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Abstract: Ground-based synthetic aperture radar (GB-SAR) is a useful tool to simulate advanced
SAR systems with its flexibility on RF system and SAR configuration. This paper reports an indoor
experiment of bistatic/multistatic GB-SAR operated in Ku-band with two antennae: one antenna
was stationary on the ground and the other was moving along a linear rail. Multiple bistatic GB-
SAR images were taken with various stationary antenna positions, and then averaged to simulate
a multistatic GB-SAR configuration composed of a moving Tx antenna along a rail and multiple
stationary Rx antennae with various viewing angles. This configuration simulates the use of a
spaceborne/airborne SAR system as a transmitting antenna and multiple ground-based stationary
antennae as receiving antennae to obtain omni-directional scattering images. This SAR geometry
with one-stationary and one-moving antennae configuration was analyzed and a time-domain SAR
focusing algorithm was adjusted to this geometry. Being stationary for one antenna, the Doppler
rate was analyzed to be half of the monostatic case, and the azimuth resolution was doubled. Image
quality was enhanced by identifying and reducing azimuth ambiguity. By averaging multiple bistatic
images from various stationary antenna positions, a multistatic GB-SAR image was achieved to have
better image swath and reduced speckle noise.

Keywords: bistatic; multistatic; GB-SAR; Ku-band; stationary antenna; moving antenna

1. Introduction

Conceptualization of next generation of synthetic aperture radar (SAR) often includes
the use of multiple satellites for transmitting and/or receiving antennas to increase the
system performance in resolution, image swath, signal-to-noise ratio, and repeated cover-
age [1–7]. One can use a satellite/airborne SAR system as a transmitter and set up multiple
stationary receivers on the ground to image the surface with limited swath. Alternatively
broadcasting geo-stationary satellites or GPS satellites can be used as a microwave source
to image the ground nearby the stationary antenna continuously [8].

Ground-based synthetic aperture radar (GB-SAR) systems have been widely used to
simulate various satellite/airborne SAR configurations for the next generation as well as its
own use for ground imaging and surface change detection. Various interferometric [9–12]
and tomographic SAR [13–16] have been successfully tested in GB-SAR systems owing
to the highly accurate repeatability and versatile system operability. Krysik et al. [17]
tested a bistatic GB-SAR configuration as a combination of GB-SAR and satellite. Pieraccini
et al. [18] obtained displacement vectors of a target by redirecting the transmitted signal
using a ground-based transponder. Recently, Lee and Moon [19] have tested a bistatic
GB-SAR configuration where two antennae separated by a baseline are moving on a linear
rail simultaneously.

In this paper, a bistatic GB-SAR system was operated in a lecture room with one
antenna moving along a linear rail while the other was stationary on the ground. The RF
and rail systems used in this paper were similar to [19] except for the antenna configuration.
Multiple bistatic images were obtained with different positions and viewing angles of the
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stationary antenna in order to have SAR images with omni-directional scattering properties
of a target. Those images were averaged together to simulate a multistatic GB-SAR with
one-moving Tx antenna and multiple Rx antennae stationary at various locations. This
configuration is quite different from other multistatic configurations such as tomographic
GB-SAR that places antenna arrays in vertical directions to the SAR image plane. The
system configuration and SAR geometry was analyzed in Section 2 and the resulting
images were shown in Section 3. The findings and limits were discussed in Section 4 while
Section 5 concludes this paper.

2. Materials and Methods
2.1. GB-SAR System with One-Stationary and One-Moving Antennae

The location of the experiment and the GB-SAR system used for the one-stationary
and one-moving antennae configuration in this paper was almost identical to [19]. A lecture
room measured 8 m × 10 m was equipped with the array of desks and chairs, lecturer’s
desks and a blackboard. Three trihedral corner reflectors (TCR) were put on the desks,
as shown in Figure 1a. A linear rail system was installed at the back of the room which
ensured the maximum scan length of 6 m. The rail was supported by three poles to have
a height of 1.8 m from the ground. A Ku-band square horn antenna was installed on a
moving platform on top of the rail. The motion of the antenna was precisely controlled by
a stepping motor connected with a conveyor belt system, which provided a cumulative
positional error of less than 0.1 mm. The stationary antenna that has identical specifications
to the moving antenna was installed on a marked place as shown in Figure 1b. A total
of 22 locations for the stationary antenna were marked on the ground. The location of
the stationary antenna changed for each GB-SAR image acquisition in order to provide
different viewing angles. They were separated by 50 cm with each other either in range or
azimuth direction, and named from #−9 to #12, as shown in Figure 1b.
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reflectors. 
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Figure 1. A ground-based synthetic aperture radar (GB-SAR) experiment with one stationary and one
moving antennae inside a lecture room. (a) a diagram of the indoor targets and system, (b) a schematic
geometry of the GB-SAR configuration, (c) a photo of the system and the targets, and (d) a photo of
the lecture room seen from a stationary antenna with chairs and three trihedral corner reflectors.

An Anritsu MS2028B vector network analyzer (VNA) was used for the RF system. As
shown in Table 1, The VNA transmits microwave in a stepped-frequency mode with a center
frequency of 15.95 GHz and bandwidth of 1.6 GHz to have a nominal range resolution
of 9.4 cm in the case of monostatic radar. The azimuth scanning step is 3 cm to have
201 azimuth samples, providing azimuth resolution of 4.5 cm in the case of monostatic GB-
SAR. The range and azimuth resolutions for the one stationary and one moving antenna
configuration were different from monostatic GB-SAR, which will be analyzed in the
following section. All the system components were lined to and controlled by a notebook
computer and with data acquisition software.

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

GB-SAR Parameter Symbol Value

Center frequency fc 15.95 GHz
Wavelength λ 1.88 cm
Bandwidth BR 1.6 GHz

Range sampling number NR 2001
Nominal range resolution (monostatic) δr 9.4 cm

Antenna aperture L 9 cm
Rail scan length Xmax 6 m

Azimuth sampling step ∆x 3 cm
Azimuth sampling number Nx 201

Nominal azimuth resolution (monostatic, range < 28.72 m) δx 4.5 cm



Remote Sens. 2021, 13, 3733 4 of 10

2.2. SAR Image Formation
2.2.1. Range Resolution

The VNA obtains a radar signal by sweeping the frequency within the bandwidth.
The returned signal is sampled as a function of frequency with a center frequency of fc and
bandwidth BR. Range compression is performed by the inverse Fourier transform of the
returned signal to composite a radar in time domain:

s(t) = h(t) ∗ g(t), (1)

which is represented as a convolution (∗) of the impulse response of the radar system
h(t) and the radar scattering coefficient of targets g(t). The range time resolution can
be defined to be δt = 1/BR assuming a point target with a scattering coefficient of a
delta function, g(t) = δ(t− t0). The (slant) range resolution is then δr = c/(2BR) for a
monostatic radar [19].

For one stationary and one moving antennae configuration in this study, the range
resolution can be expressed as a bistatic case where two antennae are separated by a
baseline of B as shown in Figure 2a. The iso-range planes are ellipsoids with two focal
points located at each antenna position. As in [19], a bistatic range, rB, can be defined as
a coordinate with the origin at the center of an iso-range ellipse and the direction of the

semi-minor axis, so that rB =
√

r2 − (B/2)2 where the monostatic range r is the distance
from the antenna to a target in the direction of rB. The ratio of the two resolutions can be
defined by [19]

δrB
δr

=
1√

1−
(

B
2r

)2
(2)
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separated by B, and iso-Doppler lines for a target at (1, 4.5). (b) the ratios of range resolution for a bistatic radar over a
monostatic radar (δrB/δr) with different baselines.

As shown in Figure 2b, the bistatic range resolution is always larger than that of the
monostatic case [19], and converges to the monostatic radar if B = 0 or is at far range. In
this experiment, the baseline is up to 6.5 m, as shown in Figure 1b. However, due to the
antenna direction, the most significant contribution to the radar-returned signal happened
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with the baseline smaller than 4 m. Figure 2b shows that degradation of range resolution is
limited within the near range of 2 m, which ensures good image quality at far range for
this one stationary and one moving antennae configuration.

2.2.2. Azimuth Resolution

For a point target P(xc, yc) in Figure 1a, the received signal with a stationary antenna
positioned at

(
sx, sy

)
and a moving antenna at (x, 0) is:

s( x|xc, yc) = ejφ(x) = e−j 2π
λ (r1+r2), |x| ≤ X/2, (3)

where
r1 =

√
(x− xc)

2 + y2
c ,

r2 =

√
(sx − xc)

2 +
(
sy − yc

)2. (4)

Here, X is the coherent integration length. Note that r2 is a constant with respect to
the scanning antenna position x.

Azimuth focusing is performed by the following matched filtering:

g(x) =
∫ ∞

−∞
h−1(x′ − x

)
s
(
x′
)
dx′, (5)

where h−1(x′ − x) = s∗(x′ − x), and * is a conjugate operator. Taylor expansion of the
phase in Equation (3) at x = xc gives the approximate estimation of the Equation (5).

φ(x) = φ(xc) + φ′(xc)(x− xc) +
φ′′ (xc)

2!
(x− xc)

2 + · · ·

= φ(xc) + 2πuDc(x− xc) + πur(x− xc)
2 + · · · , (6)

where uDc and ur are the Doppler centroid and Doppler rate. To evaluate the azimuth
resolution, we need to find the Doppler parameters of this experiment. By definition,
Doppler is a wavenumber defined by the change of phase with respect to x.

uD :=
φ′

2π
= − 1

λ

(
dr1

dx
+

dr2

dx

)
== − 1

λ

x− xc√
(x− xc)

2 + y2
c

(7)

Here, the result is only from the first derivative for the moving antenna, as dr2/dx = 0
for the stationary antenna. Figure 2a shows the iso-Doppler lines in (x, y) plane given by:

x− xc =
yc√

1− λ2u2
D

(8)

Note that the iso-Doppler lines are vertical lines. It is x = xc at zero-Doppler and the
gaps between two iso-Doppler lines increases with both yc and uD. The Doppler centroid
is then uDc := uD|x=xc

= 0, which is the same case for other GB-SAR systems [9,14].
The derivative of Doppler is:

u′D :=
φ′′

2π
= − 1

λ

d2r1

d2x
= − 1

λ

y2
c[

(x− xc)
2 + y2

c

] 3
2

(9)

Doppler rate is then defined by

ur := u′D
∣∣
x=xc

= − 1
λyc

, (10)



Remote Sens. 2021, 13, 3733 6 of 10

which is exactly half of the monostatic case in [19]. The azimuth resolution is also double
the monostatic case [9], as is given by the following expression:

δx =
1
|ur|X

. (11)

The coherent integration length depends on the beam width of the moving antenna,
which is given as follows.

X(yc) =

{
λyc/L, yc <

LXmax
λ (near range)

Xmax, otherwise (far range)
. (12)

Inserting Equation (12) into (11) gives the azimuth resolution as follows.

δx =

{
L, yc <

LXmax
λ (near range)

λyc/Xmax, otherwise (far range)
. (13)

In this experiment, we have the following resolution:

δx =

{
9 cm, yc < 28.72 m

yc/319.2, otherwise
. (14)

As the maximum range of the lecture room in this experiment is 10 m, the azimuth
resolution in this experiment is 9 cm which is the same as the size of the real aperture of
the antenna in azimuth direction. The angular azimuth resolution is 0.18◦ at the far range
(>28.72 m) which is double the monostatic case (0.09◦).

Azimuth ambiguity can arise with a separation angle of the azimuth image width,
Xangular_width (in radian). It can be defined as a multiplication of the angular azimuth
resolution at far range, λ/Xmax, as derived by Equation (13), and the number of azimuth
sampling Nx = Xmax/∆x so that:

Xangular_width =
λ

∆x
, (15)

which should be larger than the beam width of the antenna (Xangular_width � λ/L) to avoid
multiples due to azimuth ambiguity. Therefore, we have

∆x � L, (16)

which indicates that the azimuth sampling step ∆x should be several times smaller than
the antenna aperture length (L). The azimuth ambiguity and the multiples will be shown
in the following results.

3. Results

Figure 3 shows the focused images of the bistatic GB-SAR experiments with one
stationary and one moving antennae. The scene number in each image is the same as
in Figure 1b. The location and the viewing direction of the stationary horn antenna is
depicted as a triangle in each image. Note that the viewing direction of the moving antenna
is fixed to the forward direction, which makes a right angle with the rail. Generally
speaking, the amplitude is bright over the area where the footprints of the two antennae
overlap. The overlapping area becomes wider when the stationary antenna is located near
the center of the rail, such as the scenes from #−2 to #2. The image is dark at a range
between the stationary antenna and the rail due to the lack of overlapping footprint of the
antenna beams.
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Figure 3. Bistatic GB-SAR images with one stationary and one moving antennae. Numbers correspond to the locations of
the stationary antenna in Figure 1a. The position and viewing direction of the stationary antenna is depicted in each image.

Multiples can be seen in azimuth direction due to azimuth ambiguity. This happened
because we have not imposed the restriction of the coherent integration length due to the
beam width, as shown in Equation (12). This was done intentionally to check if the azimuth
step interval is small enough to avoid azimuth ambiguity in the image area of interest. For
this experiment, the 3 dB-beam width of the horn antenna with 9 cm aperture is 11.97◦. The
sampling step is set to be ∆x = 3 cm, thus Xangular_width = 35.9◦ as of Equation (15), which
is wide enough to avoid azimuth ambiguity. The separation angles between multiples can
be widened by reducing the sampling step along the rail.

Figure 4 shows an averaged image of all the images of Figure 3 to simulate the
multistatic GB-SAR configuration where multiple stationary antennae are positioned in
various locations simultaneously. The moving antenna on a rail should be a transmitter
while stationary antennae act as receivers when operated simultaneously. However, we
have no such restriction in this simulation using bistatic GB-SAR. Figure 4a shows the
average image where blackboard, desks, chairs, and three corner reflectors are clearly
imaged. Figure 4b is the overlay of scene #2 over the averaged image, in which multiples
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can be found very easily. The angle of multiples matches with the predicted value of
Xangular_width = 35.9◦.
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Figure 5a is the averaged image after reducing azimuth ambiguity by applying coher-
ent integration length in Equation (12). Most of the multiples have disappeared, especially
at near range where the stationary antennae were imaged without multiples.
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4. Discussion

This indoor experiment of bistatic GB-SAR with one stationary and one moving
antennae configuration can be a good simulation of an airborne/spaceborne application
where one of the two antennae needs to be a passive receiver. Range resolution of a bistatic
situation with two antennae separated by a baseline is the same as the bistatic GB-SAR
in [19]. Range resolution is poorer at near range and as the baseline increases, but converges
to the monostatic case at far range. Azimuth resolution is twice that of monostatic GB-SAR
regardless of the range. A longer rail scanning length would have resulted in better azimuth
resolution while a smaller stepping step is necessary to avoid multiples from azimuth
ambiguity. The imaging area is limited to the overlapping footprint of the radar beam. The
proper use of the coherent integration length that corresponds to the overlapping footprint
of antenna beams will reduce multiples caused by azimuth ambiguity during SAR focusing.
The squint operation of the moving antenna to aim the footprint of the stationary antenna
would have increased the coherent integration time of a target and improved the quality.

The averaging of the resulting images can be a simulation of multistatic GB-SAR
with one moving antenna and multiple stationary antennae simultaneously. This is a
good simulation of using an airborne/spaceborne satellite as a transmitter, while multiple
ground antennae are located simultaneously in many locations to cover multiple areas. By
averaging the images from multiple stationary receivers on the ground, one can extend the
coverage of the image extensively. The reduction of speckle noise is another advantage of
averaging. Moreover, a wider variation of angle between Tx, a target, and Rx would provide
smoother scattering properties, not just a backscattering property of a monostatic case.

Due to the reciprocity of the radar signal, the resulting image would be the same for a
bistatic GB-SAR configuration regardless of the choice of transmitting or receiving for the
stationary or moving antennae. For a realistic situation of multistatic GB-SAR, however,
a moving antenna needs to be a transmitter and multiple stationary antennae should be
receivers to obtain an image simultaneously. This experiment is carefully designed to
reduce the sidelobe effect of the antenna. Multiples from the wall in both the sides and the
front have been placed so that they do not overlap with the main imaging area by adjusting
sampling steps in range and azimuth. In terms of future research, an outdoor experiment is
being designed where the situation would be much better in terms of ambiguities in range
and azimuth.

In the case of outdoor experiments with an airborne/spaceborne vehicle, the flying
vehicle will act as the transmitter and the multiple ground receivers will be placed with
different look directions. The azimuth sampling step will be determined by the flying
SAR settings, which should be small enough to avoid azimuth ambiguity. As analyzed in
Equation (2), range resolution will be similar to the monostatic SAR case as the range will
be much larger than that of the indoor experiment. The azimuth resolution will be twice
that of the monostatic case, as discussed in Equation (14). The target area will be clearly
detected if the Tx and Rx beams overlap sufficiently to have coherent integration length
(Xmax) in Equation (13).

5. Conclusions

An indoor experiment with a bistatic GB-SAR configuration with one stationary and
one moving antennae in the Ku-band was successfully performed in a conventional lecture
room. The images with a stationary antenna positioned at various locations were obtained
over the area that corresponds to the overlapping part of the footprints of the antennae.
Averaging those images produced a high quality image with a wider imaging area and
reduced speckle noise. The azimuth ambiguity was analyzed and reduced by applying the
coherence integration time of the system configuration.

This experiment simulated an airborne/spaceborne bistatic/multistatic SAR configu-
ration where only one antenna is used as a transmitter and multiple antennae can be used
as receivers in passive mode. The transmitting antenna can be either stationary on the
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ground or moving onboard an aircraft or satellite. Multiple receiving antennae, stationary
or moving, can reduce the detectability during operation.
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