the MD effect.

The birds’ flight speed and wingbeat frequency (fpeq:) Were varied according to Table II to analyze
the effects of these parameters. Configuration (a) was chosen to observe the MD effect during slow
movement, with the bird completing a wingbeat every two seconds. Configurations (b) and (c) illustrate
the effects of different wingbeat frequencies—one wingbeat per second and one wingbeat every two
seconds, respectively—at a moderate speed. Similarly, configurations (e) and (f) analyze the same
wingbeat frequencies but at a higher flight speed. Finally, the various flight speeds selected highlight
the corresponding MD effects observed by the radar.

The selected bird parameters were based on real-world data, ensuring a realistic representation of
the analyzed MD effects.

TABLE II. Settings used in simulations for analyzing birds.

Configurations Bird Flight speed (m/s)  fyea:(H2)
(a) Frigate minor 0,1 0,5
(b) Frigate minor 2 0,5
(c) Frigate minor 2 1
(d) Black-headed gull 2 1
(e) Frigate minor 4 0,5
® Frigate minor 4 1

The results were compared with a spectrogram obtained from the measurement of a real bird’s
flight, as conducted by [14]. The radar used in the measurement experiment operated at a frequency of
9.85 GHz, with a BW of 20 MHz, a pulse repetition frequency of 20 — 30 kHz, a transmission power
of 29.8 dBm, and horizontal polarization. The radar implemented in the simulation software replicated

these same settings to ensure consistency with the measurements performed by [14].

C. Micro-Doppler Measurement

To capture the MD effect generated by a quadcopter RPA, experiments were conducted in an open
field near the Electronic Warfare Laboratory (LabGE) at the Technological Institute of Aeronautics
(ITA). For this purpose, the RPA FIMI X8 SE and an FMCW radar operating at 76 GHz were utilized.
The main parameters of the FMCW radar are presented in Table III.

The radar system features a Multiple-Input, Multiple-Output (MIMO) configuration, equipped with
16 receiving antennas and 2 transmitting antennas. Manufactured by INRAS, the radar model, named
Radarlog, is capable of storing data during measurements, allowing for subsequent analysis. Fig. 7

provides an image of the Radarlog device.

TABLE III. MAIN PARAMETERS OF THE FMCW RADARLOG RADAR.

Parameter Value
Central Frequency 76 GHz
Modulation bandwidth 40 MHz
Transmition power 10 dBm

Hor./Vert. Beamwidth (3dB) 51° / 13.2°
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. radarLog
& b\

Fig. 7. Radarlog used for measurements.

The experiment involved placing the RPA FIMI X8 SE, shown in Fig. 4(a), in flight at a distance
of 3.8 m from the radar, with an elevation angle of 0°. The return signal was recorded for subsequent
analysis. Data collected during the measurements were saved in real time by the radar into a spreadsheet,
where each row corresponds to an emitted chirp, and the signal obtained from each chirp provides
distance information at that moment. A total of 19,712 chirps were stored.

The Doppler frequency information, used to determine the target’s velocity, was extracted by applying
a Fast Fourier Transform (FFT) to the relevant parts of the chirps. These parts correspond to the
spreadsheet columns indicating the distance at which the RPA was located. This process enabled the
generation of spectrograms that display the variation of the Doppler frequency over time, allowing
analysis of the additional modulation on the Doppler frequency that characterizes the MD effect.

Fig. 8 (a) shows the setup of the field experiment and Fig. 8 (b) its schematic representation. Initially,
the RPA was positioned at a distance of 3.8 m from the radar and flown at a height of 1.5 m, matching
the height of the radar antennas to maintain an elevation angle of 0°. During the flight, the RPA’s

distance from the radar varied between 3.1 and 3.8 m, and data were recorded for later analysis.

RPAFIMIXS| 1,5m
SE

W

3.8 m

(b)

Fig. 8. Field experiment setup in (a) and schematic representation in (b).
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IV. RESULTS AND DISCUSSION

A. Micro-doppler Effect of Quadcopter RPAs

The spectrograms shown in Figs. 9, 10, 11, and 12 were generated by implementing the configurations
presented in Table I in the software. Additionally, Table III displays the values obtained from the
generated results and the parameters estimated from them. In the simulations, the 7, wy,, and 3 were
selected with varying values to enable observation of the effects produced. The selected parameters
align with the actual technical specifications of the RPAs.

From the analysis of the spectrograms, two key pieces of information can be extracted: the rotation
period (7;) and the BW. Using T, the w, can be calculated as w, = Ti [10]. Furthermore, with BW,
B, and wy, the r can be determined using Eq. (6).

When comparing as per Fig. 9 (a) and Fig. 9 (b), it is possible to notice that the additional Doppler
modulation are different due to the fact that the Matrice 300 model has r = 26.6 cm, which is greater
than the value of the Fimi X8 SE model, which is 7 = 10.5 cm. The spectrogram generated by the RPA
Matrice 300 has a BW close to 25.25 kHz while the Fimi X8 SE model has a BW of approximately
8 kHz. Therefore, it is possible to notice that the larger RPA models tend to generate spectrograms

with a higher BW than the smaller models, since they have larger r.

~ ﬁ\
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g 2 ; 4
g g Bandwidil
E E 20 Bandwidth 50
10 20 30 40 60 70 80 20 40 60 80
Time (ms) Time (ms)
(a) Configuration 1 (b) Configuration 6

Fig. 9. Comparison of spectrograms for different configurations: (a) Configuration 1 and (b) Configuration 6.

By analyzing Fig. 10 (a) and Fig. 10 (b), it is evident that, despite using the same RPA model
(Hercules 500), the difference in w, between the configurations leads to significant variations in the
spectrogram formats. In configuration 3, w), is twice the value of configuration 2, resulting in a BW
that is slightly more than double that of configuration 2 and a rotation period that decreases to nearly
half compared to spectrogram 2. These results demonstrate that an increase in rotor rotation speed

significantly impacts the spectrogram’s format.
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Fig. 10. Comparison of spectrograms for different configurations: (a) Configuration 2 and (b) Configuration 3.
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When considering the results obtained for configurations 2, 4, and 5, presented in Fig. 11 (a), (b),
and (c), where 3 was configured at 0°, 60°, and 90°, respectively, it is possible to observe that, although
all spectrograms are generated by the rotation of the propellers of the Hercules 500 model with the

same wj, = 70 rev/s, the variation in 3 produces distinct spectrograms.
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Fig. 11. Spectrograms corresponding to: (a) Configuration 2, (b) Configuration 4, and (c) Configuration

The values of BW and T, differ between configurations 2 and 4, and for configuration 5, it is not
possible to measure these parameters. This indicates that the 8 has a critical impact on the ability
to extract meaningful information from the spectrograms. Specifically, as 3 approaches higher values,
such as 90°, the degradation in the spectrogram makes it challenging or even impossible to determine
parameters like BW and T.. Therefore, accurate measurement of 3 is essential to ensure the reliability

of the data analysis and the correct estimation of the w, and r.

Thus, it becomes evident that to obtain accurate results, the radar system must measure and incor-
porate the value of 3 to extract 7, and w,. Furthermore, high 3 values approaching 90° can hinder the

extraction of information from the spectrogram.

By comparing the spectrograms presented in Fig. 12 (a) and (b), and analyzing the values in
Table IV, it is possible to observe a strong similarity between the simulated and measured results.
This alignment highlights the accuracy and reliability of the simulation model in replicating real-world
conditions, reinforcing its applicability in practical scenarios involving RPA detection and classification.
The simulated BW value was 8.1 kHz, while the measured value was 7.09 kHz, representing a variation
of 14.19% relative to the measured value. Similarly, the simulated 7, value was 14.3 ms, while the

measured value was 14 ms, resulting in a variation of 2.14%.
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Fig. 12. Spectrograms corresponding to: (a) Configuration 7 and (b) Configuration 8.

It is important to note that the simulation aimed to replicate the same RPA operating conditions
as those used in the measured results, including parameters such as 3, w,, and r. However, small
variations in these values can affect the results. Despite these potential discrepancies, the simulated
results demonstrated a high level of agreement with the measured ones, further supporting the validity
and robustness of the simulation.

Additionally, when comparing the results obtained from configuration 7 with other simulated results
for different aircraft models, it is evident that the similarity observed with Configuration 8 enables
the differentiation of the Phantom IV model from the Matrice 300 model (Configuration 6), which
presented a BW of 25.25 kHz. Furthermore, it also enables differentiation for the Fimi X8 SE model
(Configuration 1), which presented a 7, of 12.2 ms and a chopping frequency of 160 Hz. Additionally,
it is possible to differentiate from the result presented in Configuration 3, where the Hercules 500
model, despite having the same r value, used a w), of 140 rev/s, generating a BW of 17.3 kHz and a
T, of 7.1 ms. This analysis demonstrates that the simulated result creates a framework for the measured
one, allowing differentiation between various aircraft models.

Finally, despite the similarity between these parameters, the measured spectrogram exhibits a stronger
signal close to 0 dB. This occurs because the simulation only considers the return signal from the
rotating parts of the RPA and does not include the return from the main body. This approach is taken
because, for the extraction of classification parameters for RPAs, only the return of the MD effect is
of interest [10].

Power spectrum is a mathematical representation of the power distribution at different frequencies in
a signal. It is possible to extract the BW and the chopping frequency through the power spectrum. The
BW value can be obtained considering the values above the threshold. For the values presented, the
threshold was selected from 20 dB above the mean amplitude of the Doppler spectrum. Figs. 13, 14,
15, and 16 show the BW of each RPA model. The value of the chopping frequency can be obtained
by considering the difference between the first and the second spectral line of the positive band of
the power spectrum [14]. Figs. 17, 18, 19, and 20 present the spectral lines of the positive band and
the respective chopping frequency generated by the analyzed configurations, where configuration 8
represents the value measured by [14]. By using Eq. (6) and knowing the value of IV, it is possible to
arrive at the value of w),.

Fig. 13 (a) and (b) show the power spectra obtained from Configurations 1 and 6, respectively.
Observing the power spectra, it is possible to notice that the BW for the RPA Matrice 300 is greater
than that obtained for the RPA Fimi X8 SE. This was mainly due to the fact that the r of the Matrice
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300 aircraft was higher than that of the Fimi X8 SE.
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Fig. 13. Power spectrum for (a) Configuration 1 and (b) Configuration 6.

By analyzing Fig. 14 (a) and (b), which were obtained from the RPA Hercules 500, it is evident that
BW more than doubled in Configuration 3 compared to Configuration 2, where the values w, were
70 rev /s and 140 rev / s, respectively.
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Fig. 14. Power spectrum for (a) Configuration 2 and (b) Configuration 3.

Fig. 15 (a), (b) and (c) show configurations 2, 4, and 5, respectively. Additionally, it is evident that
changing [ significantly alters the power spectrum, and in configuration 5, the BW value cannot be
extracted from the generated spectrum.
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Fig. 15. Power spectrum for (a) Configuration 2, (b) Configuration 3 and (c) Configuration 5.

Finally, comparing the power spectra of configurations 7, shown in Fig. 16 (a), and configuration 8,
shown in Fig. 16 (b), it is evident that both spectra have similar BW. However, in configuration 8,
generated by measurement for the RPA Phantom 4, the return from the main body is clearly visible,

whereas in configuration 7, this return was not considered.
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Fig. 16. Power spectrum for (a) Configuration 7 and (b) Configuration 8.

Fig. 17 (a) and (b) present the chopper frequency for configurations 1 and 6, corresponding to the
Matrice 300 and Fimi X8 SE models, respectively. These models have different propeller sizes, and it

is evident that the spacing between the spectral lines is greater in configuration 6.
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Fig. 17. Chopping frequencies for (a) Configuration 1 and (b) Configuration 6.

Fig. 18 (a) and (b) show the spacing between the spectral lines for the power spectra generated
by configurations 2 and 3. It is possible to observe that the spectral lines are more closely spaced for
configuration 3. The greater spacing for configuration 3 occurs because configurations 2 and 3 represent
the same RPA model (Hercules 500), but configuration 3 uses twice the w,, of configuration 2.
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Fig. 18. Chopping frequencies for (a) Configuration 2 and (b) Configuration 3.

Fig. 19 (a), (b), and (c) display the chopper frequency for configurations 2, 4, and 5, which correspond
to the same RPA model (Hercules 500) but with elevation angles of 0°, 60°, and 90°, respectively. By

observing the spacing of the spectral lines, it is possible to notice that the chopper frequencies change
as [ increases.
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Fig. 19. Chopping frequencies for (a) Configuration 2, (b) Configuration 4 and (c) Configuration 5.
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Fig. 20 presents a comparison regarding the distance between the first and second spectral lines of
the power spectrum generated by simulation, shown in Fig. 20 (a), and the one measured for the RPA
Phantom 4, shown in Fig. 20 (b). The simulated BWW and chopping frequency results extracted from
the power spectra for the RPA Phantom IV were close to the measured results. When analyzing the
power spectra shown in Fig. 20 and comparing the results in Table IV, it is possible to observe that the
simulated BW is 8 kHz, while the measured result is 7.5 kHz, which represents a variation of 6.66%.
In addition, the simulated chopping frequency was 140.6 Hz, while the measured value was 140 Hz,
representing a difference of 0.4% relative to the measured one.

Additionally, when comparing the results of configuration 7, it is possible to differentiate the data
from the RPA Phantom IV with the data from other RPA models such as the Matrice 300, Fimi X8 SE,
and Hercules 500 with wj, of 140 rev/s. Considering that the BW for the Matrice 300, Configuration
6, is 25.2 kHz and its chopper frequency is 199.2 Hz, the Fimi X8 SE has a chopper frequency of 160
Hz. The Hercules 500, with twice the rotor speed and the same r size, has a BWW of 17.1 kHz and a
chopper frequency of 277.3 Hz.

Therefore, it can be concluded that the simulated results are close to the measured results and allow
the RPA Phantom IV to be differentiated from other aircraft models or similar models with different

rotor speeds. Thus, the simulated results can be used in the power spectrum modeling of RPAs.
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Fig. 20. Chopping frequencies for (a) Configuration 7 and (b) Configuration 8.

Table IV presents the values extracted from the spectrograms and power spectrum. Considering
that configuration 5 does not allow extracting information, it was not inserted in this table. With the

generated values, Eq. (6) and the relation w), = % were used to estimate r and w,.

TABLE IV. MD EFFECT CHARACTERISTICS OBTAINED FROM THE ANALYZED CONFIGURATIONS.

Configurations 1 2 3 4 6 7 8 (measured)
BW spectrogram (kHz) 8 8.2 17.3 6.75  25.25 8.1 7.0933
BW Power spectrum (kHz) 8 8.1 17.1 6.55 25.2 8 7.5024
T. spectrogram (ms) 122 143 7.1 14.2 10 14.3 14
chopping frequency 160 140.6 2773 1406 199.2 140.6 140
r estimated 11 14 14 14 26.65 144 14
wp estimated 81.3 69.93 140 6989 100  69.93 71.42

B. Micro-doppler Effect of Birds

Figs. 21, 22, 23, and 24 present the spectrograms generated through simulations in which the
configurations presented in Table II were implemented using the equations from Section III. The BW

and wingbeat period values obtained from the generated spectrograms are shown in Table V.
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Fig. 21 (a) and (b) show the spectrograms for configurations (a) and (c), respectively, which cor-
respond to different flight speeds and fy..; values. By analyzing the spectrograms, it is evident that

increasing the flight speed and fj.,+ results in an increase in the signal bandwidth and a decrease in
the wingbeat period.
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Fig. 21. Signature MD of a bird in (a) Configuration (a) and in (b) Configuration (c).

To observe the variation in bandwidth and wingbeat period, configuration (d) was used. For this
configuration, the upper arm and forearm lengths of the bird’s wing are 0.375 m. Fig. 22 (a) and
(b) compare the spectrograms for configuration (c), which assumes an upper arm and forearm length
of 0.625 m, with configuration (d), which uses reduced dimensions. Flight speed and fp.,; remain
the same for both configurations. The analysis reveals that the BW value decreases for the bird with
smaller wingspans compared to the one with larger wingspans. Specifically, for configuration (d),
BW = 161.6 Hz, while for configuration (c), BW = 288 Hz. No change was observed in the wingbeat
period. Thus, reducing wing size directly reduces the BW.

Frequency (Hz)

Bandwidth: 288 Hz

Bandwidth:161,6 Hz

4 6 8 4 6
Time (s) Time (s)
(a) Configuration (c) (b) Configuration (d)

Fig. 22. Signature MD of a bird in (a) Configuration (c) and in (b) Configuration (d).

Fig. 23 illustrates the effect of increased flight speed on the spectrogram’s appearance. In config-
uration (f) shown in Fig. 23 (b), a variation in the central Doppler frequency is observed, starting at
200 Hz and ending at —200 Hz. This variation occurs because the radar is positioned at the midpoint
of the bird’s path, and at ¢ = 5 s, the bird is at its closest point to the radar. For ¢t < 5 s, the bird is
approaching the radar, while for ¢ > 5 s, it is moving away. Additionally, the BW increases significantly
from configuration (b), Fig. 23 (b), to configuration (f).

Brazilian Microwave and Optoelectronics Society-SBMO  received 30 Aug 2024, for review 19 Nov 2024; accepted 14 Mar 2025
Brazilian Society of Electromagnetism-SBMag © 2025 SBMO/SBMag CORT  /ssy 2179-1074



Journal of Microwaves, Optoelectronics and Electromagnetic Applications, Vol. 24, No. 2, €2025289901, Jun 2025
DOL: https://dx.doi.org/10.1590/2179-10742025v24i2289901

400
< Wing beat period: 0,996 s
N 200
= oy
=]
g g o0
=1 i S
g ,8 Hz 2
i3 F 200
-400
4 . 6 4 6
Time (s) Time (s)

(a) Configuration (b) (b) Configuration (f)

Fig. 23. Signature MD of a bird in (a) Configuration (f) and in (b) Configuration (g).

Finally, when observing Fig. 24 (a) which shows the simulated result and Fig. 24 (a) the measured,
it is possible to note that the spectrograms are very similar. Although the author does not provide
information about the bird’s wing dimensions, flight speed, or fyeq:, it can be inferred that if the bird
has dimensions similar to a frigate minor, it was likely flying at a speed greater than 4 m/s and with

a wingbeat frequency of approximately 3.3 Hz.
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Fig. 24. In (a) which presents the simulated spectrogram and (b) the measured one.

By analyzing the previous figures, the oscillations representing the wingbeat can be observed, allow-
ing the determination of the wingbeat period. For configurations where fp..; = 0.5 Hz, the wingbeat
period is approximately 2 seconds, while for fp.,+ = 1 Hz, the wingbeat period is approximately
1 second. Additionally, configurations with a 1 Hz wingbeat at the same flight speed exhibit a greater
BW, as seen when comparing configuration (c) to (b) and configuration (f) to (e). Furthermore,
configuration (d), which has shorter upper arm and forearm dimensions, presented a smaller BW
compared to configuration (c), despite having the same fp.,;+ and flight speed. This indicates that
smaller birds generate smaller BW values.

At t = 5 s, the bird is at its closest radial distance to the radar, as the radar was positioned at the
midpoint of the bird’s trajectory along the x-axis. When analyzing the generated spectrograms, it is
evident that all of them exhibit greater signal intensity when the bird is closer to the radar. Conversely,
at £ = 0 s and ¢ = 10 s, the signal intensity is lower. Additionally, it is noticeable that the central
frequency is positive for ¢ < 5 s (indicating the bird is approaching) and becomes negative for ¢ > 5 s
(indicating the bird is moving away). Finally, by observing spectrograms (e) and (f), it can be seen that
at t = 0 s, the frequency is 200 Hz; at t = 10 s, it is —200 Hz; and at t = 5 s, it is zero.

The BW measured from the spectrograms obtained in the RPA simulations ranged from 6.75 kHz to
25.25 kHz, while the variation observed in the spectrograms for birds ranged from 156.8 Hz to 300 Hz.
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These results demonstrate that RPAs generate a significantly higher BW in spectrograms compared to
birds, indicating that RPAs can be effectively differentiated from birds based on the BW they produce.

TABLE V. RESULTS OBTAINED FROM THE CONFIGURATIONS OF BIRDS UNDER ANALYSIS.

Configurations (a) (b) (c) (d) (e) (€3] (g) (measured)
BW spectrogram (Hz) 163 156.8 288 161.6 217.6 294.4 300
Wing beat period (s) 1.97 1.98 1.01 1 1.97 0.996 0.302

C. Analysis of Simulated Results: Comparison Between RPAs and Birds

As demonstrated in Subsection A, the simulated and measured results for RPAs are closely aligned,
indicating that the simulated results can effectively distinguish RPAs with different rotor sizes and even
models with the same r value but different rotor rotation speeds. Similarly, the simulated and measured
results for birds, as presented in Subsection B, show a comparable level of accuracy.

Moreover, as shown in Table IV, the BW values for RPAs ranged from 6.75 kHz to 25.25 kHz,
while for birds, this range was from 156.8 Hz to 300 Hz. This significant difference in BW values
demonstrates that RPAs produce substantially higher BW values compared to birds. Consequently, this
variation reinforces the validity of using simulated results to generate data that supports the development
of models capable of distinguishing RPAs from birds.

Finally, the simulated results significantly facilitate the collection of data, such as those presented in
Tables IV and V, which can be used to build a database for training neural networks to automatically
classify RPAs and birds on radar systems, as shown in works such as [11] and [18]. Collecting data from
a wide variety of birds and RPAs is costly and labor-intensive. Therefore, the methodology presented
in this study offers a practical approach to creating databases that support neural networks for the

automatic classification of these targets.

D. Analysis of MD Measures Performed

The FMCW Radarlog generated a spreadsheet in HDFS5 format, where each row represents a chirp,
and each chirp contains 2048 samples corresponding to distance measurements. By applying a FFT to
one of the chirps, the distance graph shown in Fig. 25 is obtained. It is possible to observe two distinct
points: one at 3.8 m and another at 11 m, which represent, respectively, the RPA and a tree present at

the measurement location.

RPA Tree

Amplitude (dB)

5 10 15 20 25 30 35 40 45
Distance (m)

Fig. 25. Distance graph obtained by radar datas.
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Furthermore, by analyzing the variation of chirps over time, it is possible to extract information
about the target’s speed. The columns corresponding to the position where the RPA Fimi X8 SE was
located were analyzed, and a FFT was applied to this sequence of points. Fig. 26 shows the spectrogram

generated from these data.

Fig. 26 presents the spectrogram generated by observing the RPA Fimi X8 SE at a distance of
3.8 m. Only data corresponding to this specific distance were considered, with signals from other
positions eliminated. By analyzing this spectrogram, information about the MD effect can be obtained.
Additionally, considering that the RPA moved during the data recording, it is evident that within the
time interval from 0.4 to 0.8 seconds, there is an intensification of the signal. This indicates that the
aircraft was positioned precisely at the 3.8 m distance point during that period. However, due to a
decrease in the intensity of the Doppler frequency, it can be observed that the RPA did not remain at
that position throughout the entire recording period. It was outside this position during the intervals
from 0 to 0.4 seconds and from 0.8 to 1.2 seconds.
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Fig. 26. Mesuared spectogram.

Considering that the FMCW Radarlog radar operates with different parameters compared to the
radar used in the simulation model, whose results are presented in Subsection A, the calculated results
extracted from the FMCW Radarlog radar will be compared with the measured results from [11], which
used an FMCW radar operating at 94 GHz. In that study, the RPA was positioned 20 m from the radar,

and a methodology similar to the one adopted in this work was applied.

Fig. 27 (a) presents the spectrogram measured in the field, whereas Fig. 27 (b) displays the result
reported by [11]. Both spectrograms exhibit a similar frequency spread behavior. Near the frequency
of 0 Hz, there are more intense signals, accompanied by a scattering of lower-intensity frequencies
around 0 Hz. Due to the radar used by [11] operating at a higher frequency of 94 GHz, a Doppler
frequency of greater amplitude is observed in its spectrogram compared to the spectrogram produced
by the Radarlog, which operates at 76 GHz. Additionally, small streaks with constant periodicity can

be observed in the format of both spectrograms.
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Fig. 27. Spectrogram measured in the field shown in (a), and spectrogram obtained by [11] shown in (b).

V. CONCLUSION

This study aimed to analyze the use of the MD effect generated by the rotating parts of quadcopter
RPAs to classify these aircraft by estimating the w, and r. Additionally, it investigated the MD effect
produced by the flapping motion of bird wings to identify their characteristics and derive parameters
that can differentiate RPAs from birds. Finally, it measured the MD effect generated by the RPA Fimi
X8 SE using the FMCW Radarlog radar and analyzed the resulting spectrograms.

The results achieved by applying mathematical modeling of the echo signal of quadcopter RPAs
demonstrated that w, and r produce characteristic MD effects. By analyzing this effect and extracting
the signal BW, chopping frequency, and 7, from spectrograms and power spectra, it was possible to
estimate w, and r. The analysis provided the following findings: the RPA Fimi X8 SE with w, = 80
rev/s produced BW = 8 kHz and T, = 12.2 ms; the RPA Hercules 500 with w, = 70 rev/s produced
BW = 8.2 kHz and T;. = 14.3 ms; the RPA Matrice 300 with w,, = 100 rev/s produced BW = 25.25
kHz and 7. = 10 ms; and the RPA Phantom 4 with w, = 70 rev/s produced BW = 8.1 kHz and
T. = 14.3 ms. Using Eq. (6) and the relation w, = 1/7, it was possible to estimate r and w,, for each
RPA.

Furthermore, it was observed that (3 significantly affects the measurements of BW and 7.. To

correctly estimate w, and r, the radar must calculate 3 during measurement, as it is a component of
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Eq. (6). For example, the RPA Hercules 500 with 3 = 60° and w, = 70 rev/s produced BW = 6.75
kHz and T, = 14.2 ms, values distinct from those obtained at 8 = 0°. Additionally, for 8 = 90°, it
was impossible to extract BW and T, due to spectrogram degradation.

Using the mathematical model of bird wingbeat motion, it was observed in the spectrograms that
wingbeat movements are distinct from the motion of the bird’s main body. For example, the Frigate
Minor at a flight speed of 2 m/s and fpeq; = 0.5 Hz generated BW = 156.8 Hz and a wingbeat
period of 1.97 s. When f.,: was increased to 1 Hz, BW increased to 288 Hz, and the wingbeat period
decreased to 1.01 s. Similarly, for the Black-headed Gull, decreasing wing size at a flight speed of
2 m/s and fpeqt = 1 Hz resulted in BW = 161.6 Hz, showing that smaller birds generate smaller
BW. For the Frigate Minor at a flight speed of 4 m/s and fy.q: = 1 Hz, BW increased to 294.4
Hz, indicating that higher flight speeds result in larger BW. Therefore, birds with higher fiq;, larger
wings, and greater flight speeds generate broader BW.

By comparing the MD effects of birds and RPAs, it was found that BW can be used to distinguish
these targets. Specifically, the BW observed for birds ranged from 156.8 Hz to 300 Hz, while for
RPAs, it ranged from 6.75 kHz to 25.25 kHz. This significant difference allows clear differentiation
between birds and RPAs based on their MD characteristics.

Finally, the simulated results demonstrated their potential to replace measured results in the creation
of databases for differentiating RPAs and birds. Simulated data facilitate the generation of extensive
datasets while reducing the cost and effort associated with field measurements. These databases can
support the training of machine learning models, such as neural networks, to automatically classify
RPAs and birds, contributing to more efficient and automated radar systems.
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