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Abstract—In terms of the global coverage provided by global
navigation satellite system (GNSS) signals, radar images of a large
field-of-view can be obtained via passive synthetic aperture radar
(SAR) using these signals of opportunity. Usually, large field-of-
view imaging is challenging using conventional SAR methods owing
to the space-variant resolution. In addition, only a moderate range
resolution can be provided by the GNSS transmitters in the passive
SAR system. In this article, an optimal imaging method for a large
field-of-view using GNSS-based passive SAR is proposed, which
exploits the inherent multistatic nature of GNSS. At first, the spatial
resolution of each scatterer in the observation area relative to each
GNSS transmitter is calculated according to the geometry. Then,
the selection of the transmitter set is modeled as an optimization
problem, where the minimal resolution cell is used as the optimal
criterion. After that, an evolutionary algorithm is applied to solve
the optimization problem. Finally, the space-time combination of
the echoes over a long dwell time concerning selected GNSS trans-
mitters is performed to form the radar image with a minimal spatial
resolution. The proposed method is extensively validated using two
experimental datasets, where the passive radar consists of BeiDou
satellites and a fixed receiver. The spatial resolution improvement
and the large field-of-view imaging capability of the proposed
method are forcefully demonstrated according to the experimental
results.

Index Terms—Large field-of-view, multistatic radar, passive
radar, satellite signals of opportunity, synthetic aperture radar.

I. INTRODUCTION

OVER the last decades, the synthetic aperture radar (SAR)
has become one of the most popular tools for earth surface

monitoring since it enables to obtain day and night-time images
of the observed areas with all-weather conditions [1]. As a spe-
cial system construction, the passive SAR uses the transmitters
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of opportunity for scene illumination [2]. The lack of dedicated
radar transmitters significantly reduces its cost and size. Some
other advantages, such as antijamming and anti-stealth capabil-
ities, can be introduced to passive SAR owing to its inherent
bistatic or even multistatic configuration. Furthermore, such a
radar system is green since electromagnetic pollution can be
avoided and a spectrum allocation is not needed [3], [5], [6].

In the last few years, there is a growing interest in passive SAR
system. Currently, some terrestrial sources, such as digital video
broadcast-terrestrial (DVB-T) and global system for mobile
communications , have been exploited for the passive imaging
purpose [7], [8], [9], [10]. Since these kinds of opportunistic
illuminators are usually fixed, the virtual apertures are formed
with moving receiving platforms, such as aircraft and unmanned
aerial vehicle. However, as the signal coverage is confined by its
fixed base station, the application scenario of the passive SAR
system utilizing a terrestrial source is limited. In addition, the
bandwidths of these signals are usually restricted (e.g., 7.6 MHz
for DVB-T signal) [8], which may result in insufficient range
resolution of the acquired radar image.

To address the abovementioned limitations, one of the promis-
ing alternatives exploited for passive SAR system can be the
global navigation satellite system (GNSS). There are several
advantages to choosing this opportunistic transmitter. First, the
GNSS ensures a global and permanent signal availability on
the earth’s surface even at the poles [11]. Thus, the coverage
of the GNSS-based passive SAR only depends on the position
and beamwidth of the receiver, which can meet more appli-
cation scenarios. Then, the GNSS provides a relatively larger
signal bandwidth (up to 20 MHz) than the terrestrial sources
[12]. Thus the constituted passive SAR enables to provide a
better spatial resolution. In addition, it is noted that there are
currently four GNSS constellations built or under construction,
i.e., GPS, GLONASS, Galileo, and BeiDou [13], [14]. Each
GNSS constellation operates at least 24 navigation satellites
in medium earth orbit (MEO). Some satellites are even in
geostationary earth orbit and inclined geosynchronous orbit
(IGSO) [15]. These satellites are hard to destroy, providing
stable and persistent signal sources. More importantly, given the
positioning intent of GNSS, a scene of interest is simultaneously
illuminated by 4–8 satellites in a single GNSS constellation [16].
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Since the GNSS constellation operates in code or frequency
division approach, signals transmitted from different satellites
in view can be collected and separated by a same receiver.
That is, the GNSS-based passive SAR is inherently a multistatic
SAR system comprising a single receiver and multiple GNSS
satellites.

In this article, we focus on GNSS-based passive SAR with a
ground-based fixed receiver. It is envisaged here to equip the
receiver with a wide-beam antenna, enabling a continuously
coverage of a surveyed area with a large field-of-view. There
are two main problems in GNSS-based SAR large field-of-view
imaging. One of them comes from the GNSS transmitter. Even
though the GNSS signal has a relatively larger bandwidth than
other opportunistic sources, it is still inferior to a dedicated SAR
transmitter [17], [18], [19]. Only a moderate range resolution can
be provided by the constituted passive SAR system. On the other
hand, the large field-of-view imaging can be a challenging task
for a SAR system, since the space-variant resolution is evident
and it is difficult to guarantee a fine resolution for each pixel in
the surveyed area.

Due to these specific benefits offered by GNSS, currently
there have been already several investigations that aim at achiev-
ing radar imaging using the GNSS-based SAR. In [12], the
imaging processing chain for the passive bistatic SAR using
a GNSS transmitter has been described. And the feasibility
of GNSS-based passive SAR has been extensively demon-
strated via sets of experimental data collected using Galileo and
GLONASS transmitters. Then, the passive bistatic SAR using
the BeiDou satellite as the transmitter has been constructed in
[20] to obtain the corresponding radar image. However, these
mentioned researches are only for bistatic configuration with
a single satellite transmitter. To take full advantage of GNSS,
the availability of multiple navigation satellites is exploited in
[21] and [22]. The bistatic images concerning different satellites
are generated separately, followed by the multistatic image
formation by noncoherently combining the bistatic images. The
experimental results show that the multistatic image acquires
more information about the surveyed area. However, the com-
bination of bistatic images does not always enhance imaging
performance, where the multistatic result strictly relies on each
of the bistatic geometries. In [23], GNSS-based SAR imaging
performance improvement is achieved via image fusion. After
region segmentation of the formed bistatic images, the images
are fused using the mean operator or mean operator. But this
method is an image fusion strategy in essence, and the special
nature of the SAR system is not considered. Moreover, these
existing literatures only focus on a limited surveyed area, and
these methods are not applicative with respect to a scene with a
large view-of-view.

In this article, we aim to robustly achieve GNSS-based passive
SAR image of a large field-of-view by resorting to its natural
multistatic configuration. Given the restricted power budget
from GNSS satellites, the dwell time on the surveyed scene can
be extended to several minutes to obtain sufficient echo energy.
At the same time, the azimuth resolution of the passive SAR
system can be improved with the increase of the synthetic aper-
ture. To obtain a reliable radar image of the large field-of-view,
at first in this article, the theoretical bistatic resolutions of each

Fig. 1. Topology of GNSS-based passive SAR.

pixel in the imaging plane concerning all the available satellite
transmitters are calculated according to their trajectories. Then,
with respect to each pixel, a subset of the available transmitters
is selected, which aims to improve the resolution. The selection
of the transmitter set is modeled as an optimization problem,
where the minimal resolution cell of the final image is used as
the optimal criterion. And an evolutionary algorithm is applied
to solve the optimization problem. Finally, after data separation,
each pixel is formed by combining the long-time echoes from the
selected GNSS satellites. The proposed method is extensively
validated on two experimental datasets, in which the BeiDou
satellites are considered the opportunistic transmitters. The main
contributions of this article are as follows.

1) The GNSS transmitter set selection strategy based on the
criterion of a minimal resolution cell is proposed. The
satellite selection is modeled as an optimization problem
and solved by an evolutionary algorithm, after which the
final radar image is formed by combining the echoes from
the selected transmitters.

2) The effectiveness of the proposed method is validity
demonstrated using two experimental datasets. In the first
experiment, a transponder was treated as a strong point
target. The results quantitatively show the resolution im-
provement of the proposed method. In the other exper-
iment, the large field-of-view imaging capability of the
proposed method is demonstrated as the surveyed area
with a large field-of-view can be well imaged using the
BeiDou-based passive SAR.

The remainder of the article is organized as follows. Section II
deduces the signal model of the GNSS-based passive SAR. Sec-
tion III introduces the scheme of the optimal imaging method.
The radar images obtained in the two experiments mentioned
above are presented in Section IV. Finally, in Section V, we
draw our conclusion.

II. SIGNAL MODEL

The GNSS-based passive SAR comprises K navigation satel-
lites in view and a ground-based fixed receiver, and its topology
is shown in Fig. 1. As a passive radar system with noncooperative
transmitters, the receiver equips with two antennas. One of
the antennas is steered toward the sky (refer to as reference
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antenna), recording the direct signals from the satellites for
synchronization purpose. The other antenna (refer to as surveil-
lance antenna) is used to record the reflected signals from the
surveyed area. To obtain a sufficient SNR for the passive radar
imaging purpose, the dwell time on the surveyed area is on the
order of minutes. Such a long time is readily achieved owing
to the system components with a fixed receiver and satellite
transmitters in the middle or high orbits. It is noted again that
the signals transmitted from the different navigation satellites are
simultaneously recorded by the receiver and can be separated
owing to the employment of code or frequency division. As
shown in this figure, the positions of the satellite transmitters and
the passive receiver are described in an East-North-up reference
system, where the fixed receiver is considered as the origin. The
kth satellite locates at PT,k at reference instant, moving with a
velocity vector vT,k.

The imaging quality of each bistatic radar image can be
assessed by its spatial resolution. Here, the spatial resolution is
calculated by the generalized ambiguity function (GAF) [24].
Let A denote the position vector of a point scatterer to be
evaluated and B be the position of an arbitrary point in the
vicinity of A. Since the receiver is fixed, the GAF is given by

|χk (A,B)| = ρ

(
(ΦTA,k +ΦRA) (B−A)T

c

)
m

×
(
ωTA,k(B−A)T

λ

)
(1)

where (·)T is the transpose of a vector. ρ(·) is the matched filter
output of the ranging code for the GNSS signal. It is a triangular
function with a pulsewidth twice of the code chip duration. m(·)
is inverse Fourier transform of the signal magnitude pattern, and
it is a sinc function when the antenna pattern is considered as a
rectangle shape. c is the light speed. λ is the wavelength. fc is
the carrier frequency. ΦTA,k and ΦRA are the unit vectors in
the directions from the scatterer A to the kth satellite and the
receiver, respectively. ωTA,k is the angular velocity of the kth
satellite, which is expressed as

ωTA,k =
vT,k

(
I−ΦT

TA,kΦTA,k

)
‖PT,k −A‖ (2)

where ‖ · ‖ is the norm of a vector and I is the identity matrix.
Usually, the −3 dB width of the GAF is used to quantitatively

evaluate the spatial resolution of a radar image, which is defined
as resolution cell. Given the extreme asymmetry configuration
of the GNSS-based SAR due to greatly far distance between the
satellite transmitter and the surveyed area, special property of
the space-variant resolution is exhibited. The unit vector ΦTA,k

is approximately constant for each scatterer in scene, even
considering a large field-of-view. Further, the angular velocity
ωTA,k is considered constant. Therefore, it is deduced from (1)
that, with respect to a same GNSS transmitter, the resolution cell
is only determined by ΦRA (or the receiver view angle denoted
by φA).

Furthermore, the GAF in (1) also shows that the bistatic
resolution strictly depends on the transmitter’s position
and trajectory. Thus, passive bistatic images with different

TABLE I
PARAMETERS OF THE SATELLITE TRANSMITTERS

Fig. 2. Bistatic GAFs concerning. (a) First satellite. (b) Second satellite. (c)
Third satellite.

resolutions can be achieved using spatially separated satellites.
A simulation is used here to demonstrate the dependence
of resolution on transmitter. A point scatterer located at (0,
−1000) m is assumed in the simulation as an example. Three
GNSS satellites are considered as the transmitters, where their
trajectories are generated according to actual ephemeris data.
The corresponding parameters are calculated and given in
Table I. The dwell time on the scatterer stays 10 min. The chip
rate of the transmitted signal is set as 10.23 MHz.

Fig. 2 shows a set of bistatic GAFs concerning the three
considered satellite transmitters. The iso-range and iso-Doppler
lines are simultaneously given in the figures by the cyan and
yellow dashdot lines. It is seen that the spatial resolution of the
same scatterer varies with its transmitter due to different bistatic
geometries. −3 dB cuts of the GAFs (refer to as resolution cell)
are simultaneously presented in the figures, as indicated by the
white dash lines. A sufficiently long synthetic aperture time
ensures a fine azimuth resolution, while only moderate range
resolution is achieved due to the insufficient signal bandwidth.
The area of resolution cell can be used to quantitatively com-
pare the quality of different radar images. Here, the areas are
calculated as 68.4, 45.6, and 182.44 m2, respectively.

Then, a subset of the bistatic GAFs can be noncoherently
combined to form the multistatic GAF. Taking the first satellite
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Fig. 3. Multistatic GAFs obtained by combining. (a) First and second satel-
lites. (b) First and third satellites.

as a benchmark, the multistatic GAFs acquired by adding this
benchmark with the other two satellites are presented in Fig. 3.
The resolution cells are also given by the white dash lines in both
figures, where the areas equal to 30.2 and 98.1 m2, respectively.
Compared with the benchmark in Fig. 2(a), it is found that the
spatial resolution of a multistatic radar image can be potentially
improved by fusing bistatic images concerning different trans-
mitters [see Fig. 3(a)]. But, the improvement does not always
work [see Fig. 3(b)]. Although here the multistatic GAF is
obtained by combining two bistatic GAFs, the same results can
be observed in the case of using bistatic GAFs involving more
than two transmitters. Therefore, it can be concluded that the
spatial resolution of the multistatic image is strictly dependent
on the transmitters used for imaging purpose.

III. OPTIMAL IMAGING METHOD

In this section, the natural multistatic configuration of GNSS-
based passive SAR is utilized to obtain an optimal radar image
of a large field-of-view. The main processing chain contains
the transmitters selection and optimal radar image formation, as
described in detail below.

Although the received signals are continuous in time, they are
preliminarily reformatted into fast-time and slow-time domain
according to an equivalent pulse repetition interval (PRI) [15].
At first, signal synchronization method as described in [25]
is performed. The delay, Doppler, and navigation message are
extracted from the direct signal, and a noise-free replica (refer
to as a reference signal) is generated [25]. By cross-correlation
the echo with the reference signal, signal synchronization, as
well as range compression, can be achieved. Without loss of
generality, we assume a point scatterer located at A = (x, y)
in the same horizontal plane as the fixed receiver. After signal
synchronization, the echo from the scatterer can be modeled as

sk (τ, η;x, y) = σk (x, y) rect

(
η

Ta

)
ρ

[
τ − Rk (η;x, y)

c

]

× exp

{
−j

2π

λ
Rk (η;x, y)

}
(3)

where τ and η denote the fast-time and slow-time. σk is the
scatterer reflectivity. Ta is the synthetic aperture time. Rk is the
difference in propagation path between the reflected signal and

the direct signal (refer to as differential bistatic range). That is
Rk = RT,k +RR −Rb,k, where Rb,k is the baseline between
satellite and receiver, and RT,k and RR are the distances from
the scatterer respectively to the satellite and the receiver.

Thus, the reflected echo from the surveyed area after signal
synchronization is given as

Sk (τ, η) =

∫∫
Ω

sk (τ, η;x, y) dxdy (4)

where Ω is the observed area.
Then, with respect to each scatterer, a set of satellites used

for the imaging process are selected from all the alternatives.
In this article, the utilization of the multistatic configuration
aims to minimize the spatial resolution of the final radar image.
Here, the spatial resolution of a multistatic image is theoretically
evaluated by the multistatic GAF, which is obtained by adding
the amplitudes of bistatic GAFs concerning the used satellites.
That is, the multistatic GAF is given by

χ (A,B) =
∑

k=Ks

∣∣∣∣∣ρ
(
(ΦTA,k +ΦRA) (B−A)T

c

)
m

×
(
ωTA,k(B−A)T

λ

)∣∣∣∣∣ (5)

where Ks is the index set of the used satellites, and it can be of
any size and in any combination. We turn to numerical method
to obtain the value of the resolution cell area concerning this
scatterer, which is denoted by Sa(x, y;Ks).

As can be seen in Section II, the spatial resolution cell of a
multistatic GAF is possibly reduced compared to a bistatic GAF.
But not every combination of bistatic GAFs provides a smaller
resolution cell. Thus, not all the available satellites in view are
used as opportunistic transmitters for the GNSS-based passive
SAR to improve the image quality. Furthermore, since the GAF
is space-variant, it can be inferred that different sets of the used
transmitters need to be determined for different scatterers in
a large field-of-view. In addition, it is also deduced from the
analyses in Section II that the selection of transmitter set is only
determined by the view angle φA. Using the minimal spatial
resolution cell as the optimal criterion, the satellites used for the
imaging purpose are selected as

K̂s (φA) = argmin
Ks

Sa (cos (φA) , sin (φA) ;Ks) . (6)

To solve this optimization problem, K decision variables are
defined as I(φA) = [iφA,1, iφA,2, . . . , iφA,k, . . . iφA,K ], where
iφA,k ∈ {0, 1} is the selection identifier. If iφA,k = 1, the kth
satellite is selected as an element of the transmitter set, while if
iφA,k = 0, this satellite is rejected. The optimal I(φA) can be
obtained via some genetic or evolutionary algorithms. In this
article, a population-based stochastic optimization algorithm
named particle swarm optimization (PSO) is employed [26].
The PSO population with particles is randomly generated, after
which the particles fly toward the direction guided by their
personal best and the global best. After iteration, the position
where the particles converged represents the optimized solution
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Fig. 4. Procedure of transmitter set determination.

Î(φA). The procedure of the transmitter set decision based on
PSO is given in Fig. 4.

Finally, the SAR image is formed using the selected satellite
transmitters. During the imaging processing, the long-time echo
concerning the same transmitter is coherently combined, while
the echoes pertaining to the multiple satellites are noncoherently
combined. Based on the processing chain of the back-projection
algorithm (BPA) [27], each pixel in the imaging plane is calcu-
lated according to the equation as

f (x, y) =
1

N

∑
k=K̂s(tan−1(y/x))∣∣∣∣∣∣

∫
η

Sk (τ, η)× exp

{
j
2π

λ
Rk (η;x, y)

}
dη

∣∣∣∣∣∣

=

∑
k îtan−1(y/x),k ·

∣∣∣∣∣∫η Sk (τ, η)× exp
{
j 2π

λ
Rk (η;x, y)

}
dη

∣∣∣∣∣∥∥∥Î(tan−1 (y/x))
∥∥∥
0

(7)

where Rk(η;x, y) is the differential bistatic range history of
the pixel concerning the kth satellite transmitter and the fixed
receive, and N is the size of the selected transmitter set. ‖ · ‖0
is the L0 norm. Here, tan−1(y/x) is used to calculated the
corresponding view angle. It is noted that generally the grids
of the BPA should be smaller than the spatial resolution [28].
In the passive SAR system based on GNSS transmitters, the
bistatic azimuth resolution is usually smaller than the range res-
olution. Therefore, the spatial resolution cell of the GNSS-based
multistatic SAR is mainly determined by the azimuth resolution.
That is, the grids of BPA are determined by the minimal azimuth
resolution.

Fig. 5. Scheme of the proposed imaging method.

Fig. 6. Experiment scenario using a signal transponder.

To sum up, the scheme of the optimal imaging method for
large field-of-view using GNSS-based SAR is shown in Fig. 5.

IV. EXPERIMENTAL RESULTS

In this section, the proposed imaging method is applied to the
experimental data collected from different scenarios to verify
its effectiveness. The first experiment was carried out using a
GNSS signal transponder as a strong point target, and in the other
experiment, the scene with a large field-of-view was covered by
the receiver.

A. Point Target

In this experiment, the data was collected using BeiDou
satellites as transmitters of opportunity. As shown in Fig. 6, the
transponder with an amplifier and the passive receiver was fixed
on the roof of a building. Constituting a local reference system
using the receiver as origin, the position of the transponder can
be expressed as (67, −7.6) m. During the data acquisition, the
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Fig. 7. Skymap of the considered satellites in the first experiment.

TABLE II
PARAMETERS OF THE FIRST EXPERIMENT

BeiDou B3I signals were recorded by the transponder [29]. After
demodulation and remodulation, the power-amplified signals of
opportunity were retransmitted from the transponder and were
immediately received by the receiver through the surveillance
antenna pointing to the transponder. At the same time, the direct
signals from the BeiDou satellites were received by the receiver
through the reference antenna pointing to the sky. In this way, a
strong point target can be simulated, so that the imaging perfor-
mance of the proposed method can be quantitatively evaluated.

In this experiment, the signals from five BeiDou satellites
were retransmitted by the transponder. The retransmitted sig-
nals and the corresponding direct signals concerning the five
satellites were simultaneously collected by the receiver. All the
considered satellites were in IGSO with an altitude of 35786
km. During the data acquisition, the skymap of these satellites
is shown in Fig. 7, and the parameters are given in Table II.

Since the BeiDou system utilizes the code division multi-
ple access technique, signals from different satellites can be

Fig. 8. Signals after matched filtering pertaining to (a) reference antenna and
(b) surveillance antenna.

Fig. 9. Result after signal synchronization.

distinguished and extracted via match filter banks with pseu-
dorandom codes. After matched filtering, the first 5 s signals
recorded by the reference and surveillance antennas concerning
BeiDou C06 are presented in Fig. 8. The color scale is in dB,
where 0 dB represents the mean noise power. In Fig. 8(a), the
direct signal is isolated from the noise background owing to its
sufficient SNR, which is the premise of signal synchronization.
For comparison, the direct signal also exhibits in Fig. 8(b), as it
is concurrently recorded in the surveillance antenna. In addition,
the retransmitted BeiDou signal is clearly visible in Fig. 8(b), so
it is reasonable to treat it as an echo from a strong point target.
The shift between the direct signal and the retransmitted signal
is caused by the different propagation paths and the processing
delay of the transponder.

Then, for signal synchronization purpose, a reference signal is
generated from Fig. 8(a). After cross-correlation of the reference
signal and the received echo, the corresponding result is shown
in Fig. 9. The Y-axis represents the differential bistatic range,
where the direct signal always presents at zero lines. It is seen
that the amplitude of the retransmitted signal is much larger than
that of the direct signal. Thus, the direct signal has no effect on
the subsequent imaging processing.

The entire dwell time on the transponder is 10 min in this
experiment. Using the satellites’ trajectories accurately obtained
from the ephemeris data, the bistatic GAFs concerning the
point where the transponder is located are shown in Fig. 10.
The figures are presented in dB, where 0 dB represents the
maximum intensity and the dynamic range is clipped to 20 dB.
The resolution cell (i.e., −3 dB cut) is also given in each GAF,
marked by the white dash line. The theoretical imaging per-
formances quantitatively evaluated by spatial resolutions with
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Fig. 10. Bistatic GAFs concerning. (a) C06. (b) C08. (c) C09. (d) C13.
(e) C16.

TABLE III
IMAGING PERFORMANCE IN THEORY

respect to each bistatic geometry are given in Table III. The
spatial resolution changes with the transmitter. In addition, a
moderate range resolution with a value of more than 10 m can
be observed in each bistatic case owing to the limited BeiDou
signal bandwidth.

In theory, the imaging result of an independent point target
should be consistent with its GAF. For comparison, bistatic
images are formed using the experimental data. It is noted that,
there is inevitably a processing delay caused by the transpon-
der in the received data. Thus, the imaging processing is per-
formed after delay compensation. By performing the BPA on
the range-compressed data, the obtained bistatic images are
presented in Fig. 11, which are in line with the theoretical
expectations in Fig. 10. The spatial resolutions evaluated from
these radar images are given in Table IV. It is pointed out that,
the cross-correlation between the generated ranging code and
recorded signals from the other satellites can be an interference
to range-compressed result, which causes the differences in
range resolution values between theoretical and experimental
results.

Then, the PSO algorithm is performed to determine the
optimal transmitter set based on the theoretical GAFs. The
population size of the PSO is set as 10 to show the evolution

Fig. 11. Bistatic images concerning. (a) C06. (b) C08. (c) C09. (d) C13.
(e) C16.

TABLE IV
IMAGING PERFORMANCE OF A POINT TARGET

Fig. 12. Solving process during the iterations. (a) Satellite selection. (b)
Theoretical resolution cell area.

during the iterations, and the generation number is set as 20.
The valid search space is set as [01]. The PSO-based solving
process is shown in Fig. 12. It is found that with the updating of
the particles, the population evolves to find a better solution with
a smaller resolution cell area. After the iteration, the selection
identifiers of C08 and C09 are set to be 1 (i.e., the final optimal
solution is obtained as [01,10,0]). Therefore, the C08 and C09
satellites are selected as the transmitters of opportunity for the
optimal imaging purpose, which expects to obtain the image
with minimal resolution cell. The corresponding imaging result
is shown in Fig. 13. The resolution cell area is 44.82 m2, which
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Fig. 13. Final image with a minimal resolution cell.

Fig. 14. GNSS-based SAR experiment. (a) Imaging scenario. (b) Receiving
system.

is apparently lower than that in each of the bistatic geometries.
Thus, it can be concluded that the final image provides a better
imaging performance.

B. Large Field-of-View

In this section, the effectiveness of the proposed imaging
method is further verified by performing it on the experimental
data received from a large field-of-view. The experiment was
carried out at Lianyungang port in China. Fig. 14(a) shows the
optical photograph of the experimental scenario cropped from
Google Earth, and the dimensions of the scenario are 2.5 km
× 5 km. Four main target areas in this scenario are highlighted
with the white rectangles. The areas 1, 2, and 3 are the wharves,
and the area 4 is the mountainous area surrounded by roads. The
passive receiver equipped with two antennas was fixed at the

Fig. 15. Skymap of the considered satellites in the second experiment.

TABLE V
PARAMETERS OF THE SECOND EXPERIMENT

coast [see Fig. 14(b)]. One of the antennas stared south, while
the other pointed to the sky, serving as surveillance and reference
antennas, respectively. Both antennas are identical with a low
gain of 5 dB. And the large beamwidth ensures that all the four
target areas can be simultaneously covered by the receiver. In
Fig. 14(b), the cranes in the wharves and the mountainous area
have also been photographed.

In this experiment, the dataset was also collected using Bei-
Dou satellites as illuminators of opportunity, and the BeiDou
B3I signal with a chip rate of 10.23 MHz was recorded by the
receiver. The skymap of the utilized satellites during data acqui-
sition is shown in Fig. 15, and the corresponding parameters are
given in Table V. The BeiDou C27 and C30 are in MEO with a
satellite altitude of 21528 km, while C08, C13, and C38 are in
IGSO with a satellite altitude of 35786 km.

After signal synchronization and range compression, the first
5 s data recorded in the surveillance antenna pertaining to
BeiDou C27 is presented in Fig. 16(a). Only the direct signal
along the zero bistatic line can be observed in this figure, while
the reflected signal is invisible owing to its poor power. The
direct signal concurrently recorded in the surveillance antenna
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Fig. 16. Range-compressed data. (a) Before direct signal cancellation. (b)
After direct signal cancellation.

will severely interfere with the subsequent imaging processing.
To excise this interference, here the extensive cancellation algo-
rithm (ECA) is proactively applied to the received data, which
intends to remove the disturbance by resorting to the reference
signal generated from the reference antenna [30]. After the ECA,
the corresponding result is shown in Fig. 16(b), from which the
direct signal suppression can be observed.

In order to guarantee a sufficient SNR for the radar image, a
data stream of 10 min is used for the imaging processing. By
means of the BPA, the formed bistatic images concerning the
five BeiDou transmitters are presented in Fig. 17. The grids of
the BPA are set to be 2 m, which is slightly smaller than the
theoretical azimuth resolution of the bistatic configuration with
a MEO transmitter. It is pointed out that, hereinafter the color
scale of radar image is in dB. All the images are normalized
to the mean noise power, and the value can be calculated from
the noise area in bistatic image where target areas are not con-
tained. Typically, the noise amplitude complies with Rayleigh
distribution. To make 99.5% noise invisible in bistatic images,
the display threshold of each image is set to be 7.2 dB. To
clearly present the target outline, each image is displayed with
a color scale with 3 dB of dynamic. That is, hereinafter the
dynamic range of radar image is set as [7.2, 10.2] dB. For better
presentation, the radar images are superimposed on the photo-
graph of the surveyed area in Fig. 14(a). Fig. 17 shows a good
coincidence between the bistatic images and the optical scenario,
where the four main target areas are visible in the radar images
(see white rectangles). However, due to the large field-of-view,
the space-variant resolution is apparent in the bistatic images.
Not every target area in the scene can acquire a fine spatial
resolution with the bistatic geometries. In specific, there is a
sufficient difference in view angle between the area 1 and area
3. In Fig. 17(a), (b), and (e), the outline information of the wharf
in area 3 can be clearly observed which indicates its fine spatial
resolution, while in area 1 a poor resolution can be observed.
Similar results can also be observed in Fig. 17(c) and (d), where
the wharves in area 1 are outlined in radar images and the area
3 is blurry. Therefore, it is found that a radar image with fine
spatial resolution can hardly be achieved for a scene with a large
field-of-view using the bistatic GNSS-based SAR.

For comparison with the proposed method, the multistatic
image is first achieved by fully combining all the five bistatic
images, and the corresponding result is given in Fig. 18. The

Fig. 17. Bistatic images of the large field-of-view concerning. (a) C08. (b)
C13. (c) C27. (d) C30. (e) C38.
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Fig. 18. Multistatic image obtained by full combination of the bistatic images.

Fig. 19. Selection of the satellite transmitters.

inferior imaging results in bistatic cases are still maintained in
this multistatic image, causing a degeneration of the imaging
performance. This is evident in area 1 in Fig. 18, where the
outline of the wharf is blurry.

Then, the optimal imaging processing is applied to the same
data. The multistatic configuration of the GNSS-based passive
SAR is utilized to provide a minimal spatial resolution for every
scatterer in the large field-of-view. After PSO, the selection of
the used satellite transmitters for each pixel in the imaging plane
is shown in Fig. 19. The Z-axis represents the satellite index,
and thus it is observed that there are five slices along the Z-axis.
For the sake of better presentation, different colors are utilized
to represent the different satellites. At each slice, the colored
area denotes that this satellite is used as the transmitter for the
imaging purpose concerning this pixel, while the blank area
denotes that this satellite is unemployed. Subsequently, the radar
image simultaneously using the multiple satellites are formed,
and the final imaging result is shown in Fig. 20. It is found
that the outlines of the wharves in the area 1, 2, and 3 can be
clearly observed at the same time. In the area 4, the edges of the
mountain match the optical map. All target areas over the large
field-of-view are well imaged, which is difficult to realize in the
case of each bistatic image and the case of full bistatic images
combination. Thus, it is concluded that an improved radar image
can be achieved via the proposed method.

Finally, a point target located at (717, −1500) m (see the red
rectangle in Fig. 20) is extracted from the imaging results for the
resolution evaluation. According to Fig. 19, the echoes from Bei-
Dou C08, C13, and C38 are utilized for the imaging of this point

Fig. 20. Final radar image of the large field-of-view.

Fig. 21. Images of the point scatterer concerning. (a) C08. (b) C13. (c) C38.
(d) Fusion result.

scatterer. After extraction and interpolation, the bistatic images
of this point scatterer concerning the three selected transmitters
are presented in Fig. 21(a)–(c). The −3 dB cut of each image
is simultaneously given and marked by the white dash line. The
resolution cell areas of these bistatic images are quantitatively
evaluated as 121.01, 100.15, and 164.78 m2, respectively. By
comparison, the point scatterer imaging result via the proposed
method is shown in Fig. 21(d). The resolution cell area of this
imagery is obtained as 93.11 m2, which is lower than that of each
bistatic image. Thus, the resolution improvement of the proposed
method can also be quantitatively proved by the experimental
results.

V. CONCLUSION

This article proposes an optimal GNSS-based passive SAR
imaging method for a large field-of-view. Only a moderate
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range resolution is provided by GNSS signals. And the no-
table space-variant resolution in the large field-of-view deteri-
orates the passive SAR imaging performance. To address these
problems, the inherent multistatic nature of GNSS is utilized. On
the one hand, with respect to the large field-of-view, the multiple
available satellites ensure an acceptable spatial resolution for
every scatter in the scene since the different GNSS transmitters
can be used. On the other hand, with respect to a scatterer, the
orientations and values of bistatic resolution cells pertaining to
multiple GNSS transmitters are different. The combination of
different transmitters has the opportunity to reduce the resolution
cell. In this article, the transmitter set for each scatterer in the
large field-of-view is seriatim determined according to the crite-
rion of a minimal resolution cell. The final radar image is formed
by combining the echoes from the corresponding transmitters.
The effectiveness of the proposed method is demonstrated using
two experimental datasets. In the first experiment, a transponder
was placed in the surveyed area, which can be treated as a
strong point target. The processing results quantitatively show
the resolution improvement. And in the other experiment, the
large field-of-view imaging capability of the proposed method
is illustrated, since the surveyed area with a large field-of-view
has been well imaged using the BeiDou-based passive SAR
system.
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