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Drone Detection with Chirp-Pulse Radar Based on

Target Fluctuation Models

Byung-Kwan Kim, Junhyeong Park, Seong-Jin Park, Tae-Wan Kim, Dae-Hwan Jung,

This paper presents a pulse radar system to detect
drones based on a target fluctuation model, specifically
the Swerling target model. Because drones are small
atypical objects and are mainly composed of non-
conducting materials, their radar cross-section value is
low and fluctuating. Therefore, determining the target
fluctuation model and applying a proper integration
method are important. The proposed system is herein
experimentally verified and the results are discussed. A
prototype design of the pulse radar system is based on
radar equations. It adopts three different pulse modes
and a coherent pulse integration to ensure a high
signal-to-noise ratio. Outdoor measurements are
performed with a prototype radar system to detect
Doppler frequencies from both the drone frame and
blades. The results indicate that the drone frame and
blades are detected within an instrumental maximum
range. Additionally, the results show that the drone’s
frame and blades are close to the Swerling 3 and 4
target models, respectively. By the analysis of the
Swerling target models, proper integration methods
for detecting drones are verified and can thus
contribute to increasing in detectability.
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I. Introduction

Detecting small targets that have a low radar cross-
section (RCS) by using radar is a challenging task [1], [2].
Drones, also known as unmanned aerial vehicles, are
increasingly being used for many purposes, such as
surveillance, logistics, and aerial recordings, because they
are much less expensive and easier to operate than
conventional aircraft. Drones are difficult to detect with a
radar system since their frames and blades are comprised
of non-conducting materials, which lead to much smaller
RCS values compared to conventional flight vehicles. In
addition, they fly slower at lower altitudes than other
flying objects; therefore, it is challenging to distinguish
them from typical radar clutters. Considering typical radar
clutters and the RCS of potential targets, the rotating
blades of a drone lie in the clutter-free region since they
have a high radial velocity with a very low RCS. Thus, to
detect and identify drones, it is more effective to detect the
Doppler frequencies produced by not only the drone’s
movement, but also the drone’s rotating blades.

To detect drones with a low RCS, various radar systems
for detecting drone movement have been recently
proposed [3], [4]. However, it is difficult to recognize the
drones from only the Doppler frequency caused by the
movement of the drone body. This is because it does not
determine the features of the drone itself. In terms of
blades of aircraft and drones, previous radar studies
focused on the characteristic of a returned radar signal to
distinguish targets by analyzing the characteristic. Early
studies [5]-[7] concluded that the returned radar signal
from a rotating object is amplitude- and frequency-
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modulated by approaching quasi-stationary methods. A
recent study [8] showed that these signals can be analyzed
in a time-frequency plot, namely a micro-Doppler
signature or a spectrogram. Additionally, a study based on
the micro-Doppler signature [9]-[15] produced an
efficient method based on the micro-Doppler signature to
distinguish and classify targets.

Although micro-Doppler signature analysis is effective
at distinguishing targets from other clutters, the detection
itself of drone blades is challenging because the drone
blades are much smaller than the body; moreover, the
RCS changes from moment to moment. To solve this
problem, applying pulse integration to address adequate
gain and determining the requisite specifications of drone
detection radar should be conducted, followed by micro-
Doppler analysis for accurate detection.

Previous studies have been limited to detecting drone
movement or the micro-Doppler of its blades. However,
in our study, we consider the target fluctuation model of
both the drone body and blades. The target fluctuation
model was first presented by Swerling [16], who showed
that the radar targets can be classified by the RCS
fluctuation due to their movement or rotation. In
addition, detection probability of the targets was derived
with the chi-square model. If we apply a proper
integration method according to the Swerling model of
the drone, the detectability can be significantly increased.
In this study, we thus measured the returned signals from
the drone’s vertically and horizontally rotating blades
using commercial chirp-pulse radar. We estimated the
target fluctuation model of the drones based on the
measurement results. Accordingly, we propose a proper
integration method.

The remainder of this paper is organized as follows. In
Section II, the prototype pulse radar system is described.
In Section III, the experiment setup and results are
presented and discussed. In Section IV, the study
conclusions are presented.

II. Chirp-Pulse Doppler Radar Prototype

The radar prototype is depicted in Fig. 1; the
specifications are listed in Table 1. The prototype is a
chirp-pulse Doppler monostatic radar, which uses a
34.5 GHz carrier frequency. We introduce three distinct
pulse modes to overcome an ambiguity problem and the
large minimum range of pulse compression radar. The
developed system transmits and receives three types of
pulses in one pulse repetition frequency (PRF).

The pulse Doppler radar detects the distance of a target
by the time difference between the transmitted signal and
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Fig. 1. Prototype Doppler radar system.

Table 1. Prototype radar specifications.

Item Specification
Detection range 1 km
Range resolution 2.02 m
Center frequency 34.5 GHz
Antenna Reflector antenna
Peak power 02 W
Receiver noise floor 6 dB
Pulse width 20 ns, 1 ps, 4 ps
Pulse repetition frequency 23.08095 kHz

the received signal. As the pulse width increases, the pulse
gives a higher average power in transmitting. Therefore,
longer pulses are more advantageous for detecting long
distances [17]. However, the range resolution is degraded
and the minimum detectable range increases as the pulse
width increases [17].

To overcome the trade-off between the long-range
detection and range resolution, we modulate a linear chirp
with a 60 MHz bandwidth in the medium and long pulses,
and the pulse compression technique is applied.
Accordingly, the range resolution can be improved, even
with the long pulse [17]. In addition, we reduce the
minimum detectable range by using medium and short
pulses. Thus, we can fully cover the range from 0 km to
1 km. Moreover, the transmitting and receiving time
frame is designed to detect the target within 225 m with a
short pulse, 227 m to 675 m with a medium pulse, and
677 m to 1,001 m with a long pulse, as shown in Fig. 2.
By making the intervals between pulses different, the
ambiguity problem can be resolved [18]. Furthermore, the
offset timings are introduced at the receiver to attenuate
the strong signals from ground clutters. This is called
sensitivity time control (STC).
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Fig. 2. Pulse timing diagram of proposed system (not to scale).

With the described time frame, the radar equation is
used to derive the maximum detectable RCS within a
given range. The equation can be expressed as

n~P,-Gt-Gr~a~/12
(4n)3K-T0-B-Fn-<§—g)-Lx

R* =
1)
Pyt GG o 1

(4n)°K - Ts-D(n) - Ly

where D(n) is a detectability factor with the number of
pulse integrations as n [16], ¢ is the RCS, and G denotes
the antenna gain (transmitter/receiver). In addition, A is the
wavelength at the carrier frequency, K is the Boltzmann’s
constant, T, represents the absolute temperature in Kelvin,
P,, denotes the average power, and 7y is the system
temperature. The antenna return loss (1 dB), processing
loss (2 dB), beam shape loss (1 dB), and radio frequency
(RF) transmission loss between components (1.5 dB) are
assumed and summed up as L, [16].

The output power of the transmitter for P,, and the
noise figure of the receiver for T are needed to solve the
above equation. The transmit power is 0.2 W and the
noise floor is 6 dB. These values are obtained by the
performance measurement of the transmit-receive module
used for the proposed radar system. The average power,
P,,, is the product of the transmit power, pulse length, and
PREF. Moreover, ¢ is the product of the coherent detection
number and pulse repetition interval (PRI). In terms of the
number of integrations (n), the maximum detectable range
increases as n increases. However, the processing time
will limit n. A large n requires a long processing time. We
should optimize n by testing digital processors because the
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processing time depends on the performance of the digital
processors. With the digital processors in the radar system,
we concluded that the optimum #n is 64. Thus, the
prototype radar adopts the pulse integration with 64
coherent pulses. With the 64 coherent pulse integration,
the detectability factor D(64) is referred to as 0.8 dB;
when the target has no fluctuation loss (Swerling case 0),
the detection probability is 0.9, and the false-alarm
number is 6 x 10° [16]. Since the designed radar system
is monostatic, the antenna gain remains the same.

To summarize, the gain and loss parameters for the short
pulse are presented in Table. 2. Using (1), we adjust the
width of the pulses to sufficiently cover the intended
maximum detectable ranges of each pulse. The known
RCS of the frame of a micro-drone, —25 dBm?, is
assumed. Finally, we decide that 20 ns, 1 ps, and 4 ps are
the short, medium, and long pulse widths. The average
powers for the short (P,,;), medium (P, ) and long
pulse (P,y), respectively, are

Pav,s =P 15 'fPRF

10°
=200x 1073 x20x 107% x 5l (2)
= —40.21 (dBW),
Pav,m =Pty 'ﬁ’RF
=200 x 1073 x 107¢ x 1—06 (3)
42
= —23.22(dBW),
Pav,l = Pt | 'ﬁ’RF
_3 s 10°
=200 x 107> x4 x 10 X1 4)

= —17.2(dBW).

Thus, the maximum detectable ranges for each pulse can
be calculated as 283.69 m, 754.36 m, and 1,066.83 m by
(1). It can be concluded that these values are adequate to
cover the intended maximum detectable ranges of each
pulse. Additionally, as the calculated maximum detectable
range exceeds the aimed maximum detectable range, the

Table 2. Gain and loss parameters of the short pulse for maximum detectable RCS with the given range of 225 m.

Parameters P, te G g A Ts D(64) Ly Constants SUM
dB (+) N/A N/A 36 N/A N/A N/A N/A N/A 75.625 147.625
dB (-) 40.212 25.7057 N/A ? 41.214 31.08 0.8 5.5 N/A ?
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maximum detectable RCS for the short pulse (05 max)
can be obtained by substituting the calculated maximum
detectable range and the other parameters in Table 2 for
(1) as —29.03 dBm>.

Similarly, for the medium and long pulses, the
maximum detectable RCS can be calculated as
—26.93 dBm” and —26.11 dBm”. Considering that the
known RCS of a bird is —20, that of a human is 0, and the
frame of a micro-drone is —25 dBm?, it can be predicted
that the radar with the proposed performance can detect
micro-drones.

1. Experiment Setup and Results

Measurements were obtained at a straight section of a
riverside road in Daejeon, Rep. of Korea. As depicted in
Fig. 3, the pulse Doppler radar was operated with a
control PC and power supply. Measurement A (flying
drone) and measurement B (fixed drone) were then
obtained. The measurements were performed only when
there was no detected target with a constant false-alarm
rate detector.

The objective of measurement A was to detect the
movement of the drone’s frame; that of measurement B
was to identify the drone with the Doppler frequencies
from the horizontal/vertical rotation of the blades. The
blades used for this experiment did not rotate vertically.
However, the whole drone was vertically inclined up to
90 degrees to determine if the system could detect the
Doppler from a drone with vertically rotating blades (such
as the MQ-1 Predator from General Atomics). To compare
the detectability for each case, we counted the number of
detections in different situations for 60 s.

% e

o MR R Measurement A
& Sledbesue 1 (flying drone)

8 Proposed e
chirp-pulse -
Doppler radar

Measurement B
(fixed drone)

Fig. 3. Measurement setup for detecting a flying (measurement
A) and fixed (measurement B) drone beside a river.
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The unmanned drone used in this experiment was
a Bumblebee F820 hexacopter from Hobbylord
Corporation. The drone height was 440 mm and the
diameter was 820 mm. All six motors (XM5010TE-9MR;
360 rpm/V; DualSky Corporation) rotated both clockwise
and counterclockwise and were controlled by the Naza-M
multi-rotor controller [19]. The drone had six attached
carbon-fiber propellers called MRP-15 and made by
DualSky Corporation [20] (Fig. 4). Two types of blades
were employed for each rotation direction and they were
symmetric to each other.

Firstly, the flying drone was measured. The drone was set
to fly in a straight line with a constant speed (4.67 m/s).
Figure 5 presents the measured distance of the drone from
the radar system and the calculated distance using the
known speed of the drone. The drone departed at a 550 m
position; however, owing to the initial stability of the drone
flight, the measurement was started from 559 m. The initial
position was measured with a walking distance
measurement device. As depicted in Fig. 5, the
implemented radar continuously detected the drone’s flight,
and the number of detections in 1 min was 484. There were

Fig. 4. Hexacopter (a) rotation direction [20] and (b) image.
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Fig. 5. Result of measurement A. The drone’s distance is
measured by the proposed radar, and the distance
calculated by the velocity from the drone controller is
presented for comparison. Errors are also shown.
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Fig. 6. Result of measurement B: number of detections at the
maximum detection range.

small errors between the calculated and measured distance
because the flight was slightly affected by wind.

After flight measurement A, fixed drone measurement B
was performed to determine the detectability of the
drone’s rotating blades using our radar system. The drone
was measured every 50 m from the maximum detectable
range (1,001 m) to the closest point. The experimental
results in Fig. 6 show that the system could detect the
vertically rotating blades up to its maximum measurement
range (1,001 m), whereas the radar could detect the
horizontally rotating blades only up to a certain distance
(241 m).

In Fig. 7, the number of detections at the same location
by different fixation directions (a) and the number of
detections by different ranges (b) are presented. As
presented in Fig. 7(a), the number of detections of the
horizontally fixed drone is less than those of the vertical
one at the same distance. Moreover, the maximum
detectable range of the vertically fixed drone is much
greater than that of the horizontally fixed one. Since the
size and surface area of the target is the major factor that
affects RCS, it can be concluded that the RCS values of
the vertically and horizontally rotating blades of the
drones considerably differ.

As shown by the line of sight of the radar, the surface
area of the horizontally rotating blade is approximately
0.003 m* for one blade when the blade is at a normal
position to the line of sight. On the other hand, the surface
area of the vertically rotating blade is 0.07 m”.
Furthermore, the radar cannot simultaneously detect all six
blades when the target drone is fixed horizontally because
some blades remain concealed by others placed in front of
them. However, the radar can detect all six vertically

https://doi.org/10.4218/etrij.2017-0090
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Fig. 7. Result of measurement B: number of detections of (a) the
vertically and horizontally fixed drone at the same
location, and (b) the vertically fixed drone at a different
range.

rotating blades because the blades are positioned in the
plane normal to the radar sight.

As presented in Fig. 7(b), the number of detections from
the rotating vertically fixed drone decreases as the distance
increases, which is a natural consequence since the SNR
decreases as the distance increases, and the reduced SNR
results in fewer detections. The number of detections of
the horizontally fixed drone is the largest at the maximum
detection range; however, the detection is not available for
further distances. The reasons for the shorter detection
range and sudden undetectability of the horizontally
rotating blades are the following: 1) The RCS value of the
blades is small because the surface area of the blades is
tiny when they are horizontally rotating. Therefore, the
required SNR is higher than that in the vertical case. 2)
The RCS of the horizontally rotating blades rapidly
fluctuates from pulse to pulse, such as in Swerling model
2 or4.

Considering that the drone is comprised of a frame and
blades, which are large, and a small scatterer, it can be
concluded that the drone’s frame is the Swerling 3 target
and the drone’s rotating blades comprise the Swerling 4
target. Note that the blade fluctuation is significantly
affected by an aspect angle of the radar.

In the pulse integration theory, the performance of
coherent integration is better than non-coherent integration
for non-fluctuating targets. However, it has not been
preferred in radar developments because it is not cost-
effective, and its integration gain vanishes for Swerling 2
and 4 targets [16]. Nevertheless, the coherent integration
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Fig. 8. Integration gain as a function of the number of integrated
pulses for different types of target fluctuations based on
the probability of detection and the false-alarm number
for the prototype radar system.

performs better than non-coherent integration for non-
fluctuating targets and Swerling 1 and 3 targets. The
integration gain for Swerling targets with coherent/non-
coherent integration is calculated for our radar system
prototype [16], [17] and presented in Fig. 8. The figure
indicates that the integration gains of the Swerling case 0,
1, and 3 are similar, and their differences are within
0.1 dB [2], [21]. However, it does not mean that the
required SNR is the same for each case. Using a given
probability of detection and the number of false alarms,
the required SNR can be calculated and plotted in Fig. 9.
The difference of the required SNR between each model is
4.1 dB, and that between integration methods is 4.8 dB
for 64 pulse integration, respectively.

From Figs. 8 and 9, it can be concluded that coherent
integration is better than non-coherent integration when
the target is not fluctuating or is slowly fluctuating from
scan to scan (Swerling 1, 3). Since the first objective of
our prototype radar is to detect the movement of the
drone’s frame with low transmitting power, we adopted
coherent pulse integration using off-the-shelf digital
processors at a low cost. As shown in the results of
measurement A, by using coherent integration, we
successfully detected the movement of the drone’s frame.

With respect to blade detection, coherent integration is
useless for this type of target, which rapidly fluctuates
from pulse to pulse. In the case of non-coherent
integration, the gain of the fluctuating target (Swerling 2,
4) is higher than the non-fluctuating cases, as depicted in
Fig. 8. Additionally, the coherent integration provides no
gain for these kinds of targets. Therefore, non-coherent
integration is a better approach for the detection of the
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Fig. 9. Comparison of the required SNR versus the number of
integrations with given probability of detection Py and
the number of false alarms, N,

rotating drone’s blade to distinguish or identify the target
as a drone. Moreover, with respect to blade detection, the
aspect angle is a critical factor in determining the blade’s
detectability because fluctuations of both RCS and RCS
itself are dramatically changed by the aspect angle.

From the measurement results and analysis on the
integration gain with target models, it can be concluded
that the proposed system detected the drone’s frame by the
gain from coherent pulse integration. However, detection
of the rotating blade of the drone was not successful for all
cases because the coherent pulse integration did not work
for RCS fluctuation from the blade rotation. Through the
measurement results and analysis, we found that a valid
method for a target can be invalid for different
measurement situations.

IV. Conclusion

In this study, the Swerling target model of a drone was
estimated using the results from the presented prototype of
a chirp-pulse radar. Based on the radar equation, the pulse
timing of the prototype radar is designed with three
different pulse modes. The low-cost implemented
prototype radar employs off-the-shelf digital processors
and adopts coherent pulse integration to secure a high
SNR to detect targets that have a low RCS.

The results indicated that the realized system detected
the movement of the frame of the flying drone and its
rotating blades, as well as the stationary drone. The results
additionally showed that the detectability of the vertically
fixed drone was better than that of the horizontally fixed
drone on account of the rapid fluctuation of the blade’s
RCS.
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Based on the results and in accordance with Swerling’s
theory, the drone frame and blades were estimated from
the Swerling 3 and 4 targets, respectively. From the
integration gain analysis based on the Swerling target
model, it was verified that the coherent integration
performed better for non-fluctuating targets and Swerling
1 and 3 targets. On the other hand, for the targets with
rapid fluctuation, only non-coherent integration was an
effective integration method. Therefore, in terms of drone
detection, both coherent and non-coherent integration
should be considered since the drones have a low SNR
and a rapid fluctuation of RCS.
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