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the imaging property of the bistatic LF UWB SAR system. The one pulse per
second (1 PPS) signal in combination with the global position system (GPS)
disciplined 100 MHz oscillator from the GPS receivers was used to implement
the time and frequency synchronization in this SAR system. The bistatic SAR
image was obtained by the subaperture spectrum-equilibrium method inte-
grated with the fast factorized back projection (FFBP) algorithm. Bistatic ex-
periment results are show to prove the validity of the bistatic LF UWB SAR
imaging experiment.
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1. Introduction

Synthetic aperture radar (SAR) plays a significant role in the remote sensing ap-
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plications, so it has attracted the wider attention in both military and civilian
fields [1]-[6]. Based on the monostatic SAR system, several bistatic SAR systems
were built by several countries, and the imaging experiments of the monostatic
and bistatic SAR were conducted [6] [7] [8] [9]. Compared with the monostatic
SAR case, the bistatic SAR system has several different properties [10]. The bis-
tatic SAR can satisfy the different applications, since it has more complicated
configuration and it can be designed flexibly. For the same scene, the bistatic
SAR system has the greater anti-jamming ability than the monostatic SAR. If the
bistatic SAR system includes more than one receivers or transmitters, the scene
can be illuminated at the different angles, which can acquire the increased in-
formation of the targets. The one-stationary bistatic SAR is a special bistatic SAR
system [11] [12] [13], which has a moving transmitter (receiver) and a stationary
transmitter (receiver). One-stationary bistatic SAR system not only inherits the
advantages of the general bistatic SAR system, but also is easy to build and im-
plement imaging, thus it has attracted the wide attention.

Low frequency (<1 GHz) ultrawideband (LFUWB) SAR system works in the
LF signal with a big fractional bandwidth and has the wide antenna beam width
with a big integration angle, so it has the well foliage penetrating ability and
high-resolution imaging, which can detect the concealed targets under the fo-
liage [14] [15] [16] [17]. Hence, it is a significant advantage that the monostatic
and bistatic SAR systems work using the LFUWB transmitted signal. Some
countries have conducted the imaging experiment of the monostatic and bistatic
LF UWB SAR, and the excellent results were obtained [18] [19] [20] [21] [22].

Compared with the monostatic LF UWB SAR system, the bistatic LF UWB
SAR system poses the various challenges in the imaging experiment, such as the
synchronization between the transmitter and receiver, precise position mea-
surement of radars, polar imetric calibration, collection geometry planning, data
processing, etc. Most important challenge is a successful operation of the bistatic
LF UWB SAR imaging experiment.

Based on the monostatic LF UWB SAR, we conducted a programme of the
upgrades to add a bistatic collectionability. This work was completed and the
imaging experiment of the monostatic and bistatic LF UWB SAR was conducted
in 2015, and the monostatic and bistatic data were collected simultaneously by
operating a moving vehicle-based radar in a SAR mode, in conjunction with a
stationary ground-based receiver.

In this paper, the monostatic and bistatic LF UWB SAR system is given in
Section 2, mainly focusing on the bistatic collection ability. The imaging experi-
ment is discussed in Section 3. The imaging results are presented in Section 4.

Section 5 gives a conclusion.

2. Development of Monostatic and Bistatic LF UWB SAR
System

Monostatic LF UWB SAR system was developed by the National University of
Defense Technology in 2008 [16], which operated at the LF signal with the frac-
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tional bandwidth about 0.25. In 2011, a programme of the hardware and soft-
ware upgrades to add the bistatic collection ability to this monostatic LF UWB
SAR system was commenced. In 2015, the imaging experiment has been con-
ducted in campus in Changsha City, Hunan Province, P.R. China. The ve-
hicle-based LF UWB SAR system transmits the chirp signal and receives the
scattered signal of the scene, simultaneity the ground-based LF UWB receiver

illuminates the same region and receives the scattered signal of the scene.

2.1. Overview

Vehicle-based SAR system contains the transmitting/receiving antennas, global
positioning system (GPS) antenna, transmitter/receiver, GPS motion compensa-
tion module, processor, etc. To void the antenna’s coupling and interfere for the
near-field imaging, the caliber coupling multilayer patch antennas for transmit-
ting the radar signals and receiving the scattered signals are mounted in the ve-
hicle-based SAR system separately. Transmitting and receiving antennas have a
3 dB azimuth beam width from approximately 30° to 55° and a 3 dB elevation
beam width from approximately 70° to 90°. Transmitter/receiver has the center
controller, GPS synchronization module, frequency synthesizer, wave generator,
etc. One pulse per second (1 PPS) signal from the GPS receiver is transferred in-
to the center controller to control the timing reference of the vehicle-based SAR
system. GPS synchronization module provides the coherence frequency refer-
ence for the vehicle-based SAR system, and then it is used to drive a frequency
synthesizer to produce various clock signals for the different parts of the ve-
hicle-based SAR system. Under the control of the center controller, the wave
generator generates the chirp signal. It then is modulated into the radio fre-
quency signal, attenuated by the adjustable attenuator and amplified by the
power amplifier. At last, it is transmitted by the transmitting antenna. Simul-
taneity, the receiving antenna receives the scene scattered signal. Then, it is
transferred into the low noise amplifier, down-converted into the intermediate
frequency signal, filtered and amplified by the power amplifier, and demodu-
lated into the in-phase and quadrature signals. Finally, in-phase and quadrature
signals are sampled by a high-speed sampler, converted by the analogue-to-digital
converter, and recorded on the solid state electronic array. Vehicle-based SAR
system position can be obtained by the GPS motion compensation module and
recorded on the solid state electronic array.

Ground-based receiving system has the receiving antenna, receiver, GPS an-
tenna, processor, etc. The same caliber coupling multilayer patch antenna is used
to receive the scene scattered signal. The ground-based receiver system has the
similar function to the receiving part of the vehicle-based SAR system, which
only receives the scattered signal, processed by the processor and recorded on

the electronic array.

2.2. Synchronization

Synchronization of the monostatic and bistatic LF UWB SAR system mainly in-
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cludes the space, time and frequency synchronization. Firstly, the space syn-
chronization between the vehicle-based SAR system and ground-based receiving
system can be easily achieved, 7e, the ground-based receiving antenna illumi-
nates the invariable region, and the vehicle-based transmitting antenna illumi-
nates the same region in the spotlight mode.

Secondly, to achieve time and frequency synchronization between vehicle-
based SAR system and ground-based receiving system, the GPS receivers have
been used as the reference clock and trigger generators. 1 PPS signal from the
GPS receivers is an accessible trigger useful for the bistatic requirement, which
can solve the timing synchronization problem. Some GPS receivers offer a 100
MHz reference clock synchronized to the 1 PPS signal. Such a type of the GPS
disciplined oscillator is used as the system reference clock and is a solution for
the frequency synchronization issue. Voltage-controlled oscillator (VCO) gene-
rates the standard sine signal. After the amplification and frequency conversion,
it is transferred to a phase detector, and it is phase detected by the 1 PPS signal.
The phase error from the phase detector is used to discipline the VCO, and the
output signal from them in turn stabilizes the VCO by the digital phase-locked
loop. VCO produces the coherent reference signals in two systems, and are used
to drive a frequency synthesizer to produce various signals in each system. Thus,
1 PPS signal in combination with the GPS disciplined 100 MHz oscillator allow
the vehicle-based SAR and ground-based receiving systems to become coherent
and synchronized, which could real-timing satisfy the time and frequency syn-

chronization.

3. Monostatic and Bistatic LF UWB SAR Imaging Experiment
3.1. Experimental Test

The bistatic collection ability of the vehicle-based LF UWB SAR system was ex-
ercised in 2015. Monostatic and bistatic LF UWB SAR systems were performed
well, simultaneously producing a set of the monostatic and bistatic scattered
signal of the scene.

Figure 1 shows the monostatic and bistatic LF UWB SAR system. Ground-based
receiving system was placed on the step in the west of the square, with the re-
ceiving antenna mounted on the roof of a tripod. Vehicle-based SAR system was
integrated on board a vehicle, and transmitting and receiving antennas was
mounted at the right front and right rear of the vehicle’s top. The dashed line is
its ideal track, and the solid curve is its actual track. Vehicle-based transmitting
antenna illuminates the scene including several targets, and the vehicle-based
and ground-based receiving antennas receive the monostatic and bistatic scat-
tered signals of the scene. Parameters of the monostatic and bistatic LF UWB
SARis listed in Table 1. The vehicle moves parallel to the X-axis with an average
speed 12.8 km/h, and the average height of the vehicle-based antenna is 4m. The
position of the ground-based antenna is about (—54, 0, 6) m, and the initial posi-
tion of the vehicle-based antennas are about (—38, 26, 4) m and (—42, 26, 4) m at

zeros time.
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Figure 1. Monostatic and bistatic LF UWB SAR system. (a) Vehicle-based LF UWB SAR
system; (b) Carriage installation viewed from outside; (c) Ground-based LF UWB receiv-
ing system; (d) Imaging geometry.

Table 1. Experiment parameters of the monostatic and bistatic LF UWB SAR.

Parameters Values Parameters Values
Signal frequency P-band Sampling frequency 220 MHz
Pulse repetition frequency 500 Hz Pulse duration 100 ns
Ground-based receiving Initial position of the
. (-54,0,6) m . (—40,26,4) m
system position vehicle-based SAR system
Vehicle ideal speed 12.8 km/h  Vehicle-based antenna ideal altitude 4m

As the scene being imaged must lie in the line-of-sight of the ground-based
receiving antenna, and therefore the constrained operation of the monostatic
and bistatic SAR system to the imaging of the test-sites within only a few deca-
meters from the tripod. To collect the scattered data over a range of the inci-
dence angle, the distance of the scene center is varied: the typical distance ranged
from 35 m to 55 m, which produces the incidence angle of the vehicle-based an-
tennas from 80.3" to 80.8°, and then the incidence angle of ground-based an-
tenna from 85.91° to 86.9°. Finally, one data site was selected for the imaging:
the scene was a flat area, which has the size about 50 m in the X axis direction
and 35 m in the Y axis direction. The position of the scene center is (0, 0, 0) m.
There are various scattering targets, mainly including one metallic trihedral ref-
lector and three metallic cylinders, which were deployed at the test-site prior to

this imaging experiment. Position of the metallic trihedral reflector is about (7.5,
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—17.5, 0) m, and the positions of the metallic cylinders are about (5.5, 5.5, 0) m,
(0, 0, 0) m, and (-5.5, —5.5, 0) m.

3.2. Image Formation

The bistatic LF UWB SAR system is subject to some difficulties in the image
formation, 7e, huge amount of the scattered signals, large spatial-variance, se-
rious range-azimuth coupling and complicated motion errors, as well as the se-
rious radio frequency interfere (RFI), which makes the image formation more
complicated. The accurate disposal of these problems is an intractable issue for
the frequency domain algorithms, but it can be precisely managed using the time
domain back projection (BP) algorithm [23]. To reduce its high computation,
fast implementation of the BP algorithm has been applied for the bistatic SAR
image formation, ie., fast factorized BP (FFBP) algorithm [24]. Application of
the FFBP algorithm to process the bistatic narrowband SAR data was given in
[24], which gave a basic principle of the bistatic FFBP algorithm, but did not give
its implementation. The bistatic FFBP algorithm was applied for the space
borne-airborne bistatic SAR imaging [25], and it represented the subimages in
the elliptical polar grids. However, the sampling requirement for elliptical polar
grids was derived not only for the linear track bistatic case, but also for the pre-
ferred case of radars with a higher angular speed. Another FFBP algorithm in the
Cartesian coordinate for the bistatic UWB SAR data processing was given in
[26]. The sampling requirement of the beams wasn’t given, and the requirements
for splitting the subaperture and subimage were derived only for the linear track
case. A FFBP algorithm was given for the bistatic LF UWB SAR with a
non-linear track [15], which can be used for this bistatic SAR image formation.
And, the monostatic LF UWB SAR data can be processed by the monostatic
FFBP algorithm.

In addition, there may be very strong RFI saturated by the receiving antenna
working in the LF UWB signal. The influence of the RFI signals may be very sig-
nificant because their power is much higher than the reflected power of the LF
UWB SAR data. In order to remove its influence, a subaperture spectrum equi-
librium method integrated with a FFBP algorithm is used in the LF UWB SAR
image formation.

Before the RFI signal is suppressed, the monostatic and bistatic LF UWB SAR
data (including the GPS data) must be preprocessed. First, GPS data should be
transferred into the Cartesian coordinate system to obtain the local position of
the vehicle-based antennas. Second, the scene scattered signals should be down
sampled and filtered at the slow time. Finally, the scattered signals are range
compressed by a matching filter function, and then the RFI in the scattered sig-
nal is suppressed by the subaperture-based spectrum equilibrium method. In
this image formation, the direct-path signal from the vehicle-based transmitting
antenna to the vehicle-based and ground-based receiving antennas is used to

correct the time error of the scattered signal caused by the uncertain time delay.
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4. Bistatic Experiment Results

Figure 2 gives the bistatic scattered signal in time domain and frequency do-
main. Form Figure 2(a), the real (blue line) and imaginary components (red
line) of the bistatic scattered signal are complicated due to the bistatic geometry.
Form Figure 2(b), it is seen that the scattered signal of the targets in the fre-
quency domain, since the targets are deployed at the flat and open square, and
the power of their scattered signal is strong.

Figure 3 shows the imaging result of the bistatic LF UWB SAR scattered sig-
nal, and it is shown that the scene is well reconstructed by the FFBP algorithm
integrated with the subaperture spectrum equilibrium method. Besides, it can be
seen only a small part of the bistatic SAR image appears well illuminated. Since
the ground-based receiving antenna results in the narrow antenna footprint,
which may produce the rapid roll-off of brightness towards the lateral edges of
the bistatic image. First, it is seen that the metallic targets (the trihedral reflector
and cylinders) are well focused, and the UWB features (ie., orthogonal and
nonorthogonal sidelobes) can be clearly observed. Second, it can be found that
the relative scattered power of the metallic cylinder in the yellow ellipse will be-
come strong compared with the metallic trihedral reflector in the red rectangle,

due to the anisotropic characteristic of the metallic cylinders.
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Figure 2. Bistatic scattered data of the illuminated scene. (a) Bistatic scattered data from
one transmitted radar pulse, including the real (blue line) and imaginary component (red
line); (b) Sum of the frequency spectrum of the monostatic scattered data from 100 radar
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Figure 3. Imaging result of the bistatic LF UWB SAR scattered signal.
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To quantitatively evaluate the focusing quality of the bistatic SAR image in
Figure 3, the resolutions of the focused metallic reflector in the X and Y axes has
been measured. The measured resolutions of the focused metallic reflector in the
X and Y axes are 0.37 m and 1.87 m, respectively. The expected resolutions indi-
rectly prove the validity of the proposed imaging method. Finally, for the sake of
brevity, the reconstruction time of the scene by the proposed imaging method is
about 386 s. It can be concluded that the proposed imaging method can satisfy
the bistatic LF UWB SAR imaging in reality.

5. Conclusion

The bistatic collectionability was added to the monosatic LF UWB SAR system:
this involved the construction of the ground-based receiver to operate in con-
junction with the existing vehicle-based monostatic SAR system. Monostatic and
bistatic data were collected by the monostatic and bistatic SAR system and then
processed by the FFBP algorithm. Bistatic experiment results indicate that this
system is able to obtain the focused bistatic LF UWB SAR image. Some bistatic
airborne experiments will carried out with the future collections planned, in or-

der to support various research activities.
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