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and collision hazards. To address these concerns, a radar with advanced processing is
needed. This study presents a preliminary design of an S-band continuous wave (CW)
radar, which was simulated using MATLAB. The size of the rotating propeller blades of
the micro-UAV ranges from 20 to 40 cm in length, while the size of a bird’s flapping wing
measures 35 cm in length, comprising 22 cm for the upper arm and 13 cm for the lower
arm. The analysis was conducted under hovering conditions, where the target's main
body is stationary while its micro-parts move continuously. The Short-Time Fourier
Transform (STFT) analysis successfully identified the unique signature of both targets.
Micro-UAVs; Micro-Doppler signature;  The results showed that the S-band CW radar design at 5 GHz is effective in extracting
radar application; CW radar; time- the micro-Doppler signature of a bird versus a micro-UAV. The extracted features can be
frequency analysis used as additional characteristics for target classification in the future.

Keywords:

1. Introduction

In recent years, micro-UAVs have become increasingly popular for various applications, both
institutional and personal. However, this increase in usage has led to a growing risk of illegal activity
[1-3]. Security control is thus a critical concern, and it is necessary to have technology designed
specifically for micro-UAV detection and tracking in the airspace [4]. Deployable micro-UAVs on a
large scale have raised concerns among authorities and communities. A detection system is required
that can differentiate between micro-UAVs and birds to minimize false alarms generated by other
objects in the airspace. This is because birds and micro-UAVs have similar Radar Cross Section (RCS)
and speed, making it difficult for sensors to distinguish between them [5,6]. To improve the
intelligence of the security system to detect and classify micro-UAV targets, an alternative approach
for micro-UAV identification utilizing continuous wave radar is presented.
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Sensor-based technology is used for detection, and there are different types of sensors available,
including cameras [7], light detection and ranging (LIDAR) [8,9], sound sensors [10-12], and radar [13-
15]. While cameras have the ability to capture images, they are limited in resolution, making them
difficult to apply at high altitudes. LIDAR detection has some improvements, but it is expensive and
limited in battery capacity and area size.

Radar sensors offer a significant approach to drone detection due to their operational range and
ability to measure moving targets. Radar can be pulse or continuous wave form-based. Pulse radar
can work at longer distances [16-18], but it has blind spots and requires high transmitting power.
Continuous-wave radar continuously emits and receives electromagnetic waves and has no blind
spots, making it practical for short-range sensing [19,20].

The micro-doppler (m-D) signature has been used to classify micro-UAVs and birds [21-23]. The
moving part of the target causes frequency modulations on the backscattered echo waves, which
result in distinct signatures depending on the target movements. Detailed Doppler characteristics
can be extracted [24-27], enabling the radar to discriminate between micro-UAVs and birds.
Spectrogram analysis is used for this purpose.

In the field of radar-based target identification, a noticeable gap exists in the comprehensive
analysis of m-D signatures to discriminate between birds and micro-UAVs. While prior research has
made strides in characterizing the m-D signatures of various targets, the specific differentiation
between avian species and micro-UAVs remains largely unexplored. This gap in knowledge is
particularly significant in the context of wildlife monitoring, airspace security, and drone regulation.
Understanding the unique m-D patterns generated by birds and micro-UAVs is crucial for enhancing
the accuracy and reliability of radar-based surveillance systems. Moreover, such insights can inform
the development of more effective countermeasures against potential threats posed by UAVs and
help mitigate the impact of UAVs on avian populations. Therefore, this study aims to bridge this gap
by providing a comprehensive analysis of m-D signatures with specific objectives:

i. Develop a CW radar model using MATLAB programming to manage both transmitting and
received signals.
ii. Investigate the radar signals reflected back from both micro-UAVs and birds.
iii.  Extract distinctive characteristics from the m-D signatures with the aim of classifying
targets.

These objectives guide our research efforts towards a better understanding of m-D signatures
and their application in differentiating between birds and micro-UAVs, ultimately contributing to
advancements in radar-based target identification technology and its practical use.

In pursuit of these objectives, the research methodology for obtaining the m-D signature with a
CW radar model in a MATLAB simulation is described in detail in Section 2. Section 3 presents the
simulation results, which effectively illustrate the proposed method's capabilities and outcomes.
Finally, in section 4 concludes the paper and presents future works.

2. Methodology

The primary concept of micro-UAV detection involves using a sensor to detect and identify
objects in shared airspace. This section outlines the working process of CW radar and how it can be
used to detect a target. To investigate the radar's capability to detect a specific target, we will discuss
the use of a MATLAB simulation for an S-band CW radar. Specifically, we will compare the detection
of two targets: the rotating propeller blades of a micro-UAV and the flapping wings of a bird.
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2.1 CW Radar Analysis

In micro-UAV detection, a sensor is utilized to detect objects within the shared airspace. To
accomplish this, S-band CW radar is employed to emit radio waves, which are reflected or scattered
when they contact an object. The transmitted signal, Sr(t), and the received signal, Sg(t), are
expressed in Eq. (1) and Eq. (2), respectively.

Sr(t) = Ae/?miot (1)
Sp(t) = Ae/?mfo(t-to) (2)

Here, A is the amplitude signal, f; is the carrier frequency of 5 GHz, and ¢, is the time delay. The
signal is sampled with a 100 kHz sampling frequency, F;, over an integration time, T, of 5 ms. The
sampling period, Ty, is inversely proportional to F;. To shift the signal's spectrum from f; to 0 Hz, the
received signal is multiplied by e /2™t The time delay, to, can be calculated as the round-trip of the
signal from the transmitter to the target and back to the receiver, as shown in Eq. (3)

__ 2Ry

to = (3)

Cc

where R is the initial range of the target and c is the speed of light.

; _2Ro

S(t) = AeP (1) @)
However, the use of advanced processing radar in this research needs to replace R, with r(t)
which is focused on the rotation of the rotor blade and flapping wing. Practically, most traditional
radar systems focus on R, as mentioned in Eq. (4) and not all radars focus on r(t). Due to this matter,

it failed to differentiate the target.

Zr(t))

Sp(t) = Aei2m (¢ (5)

The m-D technique cooperates with r(t) as stated in the Eq. (5).
2.2 The Mathematical Model for Propeller Blade

To assess the kinematics of micro-UAV with the operating radar, a model-simplifying assumption
has been made regarding the primary body, which is assumed to be stationary while the propeller
blades move uniformly. The model classification is based on the degree of dissimilarity in the m-D
properties of rotational motion. Two coordinate systems, a fixed space coordinate system (X,Y) and
a fixed object coordinate system (x,y) that are parallel to each other, have been established. The
radar and propeller centers are located at the initial point of the two-coordinate system respectively.

As the radar remains stationary while the target is in motion, with both translational and
rotational velocity. The rotational velocity is represented by the symbol w,, while the symbol v
represents the translational velocity. The target's initial distance from the radar is denoted as R, and
the time is denoted as t. The length of the propeller blade is L. Figure 1 illustrates the time-varying
distance r(t) between the antenna and S,, which revolves around §;.
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X-axis
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rotation rate of
propeller blade

S; : stationary

Antenna r(t)

S, : rotating with
coordinate x(t), y(t)

Fig. 1. The kinematic mechanism of radar system with a rotating propeller blade

The x-component and y-component motions, which are the breakdown of movement
components used to determine the entire range of the propeller blade. The x-component of the
target only accounts for rotational movement, as shown in Eq. (6)

Y BladeX = L,cos(w,t) (6)

On the other hand, the y-component of the target consists of the starting range, the target's
translational movement, and the y -component of rotational motion, as demonstrated in Eq. (7)

Y. BladeY = Ry + vt + L,sin (w,t) (7)

The total distance between the radar and the target is calculated using the Pythagorean theorem
for both components, as demonstrated in Eq. (8)

r(t) = /(X BladeX)? + (¥ BladeY)? (8)
2.3 The Mathematical Model for Flapping Bird’s Wing

The motion of a bird with flapping wings is a common example of a non-rigid target with joints.
The kinematic model of a bird's flapping wing shows that the wing has two interdependent
components, the elbow joint and the wrist joint. In Figure 2, the lower arm connects to the wingtip
at the wrist joint, while the upper arm connects to the lower arm at the elbow joint. The wrist joint
can rotate and swing along two vertical axes of motion, while the elbow joint can only move up and
down on a fixed plane.
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Fig. 2. The kinematic mechanism of radar system utilizing a flapping bird’s wing

To simplify the modelling process, the wingtip L5 is disregarded, and it is assumed that the upper
arm L4 is largely immobile at the point S;, while the lower arm L, is flapping at a point S,. The
scattering point in the lower arm L, oscillates, while the flapping wing target travels with an angular
velocity of bird wing w. The angular and linear velocities of the target can be determined using Eq.
(9) and Eq. (10)

w = Zﬂfflap (9)
v = —2(Ly + Ly)TAffiqpsin (wt) (10)

where ffqy is the lower arm's flapping frequency. A is the lower arm's flapping amplitude, and L,
and L, represent the lengths of the upper and lower arm, respectively. Eq. (11) provides a
mathematical representation of the total range of the flapping wing target, incorporating both the
linear motion and the range oscillation. It allows for the calculation of the target's position in terms
of range at a specific time in the simplified model. It can be expressed as

Total r(t) = Ry + vt + wt sin(wt) (11)

Here, Total r(t) represents the total range at a given time, R, is the initial range, vt accounts
for the linear motion of the target, and wt sin(wt) describes the range oscillation.

2.4 Signal-Processing

The overlapping Fast Fourier Transform (FFT) applied to each range bin of a time domain signal is
a crucial measurement method for obtaining a spectrogram. This method converts a signal into
spectral components, providing frequency information about the signal. To begin this process, a
portion of the signal is received and stored in memory for further processing. The sampling frequency
of the radar system is denoted by F;, = 1/T, with the "Nyquist frequency" equal to half the value of
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F;. According to the Nyquist theorem, F; must be at least double the highest frequency signal to
accurately measure the sample. The frequency resolution is determined by selecting the FFT length.
For non-stationary signals, the STFT is a time-frequency analysis technique that is employed. STFT
separates a time-domain input signal into overlapping frames by multiplying the signal with a window
function and then applying the FFT to each frame. The window function's length in the STFT is related
to the signal's resolution. Longer windows offer higher frequency resolution but lower time
resolution, while shorter windows provide higher time resolution but lower frequency resolution.

3. Results

In this section, the outcomes derived from the processed and analysed MATLAB data are
presented and discussed. A sampling frequency of 100 kHz and an integration time of 700 ms were
used to sample the signal, where the sampling frequency and integration time are denoted by F; and
T, respectively. The selection of the 5 GHz frequency range for this study took into account budget
limitations. Although it is generally true that lower frequency ranges necessitate larger and costlier
antennas, it should be emphasized that not all components related to higher frequency ranges are
less expensive. In fact, higher frequency ranges may require a substantial budget allocation for the
procurement of other associated components. However, it remains accurate to state that antennas
designed for higher frequency ranges are typically less expensive due to their smaller physical
dimensions. Figure 3 displays the frequency spectra of the signals, with the frequency span ranging
from -50 kHz to 50 kHz due to the sampling frequency of 100 kHz. A spike at O Hz frequency Doppler
indicates that the target is stationary, as illustrated in Figure 3.

100 Frequency Spectrum of Received Signal

X0
Y 84.2884
50 -

o
T

Amplitude [dB]
o
o

-100

_1 50 1 1 L L 1 1 1 1 1
-5 -4 -3 -2 -1 0 1 2 3 4 5

Frequency [Hz] x10%
Fig. 3. The frequency spectrum of the receiving signal

3.1 M-D Analysis of Rotating Propeller Blade

In addition to the FFT and Doppler distribution analysis, the Short-Time Fourier Transform (STFT)
is also employed to study the propeller blade's rotational characteristics. Figure 4(a) presents the FFT
graph, which shares the same 700 ms duration as the STFT graph in Figure 4(b). The STFT spectrogram
showcases a trade-off between time and frequency resolution. By using a window length of 100, the
STFT achieves a finer frequency resolution but at the expense of coarser time resolution.
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This behaviour is observed due to the dispersion of signal energy along the time axis and the
compactness along the frequency axis in the STFT spectrogram. The shorter window length allows
for more precise frequency information, allowing us to discern finer details of the propeller blade's
rotational rate. However, this comes at the cost of reduced time resolution, as the shorter window
length covers a smaller portion of the overall time duration.

When examining the Figure 4(a), the doppler distribution value at -3159.95 Hz and 3159.95 Hz
still holds significant information about the propeller blade's rotational rate, just as in the STFT
analysis. Expanding upon the analysis, at v=0 m/s, the Doppler distribution in Figure 4(b) exhibits the
same interesting symmetry observed in the FFT graph. The distribution is equal at both the negative
and positive sides of the graph. This symmetry arises because when the target is hovering, there is
no relative motion between the target and the sensor. Consequently, the reflected signal experiences
an equal but opposite frequency shift compared to the transmitted signal.

By incorporating the STFT analysis and discussing its characteristics alongside the FFT and Doppler
distribution, a comprehensive understanding of the propeller blade's rotational behaviour can be
obtained.

0 Frequency Spectrum of Received Signal 5 «10% Time-Frequency Analysis (STFT)
X -3159.95 X 3159.95
Y -0.607598 Y -0.627647 -4 20

Amplitude [dB]
Frequency (Hz)
o

-120

-5 -4 -3 -2 -1 0 1 2 3 4 5 0.1 0.2 0.3 0.4 0.5 0.6
Frequency [Hz] «10% Time (Seconds)

(a) (b)
Fig. 4. The m-D analysis of a micro-UAV shows (a) the FFT analysis of the propeller blade, and (b)
the STFT analysis of the propeller blade

3.2 M-D Analysis of Flapping Bird

Figure 5(a) shows significant dispersion when the flapping frequency (fflap) is set to 5 Hz. In this
analysis, a Fast Fourier Transform (FFT) is applied to the signal obtained from the flapping bird, with
a sampling frequency of 100 kHz, meaning that 100,000 samples are acquired per second. An
integration time of 700 ms is used to enhance the signal quality and reduce noise.

The dispersion observed in Figure 5(a) indicates that the frequencies present in the signal are
spread out or distributed over a wide range. This dispersion can be attributed to the flapping motion
of the bird at a frequency of 5 Hz. As the bird flaps its wings, it generates a varying Doppler shift in
the reflected signal. This Doppler shift introduces a range of frequencies in the received signal,
resulting in dispersion in the FFT graph. The significant dispersion observed in Figure 5(a) suggests
that the flapping motion of the bird at 5 Hz contributes to a wide range of frequency components in
the received signal. This dispersion can provide valuable information about the flapping bird's motion
and characteristics, allowing for further analysis and interpretation of its behaviour.

However, instead of calculating a single FFT on the entire signal, the STFT divides the signal into
smaller segments or time windows and performs FFT on each window. This allows capturing the
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signal's frequency content and how it varies over time. Figure 5(b) represents the STFT analysis for
the flapping bird with a flapping frequency of 5 Hz. It illustrates how the frequency content of the
signal changes over time. Each point in the graph corresponds to a specific time-frequency bin and
represents the magnitude or power of the frequency components at that particular time and
frequency.

By observing Figure 5(b), one can analyse the time-varying characteristics of the bird's m-D
signature. The STFT analysis provides insights into how the frequency components change as the bird

flaps its wings. It may reveal patterns, trends, or distinctive features related to the bird's motion or
other characteristics.

Frequency Spectrum of Received Signal <104 Time-Frequency Analysis (STFT)

Amplitude [dB]
' IN & N EN
o o o o

o
o
Frequency (Hz)

0.1 0.2 0.3 0.4 0.5 0.6
Frequency [Hz] %104 Time (Seconds)

(a) (b)
Fig. 5. The m-D analysis of a bird shows (a) the FFT analysis of the bird wing, and (b) the STFT
analysis of the bird wing

3.3 Various Model Properties & Variables

In the conducted analysis, both FFT and STFT techniques were employed to examine the m-D
signature induced by varying lengths of propeller blades on micro-UAVs. The micro-UAV target was
equipped with two sets of propeller blades, one measuring 20 cm and the other 30 cm in length,
rotating at a fixed rate of 40 rotations per second (rps), equivalent to an angular velocity of
approximately 80m rad/s. The results of the FFT analysis, presented in Figure 6, displayed a doppler

distribution for the 20 cm propeller blade, with lines separated by approximately -1519.98 Hz and
1519.98 Hz.
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Frequency Spectrum of Received Signal

Frequency Spectrum of Received Signal

X -1519.98 X 1519.98 X -2359.97 X 2359.97
Y -0.769465 Y -0.779528 Y -0.0994837 Y -0.110317

Amplitude [dB]
Amplitude [dB]

Frequency [Hz] %104 - Frequency [Hz] %104
(@) (b)
Fig. 6. The FFT analysis of the micro-UAVs at (a) 20 cm (b) 30 cm length of propeller blade

In comparison, the doppler distribution observed for the 30 cm propeller blade, depicted in Figure
7, exhibited lines separated by approximately -2359.97 Hz and 2359.97 Hz. These doppler
distributions provided insights into the rotation rates of the respective propeller blades.
Furthermore, the STFT analysis was conducted to explore the m-D signature characteristics in more
detail. The collected data was digitized at a sampling frequency of 100 kHz, resulting in a total of 100
kiloSamples and a measurement duration of 700 ms. The window length of 100 was utilized to extract
the m-D signature. The results of the STFT analysis demonstrated that the periodical sinusoidal
signature of the 30 cm propeller blade was more distinct and well-defined compared to the 20 cm
propeller blade. The STFT plot revealed that larger propeller blades exhibited a higher separation
between lines, indicating a clearer representation of the frequency components associated with the
propeller blade's rotation rate.

By combining the insights from the FFT and STFT analyses, a comprehensive understanding of the
effects of propeller blade length on the micro-UAV's m-D signature can be obtained, enabling
improved detection and characterization of the target. Two different model properties and variables
were considered for both micro-UAVs and birds in this study. The first model aimed to investigate
the detection of the m-D signature induced by varying lengths of propeller blades, while the second
model aimed to explore the detection of the m-D signature induced by different lengths of the bird's
lower arm.

5 %104 Time-Frequency Analysis (STFT) s %104 Time-Frequency Analysis (STFT)
-4 20 4 20
-3 0 -3 0
-2 -2 2
— -20 — -
T - T 1
3 0 z -40
g ° g °
s s -60
2 50 2
2 2 -80
-80
3 3 -100
-100
4 4
-120
0.1 0.2 0.3 0.4 0.5 0.6 0.1 0.2 0.3 0.4 0.5 0.6
Time (Seconds) Time (Seconds)

(a) (b)
Fig. 7. The STFT analysis of the micro-UAVs at (a) 20 cm and (b) 30 cm length of propeller blade
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The next model investigated in this study focuses on a bird target with flapping frequencies of 3
Hz and 4 Hz. To analyse the m-D signature induced by the bird's wing motion, data was collected at
a sampling frequency of 100 kHz, resulting in 100,000 samples or a duration of 700 ms for each
signature. Figure 8 presents the FFT spectrograms of the bird wing, providing insights into the
frequency components associated with different flapping frequencies. The spectrograms illustrate
the time-varying frequency content of the radar signal, allowing for a detailed examination of the
bird's flight dynamics. The FFT spectrogram for the 3 Hz flapping frequency exhibits a more localized
and concentrated distribution of frequency content compared to the 4 Hz flapping frequency. This
suggests a relatively stable and consistent flapping motion over time at 3 Hz. Conversely, the FFT
spectrogram for the 4 Hz flapping frequency shows a wider spread of frequency components,
indicating a more varied and dynamic wing motion.

In addition to the FFT analysis, the STFT analysis was conducted to further explore the m-D
signature of the bird target with flapping frequencies of 3 Hz and 4 Hz. The STFT analysis allows for a
more detailed examination of the frequency content over time. The collected data, digitized at a
sampling frequency of 100 kHz, provided a high-resolution representation of the bird's wing motion.

Frequency Spectrum of Received Signal Frequency Spectrum of Received Signal
T T T T T T T T T T T T T T

Amplitude [dB]
Amplitude [dB]

Frequency [Hz] %104 Frequency [Hz] «10%
(a) (b)
Fig. 8. The FFT analysis of the bird wing at (a) 3 Hz and (b) 4 Hz flapping frequency

Figure 9 displays the STFT spectrograms for the bird wing at the two different flapping
frequencies. The STFT spectrograms illustrate the time-varying frequency components of the radar
signal, providing a comprehensive view of the bird's flight dynamics. For the 3 Hz flapping frequency,
the STFT spectrogram exhibits a more localized and concentrated distribution of frequency content,
indicating a relatively stable and consistent flapping motion over time. Conversely, the STFT
spectrogram for the 4 Hz flapping frequency shows a wider spread of frequency components,
indicating a more varied and dynamic wing motion.

The STFT analysis enhances our understanding of the bird's m-D signature by capturing the
temporal variations in frequency content. It allows for the identification of different phases in the
bird's flapping cycle and provides insights into the timing and duration of specific frequency
components associated with the wing motion. By comparing the FFT spectrograms and the STFT
spectrograms for different flapping frequencies, we can distinguish patterns and characteristics that
are unique to each frequency, contributing to the overall radar signature of the bird.

Combining the findings from the FFT analysis and the STFT analysis provides a comprehensive
analysis of the m-D signature induced by the bird's wing motion at 3 Hz and 4 Hz. These insights
contribute to the understanding of the bird's flight behaviour, aiding in the effective detection,
identification, and tracking of avian targets in radar systems.
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5 «10% Time-Frequency Analysis (STFT) 5 «10* Time-Frequency Analysis (STFT)
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(a) (b)
Fig. 9. The STFT analysis of the bird wing at (a) 3 Hz and (b) 4 Hz flapping frequency

4. Conclusions

A MATLAB simulation was used to investigate the preliminary design of an S-band CW radar. The
motivation behind this study was to address the growing problem of illegal and harmful activities
involving micro-UAVs. The study compared two cases: the rotating propeller blades of a micro-UAV
and the flapping wings of a bird. The results suggest that an S-band CW radar at 5 GHz is an effective
means of detecting the m-D signatures of both targets, which may pose a challenge for conventional
radars. The STFT method was used to successfully distinguish the unique signatures of both targets,
and the results were consistent with previous research. Mathematical models of both targets were
employed to better understand the kinematic mechanism of the radar with respect to the target.
Further research should be carried out to apply these findings and enhance the detection capabilities
of radar. However, it is crucial to conduct further research and analysis to fully assess the practical
impact and potential benefits of these enhancements in improving radar's detection capabilities.
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