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ABSTRACT In recent years, the demand for small-scale remote sensing, which is used in disaster monitor-
ing, agriculture, and ground subsidence has increased. Amultichannel synthetic aperture radar (SAR) system
can provide image and topographic information of the illuminated scene, regardless of adverse weather
conditions. As a cost-effective solution to radar imaging, a multichannel W-band SAR system mounted on
a multirotor unmanned aerial vehicle (UAV) is presented. The radar module was designed to operate at
W-band to achieve small size and weight allowing the module to be mounted on multirotor UAVs with small
payload. A detailed description of the design and measurement of the system is provided in this paper. The
radar imaging capability of the developed system was verified by performing outdoor experiments using
isolated buildings as targets. The multichannel functionality of the system was verified by measuring height
of a point target placed above the ground. The measurements and experiments verified the feasibility of a
multichannel radar mounted on a multirotor UAV for imaging and topographic applications.

INDEX TERMS Synthetic aperture radar, unmanned aerial vehicles, W-band radar, multichannel radar,
interferometry.

I. INTRODUCTION
The applications of multirotor unmanned aerial vehicles
(UAV) have increased in civil and industrial fields in the past
few decades [1]. An in-depth survey of the multirotor UAVs
used in civil and industrial fields, such as search and rescue,
remote sensing, construction and infrastructure inspections,
precision agriculture, delivery of goods, monitoring of road
traffic, and surveillance is given in [1]. In the remote sensing
field, multirotor UAVs are considered an effective sensor
platform for small-area remote sensing compared to tradi-
tional satellite and airborne platforms. The use of drones in
applications, such as precision agriculture [2], coastal and
polar monitoring [3]–[5], disaster and emergency monitoring
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[6], and atmospheric monitoring [7], is a common and mature
methodology. The potential and novel applications of UAVs
in remote sensing applications, including urban planning and
management, engineering monitoring, ecological and envi-
ronmental monitoring, archeology and cultural heritage sites,
and human and social understanding, are well assessed in [8].

The sensors mounted on multirotor UAVs are typically
optical sensing instruments [9]; however, various imaging
and ranging instruments are available from near infrared [10]
to thermal infrared and microwave. Ranging instruments in
the microwave region, referred to as radars, are advantageous
owing to their ability to retrieve range and velocity informa-
tion in adverse conditions. A survey on radars mounted on
multirotor UAVs is provided in [11] along with an experimen-
tal result of multiple-input multiple-output (MIMO) imaging
radar mounted on a hexacopter. UAV-borne radars were used
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as an altimeter in [12], [13] to aid drone maneuverability and
provide increased flight safety. A 26GHz radar was also used
as an altimeter in [14] to generate a terrain map of the exper-
iment scene. Moses proposed an X-band radar mounted on a
drone in [15] for collision avoidance in a realistic scenario.
The use of radars mounted on drones for glaciology [16] and
soil moisture mapping [17] has also shown to be effective.

Among the numerous applications of radars, synthetic
aperture radar (SAR) systems have become an extraordinary
tool for remote sensing [18]. SAR systems utilize the move-
ment of the platform relative to the illuminated scene to syn-
thesize the image of the targets and clutter within the antenna
footprint. More than a dozen active satellite-borne SAR sys-
tems and numerous airborne SAR systems for various types
of airborne platforms have been proven successful for earth
observations [19]. While a conventional SAR measures the
location of the target in a two-dimensional coordinate sys-
tem, multiple SAR images can be coherently exploited to
obtain additional information of the illuminated scene [20].
This technique is called SAR interferometry (InSAR) and is
utilized for topographic mapping and motion mapping of the
illuminated scene.

The traditional SAR systems mounted on satellites or
manned aircrafts are not suitable for quick acquisition of data,
ultrahigh spatial resolution, and small-area remote sensing
[8]. An alternative to the traditional platform introduced to
the field of SAR systems is the UAV platform. The tech-
nical challenge to the platform change was reducing the
size of the bulky radar systems to board them on UAVs,
which have a small payload compared to that of traditional
platforms. Numerous reports on SAR systems mounted on
winged UAVs [21]–[25] and multirotor UAVs [26]–[31] have
been published in the past two decades. Multirotor UAVs,
compared to winged UAVs, are advantageous in civil appli-
cations owing to their easy-to-operate, easy-to-deploy, low-
cost, and vertical take-off and landing characteristics [1].
However, until recently, because of their unstable flight and
low payload, the multirotor platforms have not been exploited
for SAR platforms.

In [27], an X-band frequency modulated continuous
wave (FMCW) radar sensor was developed for a multi-
copter UAV platform, and various SAR experiments were
conducted. The phase error owing to the non-ideal motion
of the platform was compensated using passive active radar
calibrators located within the antenna footprint. Thus, polari-
metric SAR images were obtained by alternating transmit
antennas, and interferometric SAR images were obtained by a
repeat-pass SAR experiment. In [28], a near-real time motion
compensation technique was used to generate a SAR image
using amulticopter UAV. In [29], a downward looking ground
penetrating radar mounted on a multicopter UAV platform
was introduced. Metal objects buried under ground were
used as the target scene, and the locations of the hidden
objects were retrieved by synthesizing the SAR image. In
[30], a commercial low cost ultra wide band pulse radar was

mounted on a multicopter drone to generate a SAR image of
metallic objects.

In this study a multichannel W-band SAR system mounted
on a multirotor UAV platform, addressed as Drone SAR sys-
tem in this paper, was evaluated. A single input multiple out-
put (SIMO) FMCW radar architecture was adopted for simple
implementation of a multichannel radar system. The W-band
frequency was used for the transmit signal to minimize the
size and weight of the hardware. Commercial monolithic
microwave integrated circuits (mmICs) were used to develop
the W-band RF board for minimizing size and weight of the
hardware. Commercial datalink at the ISM bands was used
to lower the development costs and minimize the size and
weight of the system. A hexatrotor UAV equipped with a
navigational system was chosen for the platform. A gimbal
was adopted to minimize the vibrational effects caused by
unwanted platform movement or sudden atmospheric distur-
bances.

The developed system differs from previous research on
multirotor UAVs based on two unique characteristics: the
real-time online data transmission capability, and the multi-
channel data acquisition capability.

Real-time data acquisition allows real-time generation of
radar images when combined with adequate SAR algorithms
and processors. The acquired images can be used for real-time
monitoring and remote sensing. Real-time monitoring is
essential in UAV applications for time-critical events, such
as emergency disasters, industrial inspection, military events,
etc. [32]. The real-time capability is also beneficial when
the UAV is entering a dangerous area. When a UAV enters
a dangerous area the vehicle may not recover, which could
result in the loss of captured data if the user cannot acquire
the data in real-time.

A multichannel SAR system is used for wide swath high
resolution imaging, moving target indication, and height esti-
mation. Considering the UAV-borne SAR systems used for
small scale remote sensing, moving target indication and
height estimation was considered a useful application for
UAV-borne SAR systems. The multichannel data acquired
simultaneously from two different antennas can be coherently
exploited to perform single-pass InSAR measurements. The
InSAR measurements can be exploited to obtain topographic
information or moving target information of the SAR image.

The system performance of the presented system was
validated through field tests at Yonsei University, Republic
of Korea. The radar imaging performance was verified by
illuminating an isolated building and synthesizing a radar
image. The radar imaging was further analyzed by perform-
ing an experiment using corner reflectors. The utility of the
SIMO architecture was validated by performing an InSAR
experiment on a flat surface with a corner reflector of a
known height. The relative height of the corner reflector was
measured from the interferometric SAR images generated
by two channels separated in the height direction, and this
method was confirmed to be effective.
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FIGURE 1. General overview of the SAR system with pictures of each subsystems.

The manuscript is organized as follows. Section II shows
the hardware elements used for the Drone SAR system. This
section covers the design, choice of hardware, and imple-
mentation issues regarding the whole system. Section III
describes SAR data acquisition of different targets and data
processing. The data acquisition includes data from artificial
targets and corner reflector of a known height. The data
processing includes motion compensation, SAR image for-
mation, and InSAR processing. Section IV concludes the
manuscript with summarization of our findings.

II. SYSTEM DESIGN AND IMPLEMENTATION
This section details the characteristics of the hardware ele-
ments used for the Drone SAR system. The system con-
sists of three subsystems; the UAV platform, radar system,
and ground station. Each subsystems are further divided
into independent hardware modules which are shown in
Figure 1.

Table 1 shows the system requirements for the proposed
Drone SAR system. W-band frequency was used to design
the SAR system to minimize the size and weight of the
radio frequency (RF) hardware. 77 GHz radar sensors are
widely available on the market due to the advancing evolution
of automotive radar sensors, thus was chosen for the cen-
ter frequency [33]. Considering small scale remote sensing

TABLE 1. SAR system requirements.

applications, the resolution requirement was chosen to be
20 cm.

A. UAV PLATFORM
The functionality of the platform in a SAR system is to move
the radar so that the target scene is illuminated at different
angles. An ideal movement of the platform is a linear trajec-
tory of a constant velocity without vibrations, which is diffi-
cult to achievewith a lightweight UAVflying at a low altitude.
To perform SAR experiments under adverse circumstances,
a six-rotor UAV designed for professional photography and
industrial applications in conjunction with a gimbal and real
time kinetics (RTK) system was used. The model names of
the UAV, gimbal, and RTK system were Matrice 600 Pro [34]
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(Figure 1 (a)), Ronin-MX [35] (Figure 1, (b)), and D-RTK
[36] (Figure 1 (c)), all were manufactured by DJI.

Matrice 600 Pro, shown in Figure 1, is equipped with
six carbon fiber propellers, six intelligent flight batteries,
an A3 Pro flight control system, a DJI Lightbridge 2 air
system, and two DJI Lightbridge 2 air system antenna [34].
A3 Pro is a flight control system designed by DJI for a
wide range of multirotor UAVs to realize accurate attitude
control and high-precision position of the aircraft [37]. The
system includes a three GPS-Compass Pro module, three
IMU-Pro module, and power management unit (PMU). The
flight control systemworks in conjunctionwith theDJI Light-
bridge 2 system to control and maneuver the platform [38].
The DJI Lightbridge 2 is a long-range video downlink for
transmitting video and is composed of an air system module
and a ground system. The UAV weighs 10 kg with batteries,
and its dimensions are 1668 mm× 1518 mm× 727 mm.

Precise platform positioning and heading is important for
SAR systems. Inaccurate movement of the platform mani-
fests in the SAR signal as a phase error. In addition, the angle
between the radar line of sight and the platform movement
is one of the most important factors when synthesizing SAR
images. This angle determines the squint angle of the SAR
measurement which determines the Doppler centroid of the
SAR signal. To precisely control and stabilize the heading
and movement of the platform during the SAR experiment,
the D-RTK system was adopted. The D-RTK system is a GPS
and barometer system designed to provide accurate position-
ing and heading [36]. The system consists of two D-RTK
processors and three GNSS antennas, where one processor
and two GNSS antennas are placed on the platform and the
others are used as a fixed base station on the ground. The
Matrice 600 Pro combined with the D-RTK system provides
1 cm of horizontal position accuracy, 2 cm of vertical position
accuracy, 0.4◦ of orientation accuracy, and 0.03 m/s of speed
root mean square.

The vibration caused by the propellers and wind manifests
as phase errors in the SAR signal, thus the radar system was
mounted on the Ronin-MX Gimbal to minimize it’s effects.
The Ronin-MX, originally designed for filming cameras, is
easily integrated to general cameras using the camera mount
plate included in the product. Therefore, the radar system
was designed to have dimensions similar to that of a general
camera for easy integration with the gimbal. With the radar
mounted on the gimbal, the roll angle is directly related to
the depression angle of the antenna, which determines the
antenna footprint in a SAR measurement. The control of the
gimbal roll angle was possible using the DJI Lightbridge
2 remote controller, which was used to control the antenna
footprint.

B. RADAR SYSTEM
In SAR systems, the antennas have the largest contribution
to the payload of the platform. Because of the small size and
payload of the multirotor UAV platform, the goal of the radar
system design was to minimize size and weight. Therefore,

TABLE 2. Radar system requirements.

the W-band frequency was chosen to minimize the size and
weight of the antenna and RF components.

Multichannel radars provide an opportunity to extract
height information ormoving target information from a single
SAR measurement. To maintain the small size and weight of
the radar system while implementing a multichannel radar,
a SIMO radar architecture with one transmit (Tx) antenna and
two receive (Rx) antennas was chosen for the radar system.

A UAV can be used for remote sensing to investigate
hazardous areas without risking human resources. Hazardous
areas threaten the platform flight and the platform may not be
able to return after the remote sensing mission. To preserve
the data under the risk of losing the platform, real-time raw
data transmission capability is essential, which was consid-
ered when designing this radar system.

Considering the above, the radar system requirements were
defined as Table 2 to meet the SAR system requirements [39],
[40]. The radar system (Figure 1 (d)) was designed with three
main boards; the RF board, digital board, and datalink board.
A picture and functional diagram of each boards are shown in
Figure 2. In Figure 2, the physical location corresponding to
the function described in the diagram is marked with a letter.

1) RF BOARD
To minimize the size and weight of the radar module,
W-band of 77GHzwas chosen for the radar center frequency.
Moreover, commercial W-band monolithic mmIC chips were
used to further reduce the size and weight of the radar system,
which alleviates the burden of power consumption, size, and
weight that is introduced when designing a radar transceiver
from individual elements.

The Tx waveform used in the RF module is a sawtooth
FMCW. When a sawtooth voltage ramp is input from the
digital board to the voltage controlled oscillator (VCO)
mmIC (Figure 2 (a)) an X-band linear frequency modulated
signal from 9.625 GHz − 67.5 MHz to 9.625 GHz +
67.5 MHz is generated. The signal is then divided and trans-
ferred to the transmitting mmIC and two receiving mmICs
(Figure 2 (b) and (c)). The Tx mmIC chip upconverts the sig-
nal to the W-band by an eight-time multiplier and amplifies
the signal resulting in a W-band signal with a frequency
of 77 GHz±1 GHz and power greater than 20 dBm. The
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FIGURE 2. Picture of the RF board, digital board, and datalink board (top) and functional diagram of the radar system (bottom).
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W-band signal is then transferred to the Tx antenna via a
WR-12 waveguide port located on the back side of the RF
board (Figure 2 (d)).

When receiving the backscattered signal, the radar module
uses deramp on receive to convert the RF signal into an
intermediate frequency (IF) signal. The backscattered signal
received from two Rx ports (Figure 2 (e)) are transferred to
Rx mmIC chips (Figure 2 (c)). The Rx mmIC chips mix the
received signal with a reference W-band signal, which are
generatedwithin the Rx chip using theX-band signal received
from the VCO. The output of the Rx mmICs goes through a
chain of IF low-noise amplifiers (Figure 2 (f)) to enhance the
signal quality. Two in-phase signals, Ch1 I and Ch2 I, and
two quadrature-phase signals, Ch1 Q and Ch2 Q, are then
transferred to the digital board for digitization and to-ground
transmission.

The RF board functionalities were measured using a signal
analyzer and power meter. The transmitted power was mea-
sured using an Agilent N1911A power meter, an RF power
meter measuring instrument that can measure up to 100GHz.
The Tx port of the RF board was connected to the power
meter for the test. To operate the RF board on a single tone
mode, a VCO control board was connected to the RF board.
The measured power of the transmitted signal resulted in
21.67 dBm.
To test the bandwidth of the transmitted signal, a signal

analyzer, Keysight E4440A, was combined with a harmonic
mixer, Keysight 11970W. The harmonic mixer is an auxiliary
component that is used for measuring W-band devices with
Keysight E4440A. Figure 3 (a) shows the schematic and a
picture of the RF board under a transmit signal bandwidth
test. A 40 dB attenuator was attached to the Tx port of the RF
board prior to the harmonic mixer to protect the measuring
instrument. The output of the harmonic mixer was connected
to the signal analyzer via SMA cables. The RF board was
operated to transmit LFM signals from 76.3GHz to 77.7GHz.
The measured amplitude versus frequency from the sig-

nal analyzer is shown in Figure 3 (c). The frequency range
required for the transmitter is from 76.5 GHz to 77.5 GHz,
shaded gray in the figure. Figure 3 (c) shows that the RF
board is capable of transmitting a bandwidth of 1 GHz cen-
tered at 77 GHz. The amplitude deviation within the fre-
quency range is 3.37 dB, which is appropriate for FMCW
SAR experiments.

To test the receiver gain, a W-band source module, Agilent
510MS-AG, was utilized. The W-band source module was
connected to the Rx port of the RF board, and the IF signal
port was connected to the signal analyzer, Keysight E4440A.
To provide a reference signal to the RF mmIC chip, the trans-
mitter was set to run in CW mode using the VCO control
board. To remove the interference from the Tx port, a termi-
nator was connected to the Tx port. A picture and schematic
of the receiver test are shown in Figure 3 (b). The power
of the signal from the W-band source module was 7 dBm.
To protect the IF amplifiers within the RF board, a 50 dB
attenuator was attached prior to the Rx port; thus, the power

of the input signal to the RF board equaled −43 dBm. To
test the receiver gain, the spectrum analyzer was connected
to Ch 1 of the IF port when the source module was connected
to Rx 1 port, and when the spectrum analyzer was connected
to Ch 2, the source module was connected to Rx 2. The
single-tone signalmeasured from the signal analyzer is shown
in Figure 3 (d), where the blue line depicts the signal from
Ch 1, and the red line depicts the signal from Ch 2. The
receiver gain is calculated by (1), where GRx is the receiver
gain, Pinput is the power of the W-band signal input to the
Rx port, and PIF is the amplitude of the single tone signal
measured from the signal analyzer. The resultant IF powers
measured using (1) are 34.29 dB and 35.52 dB for Rx 1 and
Rx 2, respectively.

GRX = PIF − Pinput
= PIF + 43 dBm (1)

2) DIGITAL BOARD
The digital board has five main functions. The first initial-
izes the VCO mmIC and analog to digital converter (ADC).
The second achieves coherency between transmission and
digitization of the radar signal, and the third digitizes the IF
signals received from theRF board. The fourth synchronously
stores the digitized radar data to memory synchronously
with the PRI and the fifth transfers the digital data to the
datalink board. To realize these functions, while maintaining
a small size, weight, and power consumption, the digital
board was designed using a commercial field-programmable
gate array (FPGA) board (Figure 2 (g)) and carrier board
(Figure 2 (h)).

The FPGA board used for the digital board was PicoZed
manufactured by AVNET [41]. PicoZed is a flexible system-
on-module with common functions, such as memory, Eth-
ernet, serial peripheral interface, etc, integrated on a single
board. PicoZed is based on Zynq-7000 all programmable
system-on-chip (SOC) manufactured by Xilinx [42]. Zynq-
7000 is a product that includes a dual ARM Cortex-A9 (a
32-bit processor) processing system (PS) and Xilinx pro-
grammable logic (PL) in a single chip.

The carrier board includes an ADC, temperature constant
crystal oscillator (TCXO), and multiple connectors. The con-
nectors include SMA connectors for receiving IF signals, pin
header connectors for the serial peripheral interface (SPI), a
gigabit Ethernet port for connection to the datalink board, and
a PicoZed mezzanine connector to connect to PicoZed.

The ADC digitizes the IF signals (Figure 2 (i)) on the
carrier board. TheADC receives the IF signals and a 125MHz
clock signal (CLK) from the TCXO (Figure 2 (j)) and outputs
four low-voltage differential signals (LVDSs). The LVDSs
transferred to the FPGA board are transformed into FPGA
internal signals. A clock signal synchronous to the ADC sam-
pling is also transferred to the digital clock manager (DCM)
implemented within the PS to manage the transmitter control
and to-memory data transfer synchronously with the ADC
sampling.
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FIGURE 3. RF board performance test. Image (a) is a picture and schematic of the Tx bandwidth test; (b) is a picture and schematic of the
Rx gain test; (c) shows the result of the Tx bandwidth test, and (d) shows the result of the Rx gain test.

The logics implemented using the PL of the FPGA board
include DCM, double-datarate (DDR)/Frame Sync Logic,
Decimation & finite impulse response (FIR), synchronous
dynamic random access memory (SDRAM) Control, and
VCO Control. The logics operate synchronously with the
CLK generated by the DCM. The DDR/Frame Sync Logic
transforms the LVDS signal into FPGA internal signals. The
internal signals are transferred to the Decimation & FIR to
be decimated by a factor of 50. When the VCO Control
is activated, the module periodically sends SPI signals to
the VCO mmIC to activate the transmitter. Simultaneously,
the SDRAM Control is activated to transfer the decimated
data to the FIFO within the memory via direct memory
access (DMA).

The PS within the FPGA board works as a bare metal
computer with an application to control the PL running on
it. Upon powering on the digital board, the PS initializes
the VCO and the ADC via a SPI signal route connected to
the serial data input of the VCO mmIC and ADC. Then,
a TCP/IP server is opened to be connected to the ground
station. When the connection is established, the PS activates
the PL logics by changing the values within the register files
according to the commands received from the ground station.
The commands include changing theVCO settings, activating
the VCO Control, and activating the SDRAM Control.

The PS also sends the digitized data to the datalink board
via the gigabit Ethernet port installed on the carrier board.
When the server application receives a command to turn on
the network function, the PS reads the pulse data from the
memory and frames the digital data into user defined packets
(UDP). The UDP are then transferred to the Ethernet port to
be transferred to the datalink board.

The digital board was assembled by using a fabricated
board, which includes ADC, TCXO, a gigabit Ethernet
port, SMA connectors, and the commercial FPGA board.
The board was designed to operate with an input voltage
of 12 V DC. The overall size of the digital board was
110 mm × 110 mm, and the measured power consumption
was 4 W .

3) DATALINK BOARD
The datalink board (Figure 2 (k)) transfers commands from
the ground station to the digital board and transmits the
UDP packets received from the digital board to the ground
station via 2.4GHz wireless interface. To reduce the develop-
ment costs, commercial wireless equipment for the outdoors,
shown in Figure 4 (a), was used. For a compact design of the
radar module, the modem was separated from the wireless
equipment and was placed inside the radar module case along
with the RF and digital board. A 2 × 2 bidirectional patch
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FIGURE 4. Picture of the wireless equipment, datalink board, and
datalink antenna. Image (a) shows the wireless equipment in a plastic
case; (b) shows the two 2 × 2 patch antenna used for the datalink, and
(c) is a picture of the datalink board.

antenna with a gain of 17 dBi, shown in Figure 4 (b), was
used for the datalink antenna. The datalink utilizes an ISM
band of 5180− 5805MHz with a bandwidth of 80MHz. The
overall size of the datalink board was 110mm×110 mm, and
the power consumption was 4W .

The RF, digital, and datalink boards were stacked into a
single module using PCB supports and via holes that were
designed to fit each other. The assembled radar module was
powered by a commercial 12 V cylindrical cell Lithium-ion
battery. A case was designed using lightweight plastic to
protect the three main boards, power, and connection cables,
shown in Figure 5 (a). The bottom of the case was designed to
mount the commercial camera. The camera mount was then
mechanically attached to the gimbal to affix the radar module
to the UAVplatform. The datalink antennawas attached to the
gimbal to direct the ground station. The power consumption,
dimension, and weight of the radar module were measured
to be 25.6 W , 130 mm × 130 mm × 62 mm, and 0.766 kg,
respectively.

C. GROUND STATION
The ground station is composed of a ground station
datalink, control PC (Figure 1 (h)), and drone control units
(Figure 1 (f) and (g)).

1) GROUND STATION DATALINK
The same wireless equipment used in the datalink was used
for the ground station datalink to remotely communicate with
the radar system. The ground station datalink was connected
to the control PC via gigabit Ethernet. Upon powering on the
radar module and the ground station datalink, the datalink
tests for the connection between the two remote modems and
notifies the users with a loud beep when the connection is

established. Then, the ground station datalink may receive
commands from the control PC and transfer them to the radar
system. The ground station datalink is also responsible for
transferring raw data received from the radar module to the
control PC.

2) CONTROL PC
The control PC was responsible for setting the experiment
mode, starting the radar signal transmission, and storing the
raw data to storage. To set the experiment mode, the control
PC connects to the server application running on the radar
system via TCP/IP. A set of commands are available on the
application, which can be utilized by sending predesignated
command codes, including setting the PRI value, turning the
PRI on or off, turning the network function on or off, etc.

A data conversion software to store the raw data was
developed. The data of a single ramp are too large to be
framed into a single UDP packet; thus, a single pulse was
divided into four UDP packets and were sent to the ground
station.When the UDP packets are received from the datalink
to the data conversion software, the software looks for four
packets that belong to the same pulse and combines them into
a single 16 KB file. The information within the file includes
the amplitude of the four IF signals and the transmission time
of the pulse. To reduce the data size, the difference of the
transmission time between pulses rather than an absolute time
were included in the datafile.

3) DRONE CONTROL UNIT
The drone control unit consists of a DJI Lightbridge 2 remote
controller, tablet, and DJI-RTK ground unit. The DJI-RTK
ground unit consists of a processor and GNSS antenna and is
located near the flight area in a fixed position on the ground
throughout the flight.

The DJI Lightbridge 2 remote controller is used to com-
municate with the Lightbridge 2 air system on the platform to
control the UAV movements. The angle between a horizontal
plane parallel to the ground and the radar LOS is called the
depression angle. The angle in conjunction with the platform
altitude determines the antenna footprint for a given antenna
radiation pattern. The roll angle of the gimbal determines
the depression angle, which is controlled by the remote con-
troller.

An iPad, manufactured by Apple, was used for the tablet
to launch the applications provided by DJI. The application
named DJI Go was used to check the initial status of the
UAV and to set the gimbal operationmode [43]. Before taking
off, the initial status, such as battery life, GNSS connection,
and DJI-RTK connection, should be checked. The gimbal
operation mode was an important setting for performing the
SAR experiments. The yaw angle of the gimbal is directly
related to the squint angle and should be tangent to the
platform movement for the broadside stripmap mode SAR
experiments. Thus, the gimbal was operated at a fixed angle
parallel to the heading, while maneuvering the platform tan-
gent to the heading.
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FIGURE 5. Picture of the radar system. Image (a) shows a picture of the plastic case, three stacked boards, and the radar system, and (b) is
a picture of the SAR system mounted on the platform.

The tablet was also used to maneuver the platform with an
autopilot function using the DJI GS Pro application provided
by DJI [44]. In the application, a set of waypoints with lon-
gitude, latitude, height, velocity, and heading information is
used to fly the aircraft at specific flight paths. The latitude and
longitude of the flight path were obtained using Google Earth
software from Google. The heading angle, which governs the
squint angle in the developed SAR system, was calculated
according to the longitude and latitude of the flight path using
Mapping Toolbox of Matlab from Mathworks.

Overall, a W-band SAR system mounted on a multirotor
UAV with a single transmit channel and two receive channels

capable of real-time data transmission was assembled. The
radar module was capable of transmitting a W-band signal
with 1 GHz bandwidth and over 20 dBm power, and the
maximum range according to the sampling rate was 180 m.
Operation time of the SAR system bounded by the maximum
platform operation time was 15 minutes.

III. DRONE SAR EXPERIMENT RESULTS
A. DATA ACQUISITION FROM THE DEVELOPED DRONE
SAR SYSTEM
To test the imaging performance of the system, SAR exper-
iments were conducted on campus. Considering the radar
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maximum range, the platform was flown 30 m above the
target with a 73◦ depression angle, illuminating the target at
a 100 m ground range. The ground station was placed near
the flight path to conserve the platform battery, where one
person controlled the platform using the remote controller,
and another person controlled the radar using the control PC.

Before platform takeoff, the connection between the radar
and control PC was confirmed by connecting to the radar
using TeraTerm, an open-source terminal program. After tak-
ing off and starting autopilot, the platform moved to the start
position of the flight course. When the person controlling the
platform demonstrated that the platform was on the experi-
mental flight track, the person controlling the radar activated
the network function of the radar. Thereafter, radar signals
from different azimuth positions were stored into the control
PC until the platform reached the end of the flight track.

The radar was operated using a PRI value of 2 ms, which
corresponds to 500 Hz of PRF, to safely store the pulses.
Unlike TCP, UDP does not guarantee that the packet will
arrive at the destination. If one out of the four packets that
consist a single pulse fails to arrive at the control PC, the
data conversion software program fails to generate a data file.
The loss of a packet is inevitable and may be severe if an
interference occurs between the datalink antennas or if the
datalink antennas are not properly facing each other. Thus,
to minimize the pack loss, PRI was chosen to be larger than
the pulse length.

B. SIGNAL PROCESSING
In our research, MATLAB software was used to process the
data acquired from the Drone SAR system. The data prepro-
cessing and signal processing steps are shown in Figure 6. A
MATLAB script to parse individual data files and to convert
them into MATLAB variables was developed. The parsing
script iteratively opened the data files to generate a data
matrix organized in slow−time × fast−time and an auxil-
iary variable containing the differential slow-time variable.
Then, the differential slow time was compared to the actual
PRI used for the measurement to identify any pulse data that
failed to be stored. The absent pulses must be adequately
interpolated to apply general SAR algorithms that assume
uniform sampling in slow-time. Empirically, as long as the
two datalink antennas are facing each other and there is
no interference between them, a zero-array inserted at the
location of the absent pulse was sufficient to apply general
SAR algorithms.

Numerous algorithms such as the range migration algo-
rithm (RMA), polar formatting algorithm (PFA), backpro-
jection, and chirp scaling algorithm can be used to generate
the SAR image [45]–[47]. In our research, RMA was used to
synthesize the image of the target. The phase corrected data
are Fourier transformed to the spatial frequency domain and is
multiplied by a matched filter. Thereafter, Stolt interpolation
is performed to correct the range migration, and two dimen-
sional inverse Fourier transformation is applied to generate
the SAR image.

FIGURE 6. Flowchart of the Drone SAR System data signal processing.

The instability of the platform causes deviations from a
nominal track. The deviation manifests as phase error in the
radar signal. To compensate the phase error, the deviation
from the nominal track can be measured and the phase error
can be calculated [48]. The accuracy of the platform move-
ment must be smaller than the wavelength of the transmitted
frequency, and the information must be provided every PRI,
which is not realistic when using a millimeter wave. As
an alternative approach, the phase error can be calculated
directly from the raw data using autofocus algorithms. In our
research, the phase gradient algorithm (PGA) was used to
iteratively calculate the phase error for each pulse, which is
used to correct the data [49]–[52]. For a rigidly connected
antenna, phase error due to non-ideal motion is common to
each channel, thus phase error calculated using Ch1 data was
used to compensate the motion error for both channels [53].

C. MEASUREMENTS FROM ARTIFICIAL STRUCTURES
To test the functionality of the developed system in realistic
scenarios, experiments were conducted using artificial struc-
tures at Yonsei University. An optical image of the campus
captured from Google Earth is shown in Figure 7. For con-
venient interpretation of the radar image, structures that were
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FIGURE 7. Picture of the experiment scene. Image (a) is an optical image of the experiment scene captured from GoogleEarth; (b) is an
enlarged image of the library with the location of the platform flight track and the ground station, and (c) is an enlarged image of the
chapel with the location of the platform flight track and the ground station.
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FIGURE 8. Imaging result of the library experiment. Image (a) is a SAR image processed with RMA, and (b) shows an Optical image of the library
taken from the same height as the SAR measurement and two pictures taken from the roof of the library.

isolated and have a distinguishable structure were chosen for
the experiment target. Therefore, the Underwood Memorial
Library and the Christine Chapel were chosen as the target.

The flight track and geometry of the library experiment
are shown in Figure 7 (b). The platform was flown over a
lawn in front of the library. The library height was 36 m;
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FIGURE 9. Imaging result of the chapel experiment. Image (a) is an optical image of the building, and (b) shows a SAR
image processed with RMA.

thus, the platform was flown 66 m above ground to maintain
the same depression angle. The rectangular parallel-piped
structure is eight floors high, where the eighth floor (roof
floor) is made of wooden ground with grass areas. A portion
of the seventh floor is used as a terrace; thus, the building

seen from the top looks like a rectangle with a parallelo-
gram inside. The walls of the library are made of concrete
with four sides, and the wall facing the radar had another
outer layer made of metallic bars stacked in the azimuth
direction.
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The resultant radar image of the library experiment is
shown in Figure 8. The rectangular structure of the outer
walls and the border between the terrace and roof can be
observed. The metallic bars of the wall facing the radar are
magnified and are shown in Figure 8 (b) as well as a picture
taken from the roof of the library. The reflection from the
metallic bars separated in azimuth with a distance of 1 m
is shown in the radar image as point-scatterer-like responses
along the same range bin. The average distance between
the local maximum of the image is 1.1 m, which corre-
sponds to the distance between the metallic bars. Multiple
point-scatterer like responses are also present along the same
azimuth bin at the location corresponding to the upper edge
of the building, magnified in Figure 8. This response is owing
to the regularly spaced metallic bars placed on the edge of the
roof floor for safety.

The flight track and geometry of the chapel experiment are
shown in Figure 7 (c). The chapel building looks like three
long rectangular boxes attached along the long edge. The
surface of the building consists of marble, and the roof of the
building is decorated withmarbles. In front of the building are
grass areas with trees. A corner reflector with an radar cross
section (RCS) of 30 m2 was placed in front of the building to
assess the imaging quality.

The resultant radar image of the chapel experiment is
shown in Figure 9, where (a) is an optical image taken from
approximately same height as the platform and (b) is the
synthesized SAR image. High reflection from the edge of
the building shows the overall structure of the target. The
marble decoration on the roof of the building is also visible
as vertical lines at the location of the building roof. The point
target response in the near range of the building with a high
amplitude is the reflection from the corner reflector. A vague
response is present in the near range of the image that forms
five clusters at the bottom of Figure 9 (b). This is the response
from the trees in front of the building.

D. INTERFEROMETRIC SAR MEASUREMENTS
To show the multichannel functionalities of the developed
Drone SAR system, a cross track interferometric SAR exper-
iment was performed. By utilizing the cross track interfer-
ometric SAR measurements, the height of the illuminated
scene can be obtained [20]. The Rx channel of the radar is
spatially separated by 76 mm in the developed radar module,
which allows a fixed baseline interferometry. The transmitted
RF signals are received by the two antennas attached to
the Rx ports at the same time; thus, there is no temporal
decorrelation between the signals from the two channels.
In addition, because of the short baseline of the system,
the image co-registration process is not required. The image
co-registration process requires complex signal processing,
such as mesh transformation and back geo-coding, thus, high
quality interferogram can be obtained using the developed
system with minimal signal processing effort.

Figure 10 shows the geometry of the cross-track interfer-
ometric SAR experiment where A1 and A2 are the antenna

FIGURE 10. Geometry of InSAR measurement.

FIGURE 11. Reconstructed SAR Image from two channels. Image (a) is the
master image from Rx port 1, and (b) is the slave image from Rx port 2.

phase center (APC) of the master and slave channels, respec-
tively [54]. The APC of the master channel is the mid-point
between the Tx antenna and the antenna attached to Rx port 1,
and the APC of the slave channel is the mid-point between
the Tx antenna and the antenna attached to Rx port 2. The
distance between A1 and A2 is B, and the height of A1 is
h0. Considering a target at ground range y and height h0, the
range between the target andA1 is denoted as r1, and the range
between the target and A2 is denoted as r2. The ground range
of a point on the ground that satisfies r01 = r1 is y0, and
the range from that point to A2 is r02. The angle between the
z−axis and r1 is θ , and the angle between the z− axis and r01
is θ0. A corner reflector with RCS 100 m2 placed on a flat
ground was used as the target scene for the interferometric
SAR measurement. Table 3 lists the parameters used for the
interferometric SARmeasurement. The height h0 was chosen
so that the platform was within the visible range for safety.
The depression angle α was chosen to keep the scene center
at the range of the system requirements.

The interferogram can be generated by utilizing the
two complex images reconstructed from the different
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TABLE 3. Geometric parameters of the interferometric SAR measurement.

FIGURE 12. Interferogram generated from InSAR product.

FIGURE 13. Initial topographic phase map.

Rx channels. The two SAR images produced using PGA
and RMA are shown in Figure 11. A strong response from
the corner reflector is visible at range 115 m. To generate
the interferogram, the master image and complex conjugate
of the slave image is multiplied pixel by pixel to generate
an InSAR product. Then, the angle operator is taken to the
InSAR product to obtain the phase values of the InSAR
product, resulting in an interferogram. The InSAR sensor is
a sensitive sensor; thus, a noise reduction filter is usually
applied in realistic systems. In our research, a square moving
average filter with a width of 75 cm (approximately five
times the resolution) was used prior to the angle operator. The
resultant interferogram is shown in Figure 12.
Each phase value that contains the interferogram is a sum

of multiple elements, shown in (2), where φ denotes a phase
value of an InSAR product. The displacement phase, denoted
as φdisp in (2), occurs owing to the displacement of the
illuminated scene between the measurement times of the
master image and slave image. Thus, displacement phase
may be significant when performing repeat-pass interfero-
metric measurements, however, it is considered negligible for
single-pass measurements. The topographic phase, denoted
as φtopo in (2), occurs owing to the topographic characteristics
of the terrain and can be used to measure the relative height
of the illuminated scene.

φ = φgnd + φtopo + φdisp (2)

FIGURE 14. Variance of interferogram calculated for different antenna
heights and grazing angles.

FIGURE 15. Topographic phase map generated with new parameters.

FIGURE 16. Ambiguous height calculated for different ranges.

The ground phase, denoted φgnd in (2), is the most dom-
inant element that contributes to the interferogram. The
ground phase is the contribution from the ground that man-
ifests itself as fringe patterns along the range direction in
the interferogram. To obtain topographic information from
the interferogram, the ground phase should be removed.
The ground phase can be removed using a digital eleva-
tion model (DEM) of the scene or by mathematically mod-
eling the phase of the ground. In our research, the latter
method was utilized. Considering the low altitude of the mea-
surement platform, the ground can be approximated as flat
earth. The resultant model of the ground phase is expressed
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FIGURE 17. Enlarged SAR image, range profile, and cross range profile of the target: (a) Rx 1 and (b) Rx 2.

as (3).

φflat =
4π
λ
(r02 − r01)

=
4π
λ

(
r1

√
1+

B2 − 2r1B sin θ0 − α

r21
− r1

)
(3)

The ground phase can be removed from the interferogram
by subtracting the ground phase calculated for different r1
using (3), resulting in a topographic phase map. The resul-
tant topographic phase map is shown in Figure 13, where
two major observations can be made. First, the value of the
topographic phase gradually increases as the range increases.
Second, a cross-shaped discontinuity is present at the location
of the corner reflector.

The second phenomenon is owing to the response from the
corner reflector with a high RCS displaced from the ground.
Thus, the phase at the middle of the cross shape is consid-
ered the topographic phase of the target. The discontinuous
phase values outside the intersection of the cross shape are a
result of the topographic phase of the target subtracted by the
ground phase of the clutter, which can result in an erroneous
interpretation of the topographic phase. This phenomenon
can be reduced using sidelobe suppressing windows; however
it is inevitable when there is a target with a high RCS within
the scene.

The first phenomenon contradicts the preconditions made
on the illuminated scene because gradually increasing topo-
graphic phase implies a downward slope with an increasing
range. This phenomenon is the result of insufficient removal
of the of ground phase. Because of the characteristics of
the UAV platform, the platform could move in a geometry

different from the intended one. In this case, the ground
phase is not properly modeled because erroneous geometric
parameters were used for the modeling. Thus, a method to
extract the exact geometric parameters of the measurement is
required.

To determine the exact geometric parameters of the mea-
surement, the variance of the topographic phase map was
used. The topographic phase of flat ground is constant; thus,
the variance of the topographic map is expected to be zero.
Assuming that the baseline tilt angle α and height of the
platform h0 may be erroneous, multiple topographic phase
maps were generated using different values of α and h0,
and their variances were calculated. Figure 14 shows the
variance calculated for topographic phase maps generated
using different values of α and h0. Figure 14 shows pairs of
(α, h0) values that may result in a more constant topographic
phase map generated using the initial geometric parameters
of (73◦, 30 m). Thus, a (α, h0) pair that results in a local min-
imum in Figure 14 was considered a more realistic geometric
parameter.

The topographic phase map was generated using the new
geometric parameters of α = 72.2◦ and h0 = 27.5 and is
shown in Figure 15. Compared to Figure 13, the phase of
the clutter is constant for different ranges, and discontinuity
between the target response is present. Thus, Figure 15 is
considered more adequate for interpretation.

The topographic phase can be converted to the height of
the terrain using an ambiguous height 1z2π , which is the
height of the terrain that induces the topographic phase of 2π .
The relationship between the ambiguous height and range is
given in (4), where B⊥ is the perpendicular baseline B⊥ =
B cos (θ0 − α). Thus, the ambiguous height for the different
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TABLE 4. Image performance parameters.

range can be calculated using the geometric parameters of the
InSAR measurement, which is shown in Figure 16.

1z2π = −
λr1 sin θ0

B⊥
(4)

The height of the terrain is related to the topographic phase
by (5). The ambiguous height of the range corresponding to
the target location is−11.42m, and themeasured topographic
phase relative to the clutter is −1.0289 rad . The resultant
height calculated by (5) is h = 0.9357 m.

φtopo =
4π
1z2π

h (5)

E. IRF MEASUREMENT
To further analyze the imaging capabilities of the Drone SAR
system, impulse response function (IRF) of the system was
obtained by extracting the target response from Figure 11.
The extracted IRF from the two channels are shown in
Figure 17, where two 2-D sinc functions are obtained.
The image performance parameters, such as resolution,

peak sidelobe ratio (PSLR), and integrated sidelobe ratio
(ISLR), are measured from Figure 17 and are listed in
Table 4. The centimeter level resolution and adequate level
of the sidelobes shows the validity of the developed system
for use in small scale radar imaging of the illuminated scene
using multirotor UAVs as platforms.

IV. CONCLUSION
In this paper multichannel SAR system mounted on a mul-
tirotor UAV platform capable of real-time data transmission
is presented. The radar system is developed using commer-
cial millimeter-wavemmICs, digital boards, and communica-
tion modules with small and lightweight characteristics. The
lightweight radar can be mounted on a multirotor UAV, which
can be used to generate SAR images.

The developed SAR system is composed of three subsys-
tems; the UAV platform, radar module, and ground station. A
hexarotor UAV from DJI was chosen for the platform to carry
the radar module. The selected platform is capable of carrying
a payload up to 10 kg and can operate with predesignated
navigational data. The radar module used 77 GHz as the
center frequency, and the transmit power was measured to
be 23 dBm for high resolution imaging with a small size
and weight. The radar module also included datalinks, and
the radar data was captured in real-time. The ground station
remotely controlled the radar module and platform, allowing
SAR data acquisition using a drone.

The functionality of the Drone SAR system was verified
by field tests. The radar imaging capability of the developed
system was verified by illuminating artificial buildings and
applying SAR algorithms to the received data. The structure
and location of the illuminated buildings and trees were
acquired. The multichannel capabilities of the developed sys-
tem were verified by illuminating a corner reflector of a
known height. After interferometric processing of the images
received from the two channels, the height of the target was
retrieved.

These results demonstrate the promising application of
radars mounted on drones for disaster monitoring, remote
sensing, and agriculture. The multichannel characteristic can
be used for topographic mapping with a shorter revisit time
than that of other platforms. In the future, application of
real-time SAR algorithms and interferometry will be studied
to obtain InSAR images in real-time using the proposed SAR
system. Also, advanced motion compensation method for
SAR interferometry will be considered for accurate interfer-
ometric processing.
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