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ABSTRACT A photonic radar has recently received considerable interest as a next-generation radar due
to its capability to generate wideband signals beyond the technical limitations of the conventional radar.
In this paper, we design and implement an X-band photonic radar for a low radar cross-section (RCS)
target detection and high-resolution image acquisition in real-time. The implemented photonic radar utilizes
the photonic frequency quadrupling for the transmitter and detects the dechirped signal by using a delay
interferometer and a balanced photo-detector to improve the signal-to-noise ratio. The performance of the
photonic radar is verified using a commercial hexacopter having a diagonal wheelbase of 1133 mm as a
low-RCS target in the field experiments. We show that the implemented photonic radar can successfully
detect the drone on the move even though it is 2.7 km away from the radar. In addition, a high-resolution
image of the drone, which is far away 1.1 km from the radar, can be obtained in real-time.

INDEX TERMS Photonic radar, field experiment, low-RCS target detection, high-resolution image

acquisition.

I. INTRODUCTION

Recently, as the technology of drones and unmanned aerial
vehicles (UAVs) has advanced, the size of drones and UAVs
has decreased, and the payload weight, flight speed, and
flying distance have increased significantly [1]-[4]. Such
technical advances in drones and UAVs are beneficial to the
fields of transportation, aerial photography, and rescue, but at
the same time, a drone attack including drone strike and drone
bombing has also emerged as a threat [5]-[7]. To prevent the
drone attack, it is absolutely necessary to detect drones and
identify the existence of hazards in advance. However, since
the bodies of drones and UAVs could be relatively small and
are made of carbon material for weight reduction, the radar
cross-section (RCS) is also small [8]. It is very challenging to
detect such a low-RCS object with a conventional radar. Even
though objects could be detected, it is even more challenging
to acquire their image to determine if there exist threats from
the object.
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The microwave photonics technology, which combines
photonics and microwave engineering [9]-[11], has recently
attracted attention as a promising solution for a low-RCS
target detection and identification [12]. This technology is
capable of generating coherent high-frequency and broad-
band radar signals with the aid of photonics [12]-[17]. There
have been substantial efforts to implement radars by using
microwave photonics technology for target image acqui-
sition [15]-[21]. For example, in [16], a novel photonic
digital-to-analog converter (DAC) was proposed to process a
wide bandwidth signal. In [18], a photonic-based broadband
phased array radar architecture was proposed using the radar
structure with dechirping process to obtain a high-resolution
target image through digital beamforming. Also, a novel
coherent receiver structure was proposed to suppress the
image frequencies and other undesired frequency-mixing
components in [17]. However, since the previous researches
focused on the method for generating high-frequency and
wide bandwidth signals, most of the previous researches have
been conducted in a well-controlled laboratory environment
with non-realistic targets such as corner reflectors [15]-[18].
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In field experiments reported in [19] and [20], a large passen-
ger airplane was used as a target for image acquisition and a
commercial hexacopter was just 120 m away from the radar,
respectively. A high-resolution image of a small UAV having
a wingspan of 180 cm is acquired in [21]. However, the target
UAV was merely 17 meters away from the radar site in this
field experiment.

In this paper, we design and implement a photonic radar
system for low-RCS target detection and acquisition of a
high-resolution target image. The system employs the pho-
tonic frequency quadrapling for the generation of broadband
radar signals at the transmitter and dechirps the received
signal by photonic frequency down-conversion to relieve
the bandwidth burden of analog-to-digital converter (ADC)
[15]. In order to improve the signal-to-noise ratio (SNR),
we employ a delay interferometer (DI) and a balanced
photo-detector (BPD) [22]-[25]. The implemented photonic
radar is verified through field experiments using a commer-
cial drone having a diagonal wheelbase of merely ~1 meter.
To the best of my knowledge, it is the first field experiment
that the image of a low-RCS target is acquired when the target
is located over 1 km away from the radar.

Table 1 shows a comparison with previous research results
of target image acquisition experiments. We estimate the RCS
of the target from the dimensions provided by the references,
assuming that the target has a flat surface.

TABLE 1. Comparison with previous research results of target image
acquisition experiments.

[15] [16] [17] [18] [19] [20] [21]  This work
Range (m) 235 085 2 2.1 800 1200 120 17 1100
Bandwidth
(GHz) 8 8 8 4 0.6 10 8 2
Center freq.
(GHz) 22 93 22 24 14.6 35 22 10
RCS (m?)*  6.26 2.52 127 0014 708 1007 0.01% 0.01% 0.0357

FoM (dB) 14321 142.02 147.34 165.51 219.20 244.51  205.55 259.68

* It is estimated from the dimension of the target reported in the reference.
T Target is Boeing-747. The RCS is measured at X-band [26)].

f Target is a commercial drone. The RCS is estimated from [27].

§ Target is Boeing-737. The RCS is measured at X-band [28].

9 It is estimated from the field experiment result.

The radar equation is given by [28]

2 22
anaX: 3PtG U}\, ’ (1)
(4m)? kTBF (S /N )min

where Rpax is the maximum detectable range, P; is the
transmit power, G is the antenna gain, o is the target RCS,
A is the wavelength, k is the Boltzmann’s constant, T is the
temperature, B is the bandwidth, F is the noise figure of the
radar receiver, and (S /N )min 1S the minimum SNR. Therefore,
the figure of merit (FoM) of the radar system can be defined
as [29]

R* B
FoM (dB) = 10log;, ( ;123" ) ) 2)
o

Table 1 clearly shows that our field experimental result
reported in this paper exhibits superior FoM performance to
previous experimental demonstrations.

63560

The organization of this paper is as follows. Section II
represents the operation principles and the system require-
ments of photonic radar, and the designed radar waveform
for the detection and image acquisition of low-RCS target.
Section III shows the configuration of the implemented pho-
tonic radar system and Section IV describes the field experi-
ment and results. Finally, Section V provides the concluding
remarks.

Il. DESIGN OF PHOTONIC RADAR

In this section, we cover the principles of the photonic radar
we implement and system requirements for low-RCS tar-
get detection and image acquisition. We present the system
parameters of the radar to satisfy the requirements.

A. PRINCIPLES OF PHOTONIC RADAR
The microwave photonic radar based on dechirping process
was introduced in [15] and [19] and has been widely used
in numerous studies due to its ability to easily generate a
wideband signal [30]-[34].

Figure 1 shows the structure of the photonic radar with
a DI and a BPD. The operating principle is presented as
follows. An intermediate frequency (IF) signal is injected to a
dual-parallel Mach-Zehnder modulator (DPMZM) through a
90° hybrid coupler. The carrier frequency and the bandwidth
of the applied IF signal are quadrupled by the DPMZM [35],
[36]. The frequency-quadrupled DPMZM’s output signal is
split into two, one sent to a transmit photo-detector (TxPD)
and the other to a phase modulator (PM). The TxPD converts
the optical signal into electrical signal, which is then trans-
mitted to air over the antenna.

Rx Antenna

Electrical Signal
------ Optical Signal

FIGURE 1. Photonic radar using a balanced photo-detector. HC: hybrid
coupler, OC: optical coupler, DSP: digital signal processor.

The echo signal received by a receiving antenna is sent
to the PM, which modulates the frequency of the DPMZM
output signal. This dechirping process relieves the bandwidth
burden of ADC [15]. A DI is used to convert the PM signal
into an intensity modulation. The use of a BPD doubles signal
amplitude and cancels the relative intensity noise (RIN) of the
laser source, thus improving the SNR [22]-[25].

The CW laser output can be expressed as

Ecw(t) = Eccos(act), 3

where E. and w. are the amplitude and angular frequency of
the CW laser source, respectively. When an IF signal with the
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angular frequency of wrr is applied to the 90° hybrid coupler,
the IF signal is split into two with 7 /2 phase difference
between them. The split RF signals are fed to the children
Mach-Zehnder modulators (MZMs) of the DPMZM, which
are biased at their maximum transmission. At the same time,
the mother MZM of the DPMZM operates at the minimum
transmission point to generate the frequency-quadrupled sig-
nal. Thus, the output signal of the PM can be written as

Epm(1) = —EcJ2(m)
X [Jo(m’){ cos(wet — 2wipt) 4 cos(wct + 2wipt) }

+iJ1(m){ cos(wet + 6wipt + o)
4+ cos(wet — 2wt — ) 4 cos(wet + 2wipt + @)
+cos(@et — 6wt — )} ] )

where J,(-) means the n-order Bessel function of the first
kind, « = 8mkArtt is the angular frequency caused by the
time delay (A7) due to target reflection, k is the chirp rate of
the IF signal, and m and m’ are the modulation indices of the
DPMZM and the PM, respectively.

If the DI splits the input signal equally, the output signals
of the DI is [37]

. . A¢
Epy,1(t) = —exp (—jgo) sin <7> Epm(t), and

. . Ag
Ep12(t) = jexp (—jpo) cos <7) Epm (1), )

where ¢ is the average phase delay and A¢ is the differential
phase shift of the DI. Since A¢ is /2, the output current of
each photo-detector of the BPD with responsivity, R, can be
written as

REZJ3(m)
2
+O/8)| E23Gm (403 ') + 2 T o))
+4 J3(m') cos(dwrpt + 16wk Att)
+8 J7(m') cos(4wrrt)
+4 73 cos(4a)11:t)}], and
RE2J3(m)
2
—(9‘{/8)[E02J22(m){4(J§(m’) +272(m))
+4 JF(m') cos(dwrpt + 16wk Att)
+8 J2(m') cos(4wrpt)
+4 13 cos(4a)11:t)}]. (6)

Igpp,1(t) =

Igpp2(1) =

Therefore, the differential current of the BPD is
Algpp(t) = Igpp,2(t) — Igpp,1(?)
= —R[E23m{(Gn) +2 3y
+JEm') cos(dwipt + 16wk Att)
+2 J3(m') cos(dwrpt)

IR ) Cos(4a)H:t)}] . %)
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As shown in Eq. 7, the BPD doubles the photocurrent asso-
ciated with the beat frequency when compared to Eq. 6.
Also, the RIN of the laser source can be suppressed by the
common-mode rejection [22]-[25].

B. SYSTEM REQUIREMENTS

Table 2 shows the system requirements of the photonic radar
for target detection and image acquisition. The photonic radar
has two operation modes: the detection and image acquisition
modes. Both operation modes employ the center frequency
of 10 GHz since this frequency band is widely used in military
applications due to the low atmosphere absorption [38]. The
detectable target velocity is set to 72 km/h (= 20 m/s), since
we have considered commercial drones having a maximum
speed of 60 km/h (= 16.67 m/s) [39].

TABLE 2. System requirements of the photonic radar for target detection
and image acquisition.

Detection Image acquisition
mode mode
Center frequency 10 GHz
(fe)
Range resolution
(AR) 30 m 0.1 m
Max. target velocity 79 km/h
('Umax)
Max. target range 5 km 1.1 km

(Rmax)

The different requirements between two operation modes
are the range resolution and maximum target range. First,
the requirement of the range resolution in the detection mode
is set to 30 m because the minimum distance between drones
would be larger than 50 m when drones fly in swarm for-
mation [40]. In the image acquisition mode, on the other
hand, the range resolution is set to 0.1 m since typical
commercial micro-drones have a wheelbase length longer
than 0.1 meter [41].

Finally, the requirement of the maximum target range is
set to 5 km in the detection mode. However, in the image
acquisition mode, the maximum target range is set to 1.1 km
due to the wider signal bandwidth.

C. RADAR WAVEFORM DESIGN

Table 3 shows the design results of the radar waveform of
the photonic radar. The optical delay line of 1 km is used
to reduce the maximum beat frequency in the image acqui-
sition mode. Since a long optical delay line might produce
a phase shift caused by temperature variation and external
vibrations, the long delay line needs to be vibration-isolated
and temperature-controlled.

Signal bandwidths are set to 5 MHz and 2 GHz in the
detection and the image acquisition modes, respectively. The
pulse repetition interval (PRI) is set to 200 s in both oper-
ation modes for design simplicity. The number of coherent
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FIGURE 2. The schematic diagram of the implemented photonic radar system. BPF: bandpass filter, PA: power amplifier, LNA: low-noise

amplifier.

TABLE 3. Radar waveform design results of the photonic radar for
low-RCS target detection and image acquisition.

Detection Image acquisition
mode mode
Signal

bandwidth (B) > MHz 2 GHz
Pulse repetition

interval (PRI) 200 s

Maximunm beat 83333 kHz 6.67 MHz

frequency (fomax)

Coherent pulse 128

number (M)

Range bin

number (L) 4096

Apparent range 244'm 0.537 m

resolution (AR,)

pulses (M) and the number of range bins (L) are 128 and
4096, respectively, for maximizing the fast Fourier trans-
form (FFT) efficiency in signal processing.

To avoid the range-cell migration occurrence, the apparent
range resolution (AR,) should be larger than the distance
traveled by the target at the maximum velocity over the entire
pulse duration (ARpax)- In the detection mode, the maximum
distance the target moves during the pulse duration is 0.853 m
because ARpmax equals M x PRI X vyax. The apparent range
resolution in the detection mode is 2.44 m (= 2Rpax/L).
Similarly, in the image acquisition mode, the maximum mov-
ing distance is 0.512 m and the apparent range resolution
is 0.537 m. Thus, the range-cell migration does not occur in
each operation mode.

Ill. IMPLEMENTATION OF PHOTONIC RADAR

Figure 2 shows the schematic diagram of the implemented
photonic radar system. The system consists of four mod-
ules: a waveform generation module (WGM), an optical
transmit/receive module (OTM), a transmit/receive module
(TRM), and a radar signal processing module (RPM). A ther-
mal controller is equipped on the back of our system rack
(shown in Fig. 6) to stabilize the temperature. This helps to
reduce the performance degradation caused by temperature
variations, such as a phase shift in the 1-km long optical delay.
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A. WAVEFORM GENERATION MODULE

The WGM, which generates a narrow-band IF signal, is real-
ized by using a Xilinx’s ZCU-111 board. The 2.5-GHz IF
signal is then amplified to 35 dBm to be fed to OTM. Two
bandpass filters are used to improve the extinction ratio of
the signal.

Figure 3 shows the electrical spectra of the IF signal
generated by WGM. The IF signal is a linearly frequency-
modulated up-chirp signal having a PRI of 200 ws. The
IF signal has a center frequency of 2.5 GHz. Also, the sig-
nal bandwidths are 1.25 and 500 MHz in the detection and
image acquisition modes, respectively. These signals are
frequency-quadrupled at the OTM.

Rof 0 dBm Atten 10 dB Ref 0 dBm Aeten 10 dB
el

o 125 MHz 5 . 500MHz

S —

Start Stop.
2.433000000 GHz 3.000000000 GHz
Lofy | | | Loy

i1 52 i 52|
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[Start 2,433 000 GRz

Ston 2,501 000 GHz|  |Start 2898 Gz
[Res BN 18 kHz R

VEH 180 kHz  Sweep 5.72 ms (601 pts) es B 3 iz VBH 50 MHz

(@) (b)

FIGURE 3. The electrical spectra of the IF signal produced by WGM.
(a) IF signal with a center frequency of 2.5 GHz and bandwidth

of 1.25 MHz for detection mode. (b) IF signal with a center frequency
of 2.5 GHz and bandwidth of 500 MHz for image acquisition mode.

Stop 3.000 Gz
Sweep 1.68 ms (601 pts)

B. OPTICAL TRANSMIT/RECEIVE MODULE

The OTM is composed of the optical transmitter and the
receiver. In the transmitter of the OTM, the output power of
the CW laser is set to 18 dBm at a wavelength of 1550 nm.
The IF signal drives the DPMZM through a 90° hybrid cou-
pler. The output signal of the DPMZM is split into two and
sent to the TxPD and the PM of the receiver. The signal is
converted to the electrical signal by the TxPD and amplified
by a low-noise amplifier with a gain of 12 dB. Figure 4
shows the signal spectra measured at the output of low-noise
amplifier. The output signal has a center frequency of 10 GHz
and the bandwidths of 5 MHz and 2 GHz, respectively. Fig. 3
and Fig. 4 confirm that the output signal of the OTM is
frequency-quadrupled with respect to the IF signal.
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FIGURE 4. The electrical spectra of the frequency-quadrupled signal

by OTM. (a) The quadrupled signal with a center frequency of 10 GHz and
bandwidth of 5 MHz for detection mode. (a) The quadrupled signal with a
center frequency of 10 GHz and bandwidth of 2 GHz for image acquisition
mode.

The receiver of the OTM is composed of the PM, an optical
delay line, an optical switch, the DI, and the BPD. The output
of the DPMZM is sent to the optical switch for the selection
of the optical delay line use. Since the PM is polarization-
sensitive, we use a polarization-maintaining fiber as the
optical delay line. Only in the image acquisition mode,
the optical delay line is used to reduce of the beat frequency.
The 1-km spooled optical fiber delay is covered with sponge
to absorb external vibrations. The switch-passed signal is
fed to the PM. The PM modulates the output signal of the
DPMZM by the echo signal received by the TRM. The
bias points of two children MZMs and mother MZM in the
DPMZM are stabilized during the system operation by mon-
itoring the optical powers of two photo-detectors in the BPD.

Figure 5 shows the comparison of the intensity of beat
signals in the cases of using the BPD and a single-input
photo-detector (SPD). The beat signals are measured in both
the cases, and a gain method [42] is used for the signal
intensity analysis. For this measurement, we insert a 23-m
long optical delay line between the optical coupler (labeled
OC #2 in Fig. 2) and TxPD, and then feed the output of TxPD
directly to the PM, without using TRM. The noise equivalent
bandwidth of both beat signals is measured to be 198.54 kHz.
As shown in Fig. 5, the gain of beat frequency is increased by
2.75 dB by using the BPD. Therefore, we have confirmed that
the overall photonic radar system performance is improved by
employing the DI and the BPD.

C. TRANSMIT/RECEIVE MODULE
The TRM is composed of the RF transmitter and the receiver,
which amplifies the transmit signal and receives the echo
signal, respectively. The TRM output signal is emitted to air
through the transmit antenna having a gain of 35.5 dB.
When the echo signal is received, the receiver amplifies it,
and then filters out the out-of-band noise. Finally, the received
signal is amplified to the level required by the OTM.

D. RADAR SIGNAL PROCESSING MODULE

The RPM converts the received beat signal from the analog
domain to the digital domain through the ADC and per-
forms the signal processing to extract information of the
target in real-time. For this purpose, the radar signal process-
ing procedures are composed of two FFTs. Since the first

VOLUME 9, 2021

10 T T T T T
N —— BPD
T X:1.526 J
X £o -
-10 H Z A\ X 1526 1
8- Y: 2.606
20
‘;u 8
_30 m—lU

VHOB 1 12 14 16 18 2 22 24

Beat signal power (dBm)

Frequency (MHz)

FIGURE 5. The electrical spectra of the beat signal when either a BPD or a
SPD is used after the DI.

FFT determines the range of the target, it is generally called
the range FFT [43]. The frequency shift is proportional to
the distance between the antenna and the target. Therefore,
when the range FFT of all chirps of the radar signal has
been performed, the relative velocity of the target can be
determined by performing the Doppler FFT using the results
of the range FFT. The relative velocity of the target can be
obtained by a phase shift from the range bin of pulse to the
range bin of the next pulse, which represents the Doppler
frequency. The results of the Doppler FFT are processed
through a constant false alarm rate (CFAR) algorithm which
sets a threshold value according to the ambient noise to detect
the target [44]. As a result, real-time signal processing has
been realized in the RPM.

IV. FIELD EXPERIMENTS AND RESULTS

Figure 6 shows the implemented photonic radar. In this
Section, we describe scenarios for field experiments and show
the results of field experiments under each operation mode.

FIGURE 6. The implemented photonic radar for low-RCS target detection
and image acquisition.

A. FIELD EXPERIMENT
Figure 7 shows the photo of the implemented photonic
radar. For the field experiment, a commercial hexacopter
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FIGURE 7. A photo taken during the field experiment.

(DJT Inc., Matrice 600), which has a diagonal wheelbase
of 1133 mm, is used as a low-RCS target. Figure 8 shows the
field experiment scenario using the drone. The scenario starts
with the drone moving up 500 m above the point at a distance
of 1 km from the antenna. We denote the initial location of the
drone as Point 1, as shown in Fig. 8. From Point 1, the drone
flies at a speed of 10 m/s to Point 3, which is 2.6 km away
from the antenna, via Point 2 at a distance of 1.7 km from the
antenna while maintaining its altitude. When the drone arrives
at Point 3, the drone hovers at the location for 30 seconds and
flies back to Point 1 via Point 2 with a velocity of 10 m/s.
When the drone arrives at Point 1, the drone starts hovering
for 5 minutes. The field experiment scenario is finished when
the drone lands on the ground.

....... > Flight path (flying)
,,,,,,, > Flight path (hovering)

1000 m

Radar site

ik

FIGURE 8. The field experiment scenario of the implemented photonic
radar.

B. TARGET DETECTION

During the field experiment, a lot of clutters are simulta-
neously received together with the echo signals from the
target. Most of clutters can be eliminated through the CFAR
algorithm [44]. Figure 9 shows the range-Doppler map after
CFAR algorithm of the field experiment results. In Fig. 9,
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FIGURE 9. The range-Doppler map of the field experiment results in the
detection mode.

the color of dots is changed from blue to red in order of data
received time. The negative sign of the velocity means that the
flying direction of the drone heads towards the radar site. The
detected drone moves between 1200 and 2700 m with a fairly
uniform velocity except the points where the drone changes
the direction. The signal produced by the clouds also exhibits
a Doppler frequency shift [45]. Clouds are founded at 1, 1.8,
2.3, and 2.4 km away from the antenna.

Figure 10 shows the signal magnitude as a function of
range. The blue-cross marks refer to the range FFT data
through the field experiment. The black-dotted line and the
red-solid line are the theoretical line of the measured data
based on the radar equation [43] and the minimum detectable
signal level of the range FFT data, respectively. According to
the CFAR-processed data, the noise floor is measured to be
—90 dBm/Hz. Since the minimum SNR for signal processing
is designed to 13 dB, the minimum detectable signal level
is determined to be —77 dBm. Because the RCS of the
drone could fluctuate by the orientation, the magnitude of
the measured data shown in Fig. 10 can vary even at the
same distance. Based on the measured data, the RCS of the
drone used in the field experiment is estimated in the range
of 0.035 m? (—14.56 dBsm) and 0.12 m? (—9.21 dBsm).
In Fig. 10, we draw a line for signal magnitude estimated
from the radar equation, assuming that the RCS of the drone
is 0.035 m2. Although the theoretical curve is obtained by
using the smallest RCS value estimated from the measure-
ment, the maximum target range is estimated to be longer
than 5 km. Therefore, the requirement of the maximum
detection range presented in Section II of the implemented
photonic radar is satisfied.

C. IMAGE ACQUISITION

To acquire the target image, the RPM performs range FFT
and obtain a high-resolution range profile for each range in
real-time [46]. We use the average range profile algorithm
to compensate for the fluctuation of the distance compo-
nent [47]. In addition, the phase correction is performed using
the maximum constant phase adjustment algorithm in order to
compensate for the phase component fluctuations occurring
when the target moves [48].
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FIGURE 10. The estimation of the maximum detectable range of the
implemented photonic radar.

Figure 11 shows the acquired image of the drone hover-
ing at 1.1 km from the radar site (i.e., Point 1). Since the
signal bandwidth is 2 GHz in the image acquisition mode,
the theoretical resolution is 0.075 m. The six blades of hex-
acopter are identified in Fig. 11. Therefore, it is verified that
the implemented photonic radar obtains the low-RCS target
image successfully.
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FIGURE 11. The acquired image of the drone hovering at 1.1 km.

V. CONCLUSION

In this paper, we design and implement a radar system
for low-RCS target detection and image acquisition using
photonic frequency quadrupling and dechirping. The per-
formance of the implemented radar system is verified
through the field experiment using a drone having an RCS
of 0.035 m?. An optical delay interferometer and a balanced
photo-detector are used to improve the SNR in this radar
system. Our field experiment results show that the photonic
radar can detect the drone on the move as far as 2.7 km away
from the radar site in the target detection mode. In addition,
the maximum detectable range of the radar is estimated to be
> 5 km from the radar site. Also, a clear image of the low-RCS
drone is captured in the image acquisition mode when the
drone hovers at 1.1 km away from the radar site. For example,
the six arms of the drone are clearly identified.
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We believe that the photonic radar can be an alternative to
the traditional radar for low-RCS target surveillance and can
be adopted as a promising candidate for a software-defined
radar in the future.
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