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Abstract—This article presents a novel signal technique for
Ku-band automobile frequency-modulated continuous-wave fully
polarimetric synthetic aperture radar (FMCW PoISAR) system
using triangular linear frequency modulation (LFM). Our pro-
posed system shows the first utilizations of triangular LFM for
an FMCW PolSAR. The proposed signal processing algorithm is
based on the range Doppler algorithm (RDA). We developed an
FMCW PoISAR system that transmits triangular LFM signals,
which are used less frequently than sawtooth LFM in an
SAR sensor. Using a theoretical background, we describe its
configuration and how it works. We propose the novel processing
solution, which forms two kinds of single-polarization images
from a raw data set and is suitable for our system. We obtained
all four kinds of single-polarization images from two raw data
sets while using the triangular LFM. In comparison, when using
sawtooth LFM, we obtained the four images from four raw data
sets by repeating the RDA four times. The proposed method
simplifies the FMCW PoISAR system configuration and the
processing algorithm. We collected FMCW PoISAR raw data
from an experimentally equipped automobile while maintaining
a constant speed on a highway. The proposed algorithm and
system were validated by processing a high-resolution FMCW
PoISAR image.

Index Terms— Automobile synthetic aperture radar (SAR),
frequency modulated continuous wave (FMCW) radar, fully
polarimetric SAR (PolSAR), linear frequency modulation (LFM),
range Doppler algorithm (RDA), SAR, triangular waveform.

LIST OF ACRONYMS AND ABBREVIATIONS

ADC Analog-to-Digital Converter.

CR Corner Reflector.

DDS Direct Digital Synthesizer.

FFT Fast Fourier Transform.

FMCW  Frequency-Modulated Continuous-Wave.
HH Horizontal to Horizontal.
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HH-pol  HH Polarimetric.

H-pol Horizontally Polarized.

HV Horizontal to Vertical.

HV-pol  HV Polarimetric.

IFFT Inverse Fast Fourier Transform.
1Q In-phase and Quadrature.

LFM Linear Frequency Modulation.
MTI Moving Target Indicator.

PRF Pulse-Repetition-Frequency.
PRI Pulse-Repetition-Interval.
PolSAR  Polarimetric Synthetic Aperture Radar.
PSLR Peak Sidelobe Ratio.

RCM Range Cell Migration.

RCMC  Range Cell Migration Correction.
RDA Range Doppler Algorithm.

RF Radio Frequency.

RX Recelver.

TX Transmitter.

VH Vertical to Horizontal.

VH-pol VH Polarimetric.

V-pol Vertically Polarized.

\AY) Vertical to Vertical.

VV-pol  VV Polarimetric.

I. INTRODUCTION

REQUENCY-MODULATED continuous-wave (FMCW)

radar has recently received a great deal of attention
because it offers advantages including low constant transmis-
sion power, small size, and low manufacturing cost [1]-3].
The number of applications for FMCW radar is also rapidly
expanding in various research areas. One of these areas is
synthetic aperture radar (SAR) [4]-[6]. In earlier years, the
number of SAR sensors based on a type of pulsed radar
was larger than that of FMCW SAR sensors. But recently,
with advances in signal generation hardware, FMCW SAR
sensors have become attractive alternatives, giving rise to
high-resolution FMCW radar systems. In addition, the ben-
efits of FMCW radar have led to particular interest in SAR
polarimetry, which provides an effective means of deriving
qualitative and quantitative physical information from a detec-
tion area (e.g., land, ocean, and urban areas) [7]-{9]. FMCW
polarimetric SAR (PolSAR) was first introduced in [10].
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Yamaguchi and Moriyama [10] detected objects buried in
a snowpack with FMCW PolSAR. However, their produced
images differed significantly from the general terrain images
of POISAR. In other words, their results were unable to achieve
the main objective of PolSAR tomography.

In FMCW radar, a linear frequency modulation (LFM)
signal, such as a sawtooth waveform or a triangular waveform,
is typically utilized to simultaneously extract both target
range and velocity information from a received signal. Useful
waveforms are constrained by the type of applications. In the
FMCW SAR field, to reduce azimuth ambiguities, a sawtooth
waveform is usually employed. The waveform provides an
effective way of producing a pulse-repetition-frequency (PRF)
that is higher than a triangular waveform [4], [5], [11].
Nevertheless, much excellent work has been accomplished on
FMCW SAR by exploiting other waveforms. Wang et al. [12]
described a new approach based on waveform diversity to
resolve range and azimuth ambiguities in FMCW unmanned
airborne vehicle SAR systems. Meta and Hoogeboom [13]
addressed the effect of a moving target in an SAR image pro-
duced by an FMCW SAR system with a triangular waveform
asthe LFM method; this can be utilized to assist moving target
indicator (MTI) capabilities.

However, in the FMCW PolSAR field, only the sawtooth
waveform has been employed.

FMCW radar has been gaining popularity as a substitute
for pulsed radar, and it is becoming increasingly important to
focus FM CW Pol SAR research on FMCW radar features, such
as triangular LFM and range fast Fourier transform (FFT) for
range compression with the range-Doppler algorithm (RDA).

Inthis article, we propose a new signal processing algorithm
for FMCW PolSAR systems which employs the triangular
waveform as an LFM method for detecting numerous targets
on the ground. Using our proposed algorithm, an FMCW
POISAR system with triangular LFM was determined to be
simpler than one using sawtooth LFM.

In a system radiating sawtooth waveforms, it is usually
essential to acquire digital data from a square wave, which is
created for synchronization. The data are needed to separate
the vertical to vertical (VV), horizontal to vertica (HV),
vertical to horizontal (VH), and horizontal to horizontal (HH)
raw data coming into each receiver (RX). Using triangular
LFM, our method is capable of separating the raw data without
the square wave digital data. This makes it unnecessary to
include an analog-to-digital converter (ADC) for the sguare
wave in the FMCW PolSAR system using triangular LFM,
which simplifies the FMCW PolSAR system configuration.
By applying range FFT as the range compression RDA,
the positional information of targets appears to be symmet-
rically overlapped in the frequency domain because of the
upslope and downslope parts of the triangular waveform.

We constructed two data sets by exploiting this feature
of the triangular waveform: 1) a data set with symmetrical
overlap between a VV and an HV image and 2) a data set
with symmetrical overlap between a VH and an HH image.
In a system using sawtooth LFM, one data set is generaly
required for each polarization image. Four data sets are needed
for a fully PoISAR image in the case of the sawtooth LFM.
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We showed that the triangular waveform leads to simplification
of the algorithm for FMCW PolSAR.

Here, we describe a remarkable way of separating the two
kinds of single-polarization images overlapped in the same
scene. To validate our agorithm, we not only designed a
Ku-band FMCW fully PolSAR system but also performed a
field test with the system on a moving automobile platform.
Utilizing the automobile platform for system verification also
demonstrated benefits of low cost and easy modification
[14]-{16]. A defined FMCW Pol SAR image was produced by
our proposed algorithm using raw data acquired in the field
test.

The remainder of this article is organized as follows.
Section Il provides the FMCW SAR signal model based on
triangular LFM waveform. Section 111 introduces our FMCW
POISAR system and a new signa processing agorithm for
FMCW PolSAR using triangular LFM. Section 1V discusses
the field test with our system mounted on an automobile.
In addition, a high-resolution FMCW PolSAR image is pre-
sented to validate our proposed agorithm and the developed
system. Finally, conclusions for this article are provided
in Section V.

Il. FMCW SAR SIGNAL MODEL BASED
ON TRIANGULAR LFM WAVEFORM

A. FMCW Radar Using Triangular LFM Waveform

We present a basic theory of FMCW radar based on
sawtooth and triangular LFMs. The signal transmitted from
an FMCW radar can be expressed as [17], [18]

srx(t) = exp{ j 27r(fct + }%F)] 1)
2 Tswp

where f; is the carrier frequency, Bsyp is the LFM sweep
bandwidth of the transmitted baseband signal, Tsy is the
pulse repetition interval (PRI), and t is the time variable
within PRI. Bgyp and Tsyp are constants since we assume
that LFM is applied. Equation (1) is valid for the upslope
sawtooth LFM and the upslope parts of the triangular LFM,
as shown in Fig. 1(a) and (b). We assume that thereis a single
target on the ground. After reflecting off the stationary target,
the received radar signal is derived as

Srx (1) = EXD{ ] 27r(fc(t —7)+ %@(t _ 1)2)] )
swp

where 7 is the time delay generated by the target. After

mixing the transmitted and received signals with a mixer, the
intermediate frequency is described as

. Bswp 1Bswp »
ty=expij2n|—fer — — 1t + =—— . (3
SiF,up(t) pi] 71'( c? Tspr + 5 Tsxva (©))

The second phase term in (3) is proportional to the time
delay. This term is called the beat frequency. We exploit the
beat frequency to extract the target range information, which
can be determined by applying an FFT. For the downslope
part of the triangular LFM, the intermediate frequency, which
is dightly different than (3), is derived as

_ }@12)] (4

%t 2T
swp

SIF,down(t) = eXp[ J 2n (_ fer + T
swp
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Fig. 1. Behavior of signals at different stages to a generated beat frequency,
for sawtooth and triangular LFM transmission signals from a numerical
simulation and an experiment. () Transmitted and recelved sawtooth LFM
signals from the numerical simulation. (b) Transmitted and received triangular
LFM signals from the numerical simulation. (c) Beat frequency in the negative
region after deramping of transmitted and received signals in the case of
sawtooth LFM from the numerical simulation. (d) Beat frequency in both the
negative and the positive regions after deramping of transmitted and received
signals in the case of triangular LFM from the numerical simulation.

Fig. 2. Beat frequency in the frequency domain in the case of sawtooth LFM
from the simulation in MATLAB.

From the second phase term in (3) and (4), we can
confirm that the beat frequency appears in the negative fre-
guency region for the upslope sawtooth LFM and the upsliope
parts of the triangular LFM, whereas the beat frequency
appears in the positive region for the downslope parts of the
triangular LFM.

Figs. 1-3 show how the beat frequency is generated by
the sawtooth and triangular LFM waveforms from a numer-
ical simulation. Figs. 1-3 are from the numerica simula-
tion in MATLAB. We conducted the simulation with the
parameters described in Table | to briefly show how the
beat frequency appears in the frequency domain as presented
in Figs. 2 and 3. The FMCW radar radiates signalsin the form
of each LFM and receives the signals reflected back from a
target after a certain time delay. For the sawtooth LFM as
described in Fig. 1(a), after deramping of the transmitted and
received signals, the beat frequency appears in the negative
frequency region in the second phase term of (3), as shown
in Fig. 1(c).
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Fig. 3. Beat frequency in the frequency domain in the case of triangular
LFM from the simulation in MATLAB.

TABLE |
SPECIFICATIONS OF THE SIMULATION IN MATLAB

Parameters Specifications
LFM Sweep Bandwidth 500 MHz
PRI 200 ps
LFM Sweep Types Sawtooth, Triangular LFM
Center Frequency 14.25 GHz
Sampling Rate 20MS/s
Direct Leakage Delay 28.8m
Range to Target 1 120m
Window Hann

We applied FFT to samples corresponding to PRI to produce
samples in the frequency domain. Fig. 2 illustrates the beat
frequency in the frequency domain, which appears negative
from the sampling frequency.

Since our FMCW PolSAR system utilizes in-phase and
quadrature (IQ) modulation, it is capable of detecting a target
range using a whole sampling frequency, fsampe. We marked
the range from zero to fegmpe to draw a continuous beat
frequency waveform, as presented in Fig. 2. There are two
peaks in Fig. 2. 1) a direct leakage signal directly from
the transmitter (TX) to the RX and 2) the beat frequency
generated by the target. In the case of the triangular LFM,
the beat frequency is generated by alternating the positive and
negative frequency region, according to the second phase term
in (3) and (4), as shown in Fig. 1(d). Fig. 3 is a result of
the beat frequency in the frequency domain after applying
FFT to samples within PRI. It has a form where the beat
frequency generated by the upslope and the downslope parts
of the triangular LFM overlaps symmetrically. In our proposed
algorithm as presented in Section 111, we exploit the feature of
the triangular LFM, which is the symmetrical beat frequency.
Using the second phase term in (3) and (4), the detection range
to the target can be derived as

R— 7 _ CTowpfoear _ Cloea 5
2 2Bswp 20
where a is the frequency sweep rate equal to the ratio between
Bswp and Tayp.
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Fig. 4. Automobile FMCW PolSAR geometry in the zero-squint case.

Fig. 5. RDA for FMCW SAR in the zero-squint case.

B. FMCW SAR Sgnal Model Using Triangular Waveform

Fig. 4 shows the automobile FMCW PolSAR geometry in
the zero-squint case. We exploited RDA as a signal processing
scheme to form an FMCW SAR image, as detailed in Fig. 5.
The raw data collected on the SAR platform consisted of
unidentifiable data. In RDA, the first step is to perform range
compression in the range direction. In a conventional SAR
system based on pulse radar, several steps using a matched
filter are usually required for range compression: range FFT,
matched filtering, and range inverse FFT (IFFT). For the SAR
system based on FMCW radar, range FFT can be used to
simply replace the range compression step. This enables the
algorithm to be ssimple, and the elapsed signal processing time
for an SAR image is decreased.
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From (3)—(5), the data received from the point target after
range FFT can be expressed as [19]

SC( f‘[ ) ’7)
~ Ao walnn — 1c)
X{Wr,up[_ f. — fbeat,up] + Wr,down[ f, — fbeat,down]}

Axfe .
xexp[—J i RO]exp{—JnKanz} (6)

where A is the magnitude of the point target, which means
the backscatter coefficient, # is the azimuth time, which is the
time domain in the azimuth direction, W; is the compressed
pulse envelope in the range direction, w, is the received signal
strength as the function of azimuth time, 7. is the beam
center-crossing time, which is the difference between the time
when the sensor approaches closest to the scene center, Ry is
the range of the closest approach to a target, and K is the
azimuth frequency modulation rate, which is the rate of change
of Doppler frequency.

As the next step in RDA, we conducted azimuth FFT to
perform range cell migration correction (RCMC) in the range
Doppler domain. The instantaneous distance between the point
target and the SAR platform changes because the sensor on the
platform advances along its path. In signa memory, the range
variation, which is larger than the range resolution, leads to a
migration through the range cells. Thisis caled RCM. RCMC
is the process which straightens out the curved target tragjectory
generated by RCM. Azimuth compression is then performed
to synthesize the tragjectory paralel to the Doppler axis into
one pixel of an SAR image.

I1l. PROPOSED SIGNAL PROCESSING ALGORITHM FOR
FMCW PolSAR USING TRIANGULAR LFM

In this section, we describe our FMCW PoISAR system
using triangular LFM, and how it works. We propose a new
signal processing algorithm suitable for our FMCW PolSAR
system and discuss its advantages.

A. FMCW PolSAR System Using Triangular LFM

We designed an FMCW PolISAR system which is capable
of radiating triangular LFM signals, as shown in Fig. 6.
Specifications of the system are presented in Table II. Our
system is composed of an LFM signal generator, double
Ku-band upconverters, double Ku-band downconverters, and
double baseband RXs. We coherently operate the system by
fully synchronizing with a reference clock. Triangular LFM
chirp signals with high linearity are generated by a direct
digital synthesizer (DDS) to prevent spurious elements of beat
frequency from being generated, which can cause target range
ambiguity. The radio frequency (RF) switch in the system
splits the LFM signals into upslope and downslope parts of the
triangular LFM using a square wave. After upconverting the
signals to Ku-band, the upconverter radiates the upslope parts
of the signals as vertically polarized (V-pol) waves through
a corrugated horn antenna with a power of about 39 dBm,
while the other TX antenna radiates the downslope parts as
horizontally polarized (H-pol) waves.
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Fig. 6. Block diagram of the Ku-band automobile FMCW PolSAR system radiating the triangular LFM transmission signas. This figure briefly shows how

two baseband RXs acquire four different single-polarization raw data.

TABLE Il

SPECIFICATIONS OF THE KU-BAND AUTOMOBILE
FMCW POLSAR SYSTEM

Parameters Specifications
LFM Sweep Bandwidth 500 MHz
PRI 400 ps
LFM Sweep Type Triangular LFM
Center Frequency 14.25 GHz
Transmission Power 39 dBm

Antenna Type
Antenna Gain

Corrugated Horn Antenna
21 dBi

Antenna 3dB Beamwidth 14.6°
Velocity of The Van 80 km/h
Look Angle 5 degree
Theoret_lcal Range 30 em
Resolution
Theoretical Azimuth

. 12 cm
Resolution
Sampling Rate 15 MS/s

The corrugated horn antenna offers the benefits of a wider
bandwidth and lower sidelobes. After going through the V-pol
RX antenna, the downconverter receives VV polarimetric
(VV-pol) and HV polarimetric (HV-pol) signals, while the
other downconverter receives VH polarimetric (VH-pol) and
HH polarimetric (HH-pol) signals, after going through the
H-pol RX antenna. VV and HV data are passed into the
baseband RX after mixing the RF signal with the loca
oscillator signal, while VH and HH data are passed into the
other baseband RX.

We extracted the digital quadrature demodulation data from
the received signal in the baseband RXs.

Fig. 7. How a raw data set is formed in the case of the sawtooth and
triangular LFM transmission signals. (a) Two raw data sets are generated
after accurately dividing into the VV-pol and HV-pol data by the square wave
in the case of the sawtooth LFM. (b) Data set is generated after cutting data
of a chirp corresponding to PRI without the square wave in the case of the
triangular LFM.

Let us explain the benefit of using triangular LFM to
configure the FMCW PolSAR hardware. Fig. 7 shows how
raw data sets can be constructed in the baseband RXs when
the radar radiates signals in the sawtooth and triangular LFM
waveforms. Here, our explanation is limited to the VV-pol
and HV-pol signals, using Fig. 7. The operation of the other
polarimetric signals can be explained in the same way by
replacing VV and HV with VH and HH, respectively.
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Fig. 8. Raw data set with symmetrical overlap between the VV and HV raw
data. The other raw data set can be explained in the same way by replacing
VV and HV with VH and HH, respectively.

The sawtooth LFM is commonly used as a transmit signal
modulation in pulsed chirp radars, as well asin FMCW radar
systems. When we utilize the sawtooth LFM, there is no way
to separate the received datainto two kinds of polarimetric raw
data without a synchronization signal. Therefore, the received
data must be divided into VV-pol and HV-pol raw data using
the synchronization signal and then stored in the baseband RX.
It is mandatory to separate each polarimetric data from the
other polarimetric data at a certain timing using the synchro-
nization signal.

In our system, we can exploit the square wave input to
the RF switch control pin, which is used to accurately divide
the received data into VV-pol and HV-pol data, as shown
in Fig. 7(a). The separated chirps are stacked in each raw
data set to form the VV-pol and HV-pol raw data sets. For
this reason, for the sawtooth LFM, we must add an ADC for
the synchronization signal to the digital data acquisition part
of the baseband RX to configure the raw data set.

However, in the case of the triangular LFM, it is not
essential to accurately cut the recelved data for each polar-
ization using the square wave, because we separated the
raw data set into two kinds of single-polarization raw data
sets with our proposed algorithm. When using the triangular
LFM, we cut out the received data corresponding to PRI,
and then construct a raw data set regardliess of the exact
timing of the square wave. As a result, it is not necessary
to add an ADC for the square wave to our system. This leads
to simplification of the hardware configuration. In addition,
VV and HV single-polarization images are generated using
only one data set, whereas two data sets must be used for two
kinds of single-polarization imagesin the case of the sawtooth
LFM. Fig. 8 illustrates that the VV-pol and HV-pol raw data
are symmetrically overlapped in the range Doppler domain
based on the basic theory, which is mentioned in Section I1.

In Section I11-B, let us explain how our proposed algorithm
processing is used to form VV-pol and HV-pol images from
only one raw data set.

B. Proposed FMCW PolSAR Algorithm Based on RDA

An FMCW PolSAR system differs from pulsed PolSAR
systems in that long sweep duration is used as a transmitted
signal. The continuous motion on the radar platform within
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the sweep, which results in blurred SAR images, should be
considered. Thus, when satellites or airplanes are equipped
with FMCW PolSAR systems, a modified signal processing
algorithm needs to be employed to compensate the movement
while transmitting and receiving the signal without the con-
ventional stop-and-go approximation [20].

In our case, we exploited an automobile as the radar
platform, and its velocity was vastly lower than the commonly
used platforms. We provided sweep signals for a short period
using the DDS, and due to the slow platform velocity, an addi-
tional algorithm modification step was not needed to form a
clear image.

Let us explain using our proposed algorithm for FMCW
Pol SAR to form a high-resolution color-coded image. We pro-
pose the agorithm shown in Fig. 9, based on the simple
RDA mentioned in Section Il. It is unessential to add a
calibration step for the automobile FMCW PolSAR [5]. Let
us assume that there is a point target on a targeted scene.
We first perform range FFT and azimuth FFT steps on the
raw data set containing VV-pol and HV-pol information. Since
this is the single raw data set for two types of polarimetric
images, the steps of the algorithm before dividing two kinds
of polarimetric data have the effect of being applied to two
kinds of polarimetric data simultaneoudly; this enables the
total elapsed time of our algorithm to be reduced. After those
steps, the trajectories of the single point target appear as two
symmetrical parabolas. The solid line is the target trajectory
in the VV-pol data and the dashed line is the target trajectory
in the HV-pol data. We carry out a range inversion step
to form a VV-pol image. This step reverses the raw data
image in the range direction. Without the range inversion step,
the VV-pol and HV-pol images appear symmetrically inverted.
After generating four polarization images, it is essentia to
additionally work to align and match each image at the step
to obtain an FMCW PolSAR image. That is why we add the
range inversion step within the proposed algorithm. From (6),
the raw data after the range inversion can be expressed as [19]

Sc(fe, 1)
~ AOWa( f’7 - f'?c)
X {Wr,up[fr - fbeat,up] + Wr,down[_ f, — 1Ebeat,down]}

Ar e . 12
xepr—J ”CR(’]exp{—JnK—’;}. @)

From (5) and (7), the beat frequency of the RCM on the
range envelope for the upslope part and downslope part of the
triangular LFM can be derived as

2Ry, aRyA*f?2
f =f f R d 8
beat, up Ro T TRCM c 4CVa2uto 8
2aRy  aRoA*f?
f = —fr — f - — 1 9
beat,down Ro RCM c 4CVa%|t . ( )

where fg, is the beat frequency of the closest approach to
the point target and frem is the amount of RCM to correct.
We can check to confirm whether the signs of the RCM of
each polarimetric raw data are opposite.
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Fig. 9. Proposed FMCW PolSAR algorithm based on RDA. VV and HV single-polarization images are generated from the raw data set using the proposed
algorithm. How to form the other single-polarization images can be explained in the same way by replacing VV and HV with VH and HH, respectively.

Conducting the RCMC step straightens out the target tra-
jectory in the VV-pol data, while the target trajectory in the
HV-pol data is more bent. We used a matched filter in the
azimuth compression step to synthesize a target trajectory as
a point pixel in a single-polarization SAR image. The target
trajectory after the RCMC must be straight. For this reason,
the straight target trajectory of the VV-pol data is synthesized
into apoint after the azimuth compression step and the azimuth
IFFT, while the bent target trgjectory of the HV-pol data is
filtered out after the steps.

We then process the raw data set to form an HV-pol image
using the same steps, except for the range inversion step, which
is almost the same as the basic RDA. In this way, we are able
to show that our proposed algorithm separates two kinds of
polarimetric raw data in one data set, to form two different
SAR images.

The other method for the VH-pol and HH-pol SAR images
can be explained in the same way, by replacing VV and HV
with VH and HH, respectively. As aresult, using our proposed
method, we can obtain al four types of single-polarization
images for an FMCW PolSAR image from the two raw
data sets.

In contrast, when using the sawtooth LFM, we repeated the
basic RDA four times using four different raw data sets, and
then produced four images. This confirms that our method
can simplify the signal processing framework and reduce the
elapsed time.

IV. REAL DATA DEMONSTRATION
A. Ku-Band Automobile FMCW Fully PolSAR Field Test

To validate our proposed algorithm, we carried out a
Ku-band automobile FMCW PolSAR experiment using a van

Fig. 10. TX and RX antenna configuration for radiating and receiving
different polarimetric waves on a van.

to collect raw data [5]. We set up a frame structure to hold
four corrugated horn antennas, which were perfectly aligned
toward the targeted scene, on the roof of the vehicle, as shown
in Fig. 10. Two antennas were configured to radiate V-pol and
H-pol waves and the other antennas were configured to receive
V-pol and H-pol waves. Except for the parts fixed on the roof,
the rest of our FMCW PolSAR system was mounted inside
the vehicle.

We collected raw data in strip map mode on a highway in
Gong-Ju, Korea. The highway rose to a height of about 100 m.
The field test on the highway produced a swath range of about
600 m in the range direction. We simultaneously stored |Q raw
datain the baseband RX's in the moving van, which traveled on
the highway at a constant speed of 80 km/h. Fig. 11 shows an
aerial photograph of the experiment site captured by a drone.
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Fig. 11. Aeria photograph of Ku-band automobile FMCW PolSAR field
test site. Two trihedral CRs were fixed near to the center of the test site for
the CR profile analysis and the polarimetric calibration.

o : ) \

Fig. 12. Single look complex images of the experiment site with FMCW
PolSAR system using the triangular LFM. The images were processed using
our proposed algorithm. (8) HH-pol image. (b) HV-pol image. (c) VH-pol
image. (d) VV-pol image.

We deployed two trihedral corner reflectors (CRs) near the
center of the targeted scene for CR profile analysis. Then,
we utilized the CRs not only as calibration targets but also to
assess calibration performance.

B. Ku-Band Automobile FMCW Fully PolSAR Image

From the experiment on the highway, we obtained two raw
data sets for processing into a single look complex image of
each polarized channel. We then processed the raw data sets to
form four polarized channel images using our proposed algo-
rithm, which was employed to process the raw data set into two
different polarization images. We provided HH-pol, HV-pal,
VH-pol, and VV-pol images of the experiment site, as shown
in Fig. 12. The HH-pol and VH-pol images were produced
using the proposed algorithm from the raw data set stored
in the H-pol baseband RX, as shown in Fig. 12(a) and (c),
respectively, while the HV-pol and VV-pol images were pro-
duced from the other raw data set stored in the V-pol baseband
RX, as shown in Fig. 12(b) and (d), respectively. It is obvious
that two kinds of single-polarization images were formed from
the single data set using the proposed algorithm. Hence, this
result is clear evidence that the proposed algorithm is valid
for the FMCW PoISAR system using the triangular LFM.

IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 70, 2021

(a) (b)

Fig. 13.
(a) HH-pol image. (b) VV-pol image.

Enlarged images in the dotted square of Fig. 12(a) and (d).

Fig. 14. Results of the CR analysis in the VV-pol image with CR 1 shown
in Fig. 11. (8) Range profile of CR 1. (b) Cross-range profile of CR 1.

TABLE Il
RESULTS OF THE CR ANALYSISIN THE VV-PoL IMAGE WITH CR 1

Parameters Range Direction Azimuth Direction
Peak level 187.15dB 187.15dB
PSLR -10.37dB -9.02 dB
Resolution at -3dB 24.87 cm 3241 cm

TABLE IV

COMPUTATION TIME FOR SIGNAL PROCESSING
WITH THE PROPOSED ALGORITHM

Parameters Basic RDA x 4 Our Algorithm

Computation time 489.6 sec 353.2 sec

Fig. 13 presents enlarged images in the dotted sguare of
HH-pol and VV-pol images, as shown in Fig. 12(a) and (d).
We experimented with our POISAR system at harvest time.
After harvest, the remaining crops lay on the ground in a
specific direction. Fig. 13 shows that the two images are
different because crops have different polarization reflec-
tion features depending on the direction in which they lie,
even though HH-pol and VV-pol are co-polarization states.
Fig. 14 and Table 11l describe results of CR analysis in the
VV-pol image with CR 1 shown in Fig. 11. Peak sidelobe
ratio (PSLR) is the ratio of the peak level of the largest
sidelobe and that of the main lobe. These results indicate that
our proposed FMCW PolSAR system is capable of providing
high-resolution PolSAR images.

Table IV shows the computation time for a POISAR image
in the experiment to compare the signal processing efficiencies
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Fig. 15.  Cdibrated Ku-band automobile FMCW fully PolSAR image
of Gong-Ju, South Korea, rendered in the Pauli RGB basis, where red is
[HH — VV], green is [HV], and blue is [HH + VV]. The image covers an
area of 310 m (azimuth direction) x 630 m (range direction). This image
indicates that our proposed agorithm is appropriate for an FMCW PolSAR
system using triangular LFM.

of basic RDA and our proposed algorithm. We repeated the
basic RDA four times and measured the computation time as
a control. Table 1V shows that the computation time obtained
with our proposed algorithm is shorter than that obtained with
basic RDA; this meansthat our signal processing techniquefor
FMCW PolSAR is efficient compared with smply conducting
the basic RDA.

Using a2 x 2 complex scattering matrix, the basic concept
of POISAR can be expressed as [21]{23]

[EL}_GXP(—J'”).[&H S—lv:||:EtHi|
B, | r Sn Sw || EY

where Et is the 2-D transmitted plane wave vector, E' isthe
2-D received plane wave vector, [S] is complex scattering
matrix containing the four complex scattering amplitudes, k is
the wavenumber, and exp(—jkr)/r indicates the attenuation
and the phase shift generated by the distance between targets
and the PoISAR sensor, respectively. We conducted the cali-
bration step for FMCW PolSAR using a trihedral CR to obtain
accurate polarimetric information [7]. The expected scattering
matrix of the trihedral CR can be expressed as [24], [25]
[Sltrinedra = |:S-IH S4Vi| = |:l 0i|o
SiH o Sw 01
After calibration, we produced a Ku-band automobile
FMCW fully PoOISAR image, as shown in Fig. 15, rendered
using a Pauli decomposition basis. The image covers an area
of 310 m x 630 m. We confirmed that Fig. 15 shows more
information than the single-polarization SAR images presented
in Fig. 10. This result indicates that our proposed algorithm
based on RDA is appropriate for an FMCW PolSAR system
using triangular LFM, and FMCW Pol SAR image processing.

(10)

(11)

V. CONCLUSION

In summary, this article introduces a new signal processing
method for an FMCW fully PolSAR system transmitting
triangular LFM continuous waves. We described different
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FMCW SAR signal models for the sawtooth and triangular
waveform LFM types, based on the theoretical background
presented in Section I1. Thisindicated that two kinds of single-
polarization raw data sets were symmetrically overlapped on
araw data set in the range Doppler domain when the FMCW
SAR sensor radiated triangular LFM waves.

We prepared and tested a Ku-band automobile FMCW fully
POISAR system using the triangular LFM, and explained how
it worked. A proposed a gorithm based on RDA was devel oped
to form two kinds of single-polarization images from one
raw data set. With the algorithm, our FMCW PolSAR system
provides both a simplified hardware configuration and effective
PolSAR image processing. The performance of the proposed
system and algorithm was verified with experiment results.

This work enables a new direction in SAR polarimetry in
FMCW radar systems. The method developed for an automo-
bile FMCW fully PolSAR system using triangular LFM is not
more challenging than using sawtooth LFM and, in certain
aspects, is more straightforward.

The proposed system requires much further validation;
however, considerable study has been expended on a rea
data demonstration to realize that potential. Similar attention
has been paid to the design of both the FMCW PoISAR
system and the algorithm. Further research should focus on
improving several techniques in SAR polarimetry, e.g., cal-
ibration [26], [27], speckle filtering [28], classification [29],
and scattering model configuration [30], [31], to reaize an
operational FMCW PoISAR system using triangular LFM.
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