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Abstract: Recent advancement of satellite synthetic aperture radar (SAR) techniques require more so-
phisticated system configurations such as the use of bistatic antennas or multi-frequencies. A ground-
based experiment is a cost-effective and efficient way to evaluate those new configurations especially
in the early stage of the system development. In this paper, a ground-based synthetic aperture radar
(GB-SAR) system was constructed and operated in a bistatic mode at Ku-band where a receiving
antenna (Rx) follows a transmitting antenna (Tx) separated by a baseline B. A new bistatic GB-SAR
focusing algorithm was developed by modifying a conventional range-Doppler algorithm (RDA),
and its performance has been evaluated by comparing the results with those from a back-projection
algorithm (BPA). The results showed good performance of RDA at far range approaching nominal
resolutions of 9.4 cm in range and 4.5 cm in azimuth, but limited quality at near range due to the ap-
proximation used in RDA. Signals from three trihedral corner reflectors (CR) reduced with increasing
B, showing a typical bidirectional scattering behavior of CR. This GB-SAR system will be a testbed
for new SAR imaging configurations with variations in antenna positions and target properties.

Keywords: bistatic; GB-SAR; Ku-band; back-projection algorithm; range-Doppler algorithm

1. Introduction

In recent years, technical advancement in synthetic aperture radar (SAR) has changed
the system configurations from monostatic to bistatic/multistatic modes with multiple
antennas [1]. There have been several conventional bistatic SAR operations: the single-
pass interferometric missions to obtain topography such as the shuttle radar topography
mission (SRTM) [2], TanDEM-X [3], and along-track interferometry (ATI) [4]. Advanced
SAR concepts have been widely tested onboard airborne platforms and, for a few cases,
with satellites [5]. Such configurations include the use of SAR satellite constellation for
multistatic operations or one-stationary and one-moving antenna configurations [6]. For
the former configurations, multiple SAR satellites fly on the same (or nearby) orbital plane
taking roles of transmitter (Tx) and/or receiver (Rx). By doing so one can enhance the
resolution or investigate bidirectional scattering property of targets [7].

Ground-based synthetic aperture radar (GB-SAR) systems have been widely devel-
oped and used in recent years for multiple purposes such as a testbed for advanced SAR
concepts and a geotechnical equipment for surface displacement detection [8]. Limited by
relatively short range and low grazing angle, GB-SAR has many advantages over airborne
or satellite systems due to the precise motion control, repeatability and operability at the
user’s hands. A ground-based synthetic aperture radar (GB-SAR) system enhances its
azimuth resolution by synthetizing signals from many observations from different antenna
positions to extend the aperture length of the antenna beyond its physical size [9]. The
motion of the antennas can be precisely controlled by ground-based vehicles such as a
linear rail system [10] or an arc-scanning platform [11].

A limited number of papers have reported the use of GB-SAR for bistatic configu-
rations such as the use of a GB-SAR as a passive receiver and a satellite SAR as a trans-
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mitter [12] and the use of a ground-based transponder to redirect a transmitting signal to
obtain the target’s two-dimensional displacement vector [13].

In this paper, we used a linear-scanning GB-SAR system as a bistatic configuration
where two antennas (one Tx and the other Rx) were separated on a rail track by a baseline
large enough to cause forward scattering. This can be considered as a simulation of a
satellite bistatic SAR mission where Tx (or Rx) follows the Rx (or Tx) on the same orbit
separated by tens or hundreds of kilometers. The range-Doppler algorithm (RDA) has been
modified for this bistatic GB-SAR system, and its focusing performance has been evaluated
by comparing the results with the ones obtained by the back-projection algorithm (BPA).
Target scattering properties and image qualities were also discussed.

2. Materials and Methods
2.1. Bistatic GB-SAR System

A bistatic GB-SAR system was constructed inside a common lecture room, 8 m wide
and 10 m long, with multiple desks, chairs and three trihedral corner reflectors (CR) as
shown in Figure 1. A vector network analyzer (VNA, Anritsu MS2028B) was used to
transmit and receive the microwave signal. Tx and Rx antennas were physically separated
by a baseline B for the bistatic GB-SAR configuration. Two square horn antennas in Ku-
band were mounted on top of a platform running the rail system. The position and velocity
of the platform were controlled by a stepping motor and a gear system connected to a
conveyor belt. The motion of the platform was calibrated after the tension of the belt was
adjusted. The whole system was controlled by a notebook computer with an in-house data
acquisition software.
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Figure 1. A bistatic ground-based synthetic aperture radar (GB-SAR) experiment inside a lecture

room with (a) a schematic geometry, (b) a diagram of the indoor targets and system, (c) a photo of
the system and the targets, and (d) a photo of the lecture room seen from the system with chairs and
three trihedral corner reflectors (CR).
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The center frequency used for this experiment was 15.95 GHz. The bandwidth was
1.6 GHz so that the range resolution was 9.4 cm nominally. VV polarization (vertically
polarized wave both in Tx and Rx) is used to avoid mutual coupling between antennas
aligned horizontally [8]. The operable maximum length of the rail system is 6 m. The
azimuth stepping distance was set to 3 cm so that the number of azimuth pulses was
201. The azimuth resolution of the real-aperture radar (RAR) would be 11.97° with 9 cm
aperture length of the antenna, while that of SAR in strip-map mode would be a half of the
real aperture, i.e., 4.5 cm for a conventional monostatic GB-SAR configuration [10]. Table 1
shows the system parameters and variables used for the experiment.

Table 1. System parameters for a bistatic GB-SAR experiment.

GB-SAR Parameter Symbol Value
Center frequency fe 15.95 GHz
Bandwidth Br 1.6 GHz
Range sampling number Nr 2001
Nominal range resolution or 9.4 cm
Antenna aperture L 9cm
Rail scan length Xinax 6m
Azimuth step Ax 3 cm
Azimuth sampling number N, 201
Nominal azimuth resolution ox 4.5 cm
Baselines B 0.27,05,1m

2.2. Bistatic GB-SAR Focusing Algorithms
2.2.1. Range Compression

For a single radar acquisition, microwave signal is transmitted to the target and the
returning signal is received while the antennas are in a stationary position at a certain
location on a rail. VNA operates in a stepped-frequency sweep mode so that the returned
signal is obtained as a function of frequency f,

5(f) = H(H)G(f), @

where H(f) is a box function with a center frequency of f, and a bandwidth of Bg. G(f) is
the scattering coefficient of a target as a function of frequency. Inverse Fourier transform of
(1) results in the range-compressed signal as follows.

s(t) = h(t) = g(t), )

which is represented as a convolution (x) of an impulse response h(t) and a scatter-
ing coefficient of targets g(¢). In case of a point target where g(t) = 6(t —tg), s(t) is
a sinc function with range time resolution 6t = 1/Bg, and equivalently, range resolution
dr = ¢/ (2BR). This comprises a conventional monostatic radar [10].

For a bistatic case with a baseline of B, the iso-range planes are ellipsoids with two
focal points at the antennae locations. In a range-azimuth plane in Figure 1a, bistatic range

(rg = \/r2 — (B/2)?) is the semi-minor axis of an iso-range ellipse where monostatic range
r is the semi-major axis. The range resolution of such bistatic radar can be defined by the
derivative of bistatic range as follows.

Srg = or—— 1 3)

2
B
- (%)
The bistatic range resolution is always poorer than that of monostatic case [14], and

converges to the monostatic case if B = 0 or at far range where B/r becomes negligibly
small, as shown in Figure 2. Note that this degraded range resolution effect of the bistatic
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configuration occurs at the very near range only and becomes less than 103% of a monostatic
case at a range of R = 2 m with B = 1 m. This effect would be negligible for airborne and
satellite SAR operations when B/r is relatively small.
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Figure 2. Range resolution ratio of bistatic and monostatic radars (575 /Jr) with different baselines

B=0m, 0.5m, and 1 m, respectively.

2.2.2. Back-Projection Algorithm

For a point target P(x., y.) in Figure 1a, the received signal at a given center position
x between the two antennas separated by the baseline B is

27

s(x|xe, yo) = () = o=J 7 (rtr2), |x] < X/2, 4)

where

rlQOX—n—JNmz+%,

rZ:\/(x—xc+B/2)2+y%. 5)
Here, X is the coherent integration length in azimuth direction, which is a function of
range 7,

A
X(r) = Zr — B < Xuax- (6)

The coherent integration length is less than the rail scan length, i.e., Xjjsy = 6 m, in
this experiment.

The back-projection algorithm (BPA) is performed by a convolution of the received
signal and a reference function so that the focused signal is obtained by

g(x) = /_o; Bt (x = x)s(x')dx’, )

where h~!(x) = s*(x), the conjugate of (4). Analytical evaluation of (7) results in a sinc
function [10] that defines the azimuth resolution. For a bistatic GB-SAR system, the
azimuth resolution if further restricted to the overlapping portion of the Tx and Rx antenna
footprints by

Ar Ar

T 2X  2(Ar/L—B)
For a monostatic case (B = 0), the azimuth resolution of strip-map mode has a

maximum value of dx = L/2, i.e,, a half of the azimuth real aperture. However, the
resolution becomes poorer for a bistatic GB-SAR configuration with increasing B, due to

(5xB

®)
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the reduced overlap of the Tx and Rx footprints. A squint operation of Tx and Rx for better
overlap of the footprints would be preferable to enhance the azimuth resolution.

2.2.3. Range-Doppler Algorithm

BPA is accurate in geometry but time-consuming due to the computational burden of
the time-domain convolution. Therefore, frequency-based focusing algorithms have been
developed to reduce the processing time at the cost of image quality. The range-Doppler
algorithm (RDA) is one of the widely used algorithms for many satellite and airborne
SAR missions.

Formulation of RDA for the bistatic GB-SAR begins with a Taylor series expansion of
the phase at x = x, so that

/" X
P(x) = p(xc) + ¢’ (xc)(x — xc) + ¢ ; c) (x —x )+
= ¢(xc) 4+ 27upe(x — xc) + iy (x — x)* 4+, )
where up. and u, are Doppler centroid and Doppler rate, respectively, defined by
o P(x) du = 9" (xc)
upe = 5z~ and uy 1= 522

Azimuth compression for RDA begins with the Fourier transform of the received
signal to the Doppler (wavenumber) u domain by:

S(u) = / s(x)e 2y
_ ej(p(xc) /.oo ean[uDC(x—xc)+ltr(x—xc)z/Z]e—jthxdx. (10)

Stationary phase occurs when the derivative of the phase of the integrand in (10) is
zero, so that
X —xc= (u—upc)/uy. (11)

This is the locking relationship between the rail position in space and the wavenumber
Doppler, enabling range migration in wavenumber domain. Note that (11) was acquired
by cancelling the terms higher than the quadrature.

After range migration, azimuth compression is performed as follows.

G(u) = H Y (u)S(u), (12)

after which the focused signal g(x) is obtained by the inverse Fourier transformation of the
above signal.

g(x) = /_o:o G(u)el?™*dy. (13)

We need to evaluate the Doppler centroid and Doppler rate for the bistatic GB-SAR.
Doppler is a wavenumber defined by the change of phase with respect to x.

_ ¢ Lfdn dr
Y=o T T dx+dx

1 x—xc—g n x—xc—i—g

A \/(x—xc—§)2+y§ \/(x—xc+§)2+y§

Doppler centroid is then up. := up|,_, = 0,i.e., the Doppler centroid of the bistatic
GB-SAR is zero, the same with the monostatic case in [10].

(14)
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The derivative of Doppler is as follows.

9"
Up = o
1 2 2
— 7X yC = + yC = (15)
2 2 2 2
[(x—xc—g) +y%} [(x—xmL’;) +y%}
Doppler rate is then defined by
/ 2y?
Uy = uD|x:xC = —% (16)
B 2 2 2
A {(2) +yc]
IfB=0,u = 2 which is the same with the monostatic case in [10]. Figure 3

- Aye’
shows Doppler rate versus range with various B values. The value deviates from the

monostatic case (B = 0) especially at near range, which means the cancellation of the higher
term in (11) would be inappropriate and causes image degradation at the near range for
RDA. However, the bistatic Doppler rate approaches 97% of the monostatic case at r =4 m
and the image degradation becomes negligible at far range. This effect can be seen in the
experimental results in the next section.

Range [m]
0 1 p) 3 4 5 6 7 8 9 10
0
-100 /

~ /

p /
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-500 f
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Figure 3. Doppler rate as a function of range with different baselines B.

3. Results

Figure 4 shows radar images after range compression (before azimuth compression)
with varying baselines B. Parabolic signals returned from three corner reflectors are clearly
seen when B is small (0.27 m) while reduced at larger B (0.5 m and 1 m) due to the
strong uni-directional backscattering characteristics of the trihedral corner reflectors (CR).
Coherent integration length (X) is also reduced accordingly with increasing B as described
in Equation (6). The power of the returned signal was also reduced due to the non-squint
setup of this experiment, i.e., the footprint of Tx and Rx did not match completely with
each other. This is partly intended to simulate the satellite bistatic configuration with no

designated target area or squint mode.
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(b)

Figure 4. Range-compressed images for (a) B = 0.27 m, (b) 0.5 m, and (c) 1 m. Note: trihedral corner
reflector signals (CR) are completely lost when B=1m.

Figure 5 is the comparison of SAR-focused images generated by (a) RDA and (b) BPA
when B = 0.27 m. Rows of classroom chairs and desks, a teacher’s computing desk and a
blackboard hung on the wall have been successfully imaged. Three corner reflectors on top
of desks were also clearly shown. Image degradation occurs at near range (less than 4 m)
of RDA due to the approximation used for this frequency-domain focusing algorithm, as
described in the previous section.

(a) (b)

Figure 5. Bistatic GB-SAR focused image by (a) range-Doppler algorithm (RDA) and (b) back-
projection algorithm (BPA) for B = 0.27 m. CR represents trihedral corner reflector.

Figures 6 and 7 also show the same images with increasing B. Image degradation at
the near range worsened with increasing B, and the power and azimuth resolution were
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also reduced due to the reduced coherent integration length. Signals from the three CRs
were lost completely when B = 1 m (Figure 7) as expected, while those from other objects
such as chairs, desks, and blackboard, still remained strong due to their bi-directional
scattering property.

(a) (b)

(@) (b)
Figure 7. Bistatic GB-SAR focused image by (a) RDA and (b) BPA for B=1m.

4. Discussion

The bistatic GB-SAR configuration is beneficial for the study of bi-directional scatter-
ing properties of targets, which provides better performance in target identification and
classification. However, the image quality of a bistatic GB-SAR configuration would be
less than that in the monostatic one due to the following four major reasons.

Firstly, the degradation of range resolution at an extremely near range occurs due to
the inherent bistatic geometry as shown in Equation (3). However, this effect would be
negligible for most of the usable range for airborne, satellite, or GB-SAR operations where
B/r is negligible.

Secondly, the reduction in coherent integration length and thus azimuth resolution
occurs with increasing baseline B, as shown in Equation (8) and in Figures 5-7. One can
use squint operation of Tx and Rx so that antenna footprints overlaps completely with each
other.

Thirdly, the returned power would be reduced especially for strong uni-directional
backscattering targets such as trihedral corner reflectors. Most natural targets are bi-
directional scatterers, and such bistatic operation will be advantageous to assess the scat-
tering property of natural targets. Manufactured targets may have well-known scattering
properties and such bistatic SAR configurations would be helpful for target identification
and reconnaissance purposes.

Lastly, a complex geometry of bistatic configuration may be a hurdle for the use of
approximation in the frequency-domain SAR focusing algorithms as shown in Equation
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(16). More sophisticated SAR focusing algorithms should be developed for bistatic SAR
operations onboard airborne or satellite configurations for faster SAR processing. In any
case, BPA, which is slow but accurate, would be a good reference for the evaluation of the
other frequency-domain focusing algorithms.

In this experiment, we used a Ku-band system to achieve high resolution in a conven-
tional lecture room—a large bandwidth with small antenna aperture. The results show
that such an experiment can be done cost-effectively with no high-end facilities such as an
anechoic chamber.

The purpose of this experiment was to simulate the case of a satellite mission where
Tx is followed by an Rx (or vice versa) with no specific target distance or squint operation.
Although the indoor experimental setup allows relatively small B/r of 0.5~0.01, it can
detect the bi-directional scattering effect of targets. This is just one case study of many
bistatic SAR configurations. The GB-SAR system is versatile to use various frequencies
and bandwidths as far as the antenna characteristics are supported. Other bistatic modes
can also be applicable such as the bistatic SAR with larger B/r, one with squint operation,
one-stationary-and-one-moving antenna mode, and one with arbitrary antenna positions.
The system can also be extendable to multistatic modes by adding microwave switches.
More sophisticated bistatic cases will be reported separately in the near future.

5. Conclusions

We have constructed a conventional linear-scanning GB-SAR system in the Ku-band
and operated in bistatic mode where Rx follows Tx separated by several different baselines.
A back-projection algorithm and range-Doppler algorithm were developed for the bistatic
GB-SAR focusing.

The results showed that the targets were images at a designed quality and resolution.
The characteristic effects of bistatic configurations were identified such as the reduction
in azimuth resolution and power due to the reduced coherent integration length and the
uni-directional backscattering properties of CR. The use of squint mode and the necessity
of more robust frequency-domain algorithms were suggested for the satellite or airborne
bistatic SAR configurations.

The advantages of bistatic SAR configurations would be numerous such as the in-
vestigation of the bi-directional scattering target properties and the systematic versatility
for SAR constellation operation, which would lead to the rapid development of bistatic
satellite SAR techniques in the near future.
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