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Abstract: Synthetic aperture radar (SAR) can detect moving targets on the ground/sea, and high-
resolution imaging on the ground/sea has critical applications in both military and civilian fields.
This paper attempts to use a spaceborne SAR system to detect and image moving targets in the air
for the first time. Due to the high velocity of aerial targets, they usually appear as two-dimensional
range and azimuth direction defocus in SAR images, and clutter will also have a profound impact on
target detection. To solve the above problems, a method of detecting and focusing on a spaceborne
SAR target based on a two-dimensional velocity search is proposed by combining the BP algorithm.
According to the current environment of the aerial target and the number of system channels,
the clutter suppression methods are set and combined with two-dimensional velocity search with
different precision, the Shannon entropy under different search velocity groups is used to obtain
the search velocity group closest to the actual velocity and realize the integrated processing of
moving target detection—focused imaging parameter estimation. Combined with simulation data, the
effectiveness of the proposed method is verified.

Keywords: aerial moving target detection; clutter suppression; synthetic aperture radar; BP algorithm;
velocity search; minimum Shannon entropy criterion

1. Introduction

As an imaging radar, synthetic aperture radar (SAR) is becoming more and more
perfect for target imaging technology. At present, the imaging of stationary targets has
been unable to meet the application requirements of SAR in military and civil fields. In
modern warfare, moving targets are usually targets with more reconnaissance significance,
such as aircraft flying at high velocity in the air, vehicles traveling on the ground, and
ships on the sea surface. However, when SAR is used to detect the above targets, the radar
echo data are often mixed with land/sea clutter, which needs to be suppressed. Compared
with airborne SAR, spaceborne SAR has a more extensive observation range, can obtain
higher-resolution images in a larger area, and can obtain global moving target information,
which has more important military and civil value. Therefore, using the spaceborne SAR
system to effectively monitor moving targets is worthy of further study. At present, the
technology of space-borne SAR for ground/sea moving target detection has been effectively
applied in the TerraSAR system and the Radarsat2 system [1].

Effective suppression of clutter is required to detect ground moving targets with the
help of spaceborne synthetic aperture radar (SAR) systems. Conventional clutter suppres-
sion methods can be divided into single-channel and multi-channel processing methods
according to the number of channels. Single-channel SAR-GMTI clutter suppression
methods mainly include a filtering method, reflection characteristic displacement method,
Wiener-Ville distribution method, and so on [2,3]. Limited by the number of channels, the
clutter suppression ability of the single-channel correlation method is limited. In practical
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applications, multi-channel systems are often used to achieve clutter suppression. The
traditional multi-channel SAR-GMTI processing schemes mainly include displaced phase
center antenna (DPCA), along-track interferometry (ATI) technology, clutter suppression
interferometry (CSI) technology, space-time adaptive processing (STAP) technology, etc.
Among them, the TerraSAR system uses DPCA technology and ATI technology to realize
the detection of moving targets. TerraSAR-X, Tandem-X binary star systems are adopted
to enhance the detection performance, and DPCA technology is used for clutter suppres-
sion [4]. The Radarsat2 system has two working modes: GMTI and MODEX. Among them,
GMTI adopts DPCA technology and ATI technology to realize moving target detection.
The MODEX mode uses time-division technology, which can provide up to four channel
data, and uses extended DPCA (EDPCA) technology and ISTAP (STAP) technology for
moving target detection [5]. In addition, with the development of artificial intelligence
technology, researchers have tried to introduce deep learning methods into SAR-GMTI sig-
nal processing and proposed corresponding processing schemes, which may also achieve
results in more application scenarios in the future [6].

For detecting sea surface targets based on spaceborne SAR, it is often not necessary to
suppress sea clutter because of the fine division of sea clutter brought by high resolution.
The sea surface moving target detection methods of spaceborne SAR can be divided into
traditional and deep learning-based methods. Conventional detection methods are mainly
based on the differences in imaging characteristics of SAR images. Among them, the
CFAR detection method has been studied by many scholars for its simple principle of
high detection efficiency, and strategic improvement methods such as SO-CFAR and GO-
CFAR have been formed [7]. Unlike traditional detection algorithms, deep learning-based
detection algorithms can automatically learn essential features from a large number of
image data, and often have higher accuracy and better robustness in target detection [8-11].

The above analysis shows that the detection technology of spaceborne SAR for
ground/sea surface targets is becoming increasingly mature, and the use of the space-
borne SAR system to detect aerial targets has yet to be reported. A spaceborne SAR system
often has the characteristics of comprehensive imaging, which can realize an extensive
range of scene imaging, and the aerial target located in the scene will also exist in the echo,
so it is feasible to use the spaceborne SAR system to detect the aerial target. The difficulties
of high-velocity target detection in spaceborne SAR are as follows: first, it will be affected
by high-intensity ground clutter when looking down; second, the blur and defocus caused
by the high-velocity movement of the target. Usually, the aerial target is sparse, mainly in
the form of a single target and formation target. The formation target can be regarded as a
single target because of the consistent motion law. Therefore, based on the research of the
spaceborne SAR system under the background of a single aerial target, this paper proposes
a novel integrated processing scheme of aerial target detection—focused imaging parameter
estimation. The scheme is based on a two-dimensional velocity search combined with the
classical radar imaging algorithm, and it realizes the parameter estimation of aerial targets
through the focusing results of different search velocities.

2. Spaceborne SAR Aerial Target Detection and Focused Imaging Based on
Two-Dimensional Velocity Search

The integrated processing scheme of the aerial target detection—focused imaging
parameter estimation based on two-dimensional velocity search is as follows (Figure 1).

The back projection algorithm (BP algorithm) is a classical algorithm for image pro-
cessing of time domain echo data, which can accurately construct the target image of the
received echo signal in any imaging scene. The imaging algorithm is simple, robust, high-
resolution, and suitable for any orbit or flight path model, and the motion compensation is
easy. It is especially suitable for double-base and multi-base SAR imaging.

The above processing scheme takes the BP algorithm as the overall framework, com-
bines the two-dimensional velocity search concept, sets a reasonable rough search velocity
group, and realizes the focused imaging. The Shannon entropy is calculated for each group
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of focusing results, and the rough search results are obtained according to the minimum
Shannon entropy criterion. Based on the rough search results, the refined search velocity
group with higher precision is reset to focus again, and the Shannon entropy is calcu-
lated according to the minimum Shannon entropy criterion. The refined search results are
obtained by analyzing and comparing them. The refined search results are focused and
imaged to realize the integrated processing of the aerial target detection—focused imaging
parameter estimation. The Algorithm 1 flow is as follows.
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Figure 1. Flow chart of integrated processing scheme of the aerial target detection—focused imaging
parameter estimation based on two-dimensional velocity search.

Algorithm 1: Two-dimensional velocity search-based aerial motion target

Step 1: Echo preprocessing: range compression + clutter suppression to the
ground /range compression to the sea.

Step 2: Aerial target detection based on Radon transform: detect and extract the
moving target in the preprocessed echo data using the Radon transform;
and determine the center position of the target using CFAR detection.

Step 3: Rough search of aerial target motion parameters: set a reasonable rough
search velocity group to realize the rough search using the BP algorithm.

Step 4: Rough locking of aerial target motion parameters: take the minimum
Shannon entropy criterion as the index.

Step 5: Refined search of aerial target motion parameters: based on the rough
search results to narrow the search range and improve the search accuracy,
use the BP algorithm to realize the refined search.

Step 6: Refined locking of aerial target motion parameters: take the minimum
Shannon entropy criterion as the index.

Step 7: Output: Output aerial target parameter estimation and focused
imaging results.

2.1. Echo Preprocessing

To detect aerial targets effectively, the echoes received by spaceborne SAR need to be
preprocessed. When the spaceborne SAR detection background is a land area, it needs to
carry out effective ground clutter suppression. Still, it is usually unnecessary to carry out
sea clutter suppression when detecting sea areas. Therefore, the echo preprocessing flow
chart designed in this scheme is as follows (Figure 2).
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Figure 2. Flowchart of echo pre-processing.

2.1.1. Echo Preprocessing for Ground Detection

The primary purpose of ground detection echo preprocessing is to suppress the
influence of ground clutter on aerial target detection. The geometric configuration of the
spaceborne SAR for ground detection is shown as follows [12].

In Figure 3, it is assumed that in a synthetic aperture time, spaceborne SAR transmits
M pulses, the total number of receiving channels is N, the pulse repetition time is PRT,
the channel spacing is evenly arranged is D, and the antenna adopts the operation mode
of one-shot and multiple-receive. The signal is transmitted by channel 1 [13]. The axis
perpendicular to the radar track in the horizontal plane is set as the range axis, and the axis
parallel to the radar track is set as the azimuth axis. The platform moves from position
ta = 0- PRT to position t, = (M — 1) - PRT with velocity v . In this synthetic aperture
time, the aerial target moves uniformly from Py point in a straight line to P point, the radial
velocity (radar track radial velocity) of the aerial target is v, , and the tangential velocity
(radar track tangential velocity) is v, , then the instantaneous oblique distance R, of the
channel n of the radar platform can be expressed as

Ru(ta) = \/[Yo — (v — 0a)ta + (1 — 1D + (Xo+o,t,)? + H2 (1)

A Taylor expansion of expression (1) and neglecting cubic and higher terms, we obtain

XoUr, Yo(v — v”)t n [(v = va)ta + (n —1)D]?
Ro Ry 2R,
Since spaceborne SAR operates at a long distance and the target velocity is often much

smaller than the platform velocity, the instantaneous oblique distance can be simplified
as follows:

Rn(ta) ~ RO + (2)

[(0—va)ta + (n —1)D]?
2R,

Ry(ts) = Ro + vstq + 3)

where Ry = \/ H2 + Xo? + Yy? , assuming that the transmitted signal is a linear frequency
modulation (LFM) signal, the received echo signal can be expressed as follows:

Su(tr ta) = Aowa(ta)wr{[tr — [Ra(ta) + Ru(ta)]/c]}
-exp[—j27t[Ry(ta) + Ru(ta)]/A] (4)

cexp{ ko {ty = [Ri(t) + Ra(ta)]/c} }
t, is the range time, Ag is the complex constant, w, is the azimuth envelope (sinc

square window function), w; is the distance envelope (rectangular window function), A is
the wavelength, and K; is the range modulation frequency.
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Expression (3) is brought into expression (4) to obtain
—[R R —j4nR
sn(tr ta) = Aowa(ta) Sil‘lC{Br [tr [ 1(tac) + n(ta)]] } - exp [];0}
ex j2mv,2Rg ex {_jélrwr(n - 1)D}
P —w2| TP Mo—o) 5)

oRp  (n—-1)D
ot (v—10,)* (0—1a)

T 200 —0a)? ?
-expy jm "R,

The phase of expression (5) is analyzed: the first term is the inherent constant phase
of the system, which does not affect the moving target; the second term is the phase shift
generated by the velocity information of the moving target; the third term is the interference
phase of the moving target, which is related to the number of channels and this term is the
key to realizing the detection of moving targets in multi-channel SAR systems; the fourth
term is associated with the azimuthal direction, and due to the existence of the target’s
radial velocity, an azimuthal positional shift occurs on the image.

Distance compression is applied to the echo signal, and the result is as follows:

Sultr,ta) = Aowalts) sinc{Br {tr — [Rl(tgc) + Rn(ta)]] } exp {14;1%}

' —j4mo,(n—1)D7 —jAm\ 4 2
exp[ Ao — 1) expl —5— ) exp (]nKﬂta )

Combined with the principle of stationary phase (POSP) [14], the data on each range
unit of expression (6) are transformed to the distance Doppler frequency domain by an
azimuthal FFT:

Sn(tr/fa) = Fi, [Sn(trr ta)]

= Ay fsine{ | R oup | L ™

e LI e () eXp{j ”]:}

Wa(fa — fo) is the frequency domain form of the directional pattern w,(t,) of the
azimuth antenna. The above expression contains four exponential terms: the first term is
the intrinsic phase information of the target; the second is the interference phase information
of the moving target; the third and fourth terms are frequency-domain azimuth modulation
with linear frequency modulation characteristics.

The following ground clutter suppression processing can be carried out by conven-
tional multi-channel clutter suppression algorithms, such as DPCA, STAP, and so on [15].
In this paper, we take the two-channel spaceborne SAR system for ground detection as an
example and carry out the clutter suppression with the help of the DPCA technique [16-18].
According to expression (7), the echo signals of channel 1 and channel 2 in the range
Doppler domain can be obtained, which are assumed to be s;(t,, f;) and s (t,, fa), respec-
tively. sy(t, f2) is multiplied by the interferometric phase H(f;) in the range Doppler
domain to complete the linear phase compensation to realize the time calibration, and the
calibration can eliminate the stationary target; the residual signal is the signal of the moving
target, denoted as s.(tr, fz) [19]:

H(fa) = Esl(trrfa) * conj[s1(tr, fa)] 8)

tr

(6)

52,(tr1fa) :Sz(trlfa)H(fa) )
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Sc(trrfa) :Sl(trrfa) _SZI(trrfa) (10)

One carries out azimuthal IFFT on s¢(f, f;), and converts it from the range Doppler
domain back to the time domain, and s.(t,,t,) is obtained:

Sc(tr ta) = Aowa(ta) Sinc{Br {tr _ [Rl(t’lg + R"(ta)]] } -exp {_]4;1{0}
~exP<_];Ln) 'exp<j7TK,1t,12) - sin {271)\(5_{”0&1)}

Simplifying expression (11) by taking the modulus value yields:

|sc(tr, ta)| = Aowa(ta) sinc{Br {tr — [Rl(t“c) + R”(t“)]} } . sin [2nm] (12)

The above expression contains the sin function term, and expression (12) is also 0
kA(v—2,)
2D

(11)

when 271% = k7t and k is an integer not equal to 0, that is, v,= . Considering
SNR and other practical factors, serious leakage occurs when the radial velocity of an aerial

target takes on that value and nearby values [20,21].
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Figure 3. Geometric configuration of spaceborne SAR for ground detection.

2.1.2. Echo Preprocessing for Sea Detection

The geometric configuration diagram of spaceborne SAR for sea detection is shown as
follows (Figure 4).

Compared with ground clutter, spaceborne SAR has relatively small sea clutter due
to its high-resolution characteristics, and clutter suppression is generally not required.
Therefore, the preprocessing of spaceborne SAR echo data is mainly compressed in the
range of the echo data.
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Figure 4. Geometric configuration of spaceborne SAR for sea detection.

2.2. Aerial Target Detection Based on Radon Transform

After the preprocessing of the above echo data, the aerial target component with
distance compression and clutter suppression is obtained for the ground detection mode,
and the aerial target component with distance compression is obtained for sea detection.
The aerial target is faster, the phenomenon of cross-range units will be more significant,
and it is often approximated as a slanting straight line after distance compression, so the
Radon transform can be used to detect the aerial target on the preprocessed echo data.
Suppose there is an aerial target in the scene: in that case, its energy will be gathered to
a particular pixel or certain pixel points in the image after the Radon transform, and the
effective detection of the aerial target can be realized by using CFAR detection and setting
a reasonable threshold [22,23]. According to the detection result of the Radon transform,
the echo data of the range units where the aerial target is located are intercepted on the
preprocessed echo data. At the same time, it can also calculate the number of range units
crossed by the aerial target in the observation time, which can be used to estimate the radial
velocity initially, narrow the velocity search range, and reduce the calculation amount for
the velocity search [24-26]. The flowchart is shown as follows (Figure 5).

Radon transform

Lock Intercept
— — target — aeriall —
position targets

Number of echo data

|
|
|
|
|
! |
! offset pixels |
Echo pre-processing results | P
- Detection of aerial target images |
| after echo preprocessing |

e _

Figure 5. Flowchart of aerial target detection based on Radon transform.

2.3. Velocity Search
2.3.1. Two-Dimensional Search Velocity Setting

This paper proposes the following scheme to achieve the setting of radial search
velocity and tangential search velocity. The distance flow chart is shown in Figure 6.
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Figure 6. Flowchart of two-dimensional search velocity setting scheme.

(1) Radial velocity setting
According to the previous analysis, it can be seen that the radial velocity of the aerial
target will bring about a large range walk phenomena, which can be expressed by the

following formula:
_ Xy Xpr
or Tsar 13)
X, is the number of pixels in the distance walk of the aerial target, p, is the distance
resolution, and Ty, is the synthetic aperture time. Analyzing expression (13), there is an
error in calculating the radial velocity by using the distance traveled brought by the high-
velocity moving target, and in order to ensure the accuracy of the radial search velocity, a
certain margin AV is set for the radial search velocity:

(14)

k is a constant, according to the search environment. In the rough search stage, the
estimated radial velocity is taken as the center of the radial search velocity range, the radial
rough search velocity range is set from v, + AV to v, — AV, and the search range and search
interval are set according to the cycle period. In the refined search stage, the rough search
results are used as the center of the search scope, and the search interval is reduced to
achieve refined search.

(2) Tangential velocity setting

Theoretically speaking, when the searched tangential velocity is inconsistent with the
absolute tangential velocity of the aerial target, the aerial target after BP imaging will have
a certain degree of defocusing. The more significant difference between the searched value
of tangential velocity and the actual value of the aerial target, the more pronounced the
defocusing degree of the aerial target. Only when the tangential search velocity is precisely
equal to the actual tangential velocity, that is, the difference between the search velocity and
the actual tangential velocity is 0 m/s, does the SNR of the aerial target reach the maximum.
Therefore, the tangential search velocity interval can be set by referring to the descent
degree of SNR of the aerial target. In this paper, the difference between the tangential
search velocity and the actual tangential search velocity is set as the tangential search
velocity interval in the refined search phase when the SNR of the aerial target decreases by
1 dB compared to its maximum [27].

At the same time, considering the actual situation, this paper assumes that the maxi-
mum velocity of the conventional aerial target is about 500 m/s. The range of divergent
velocity rough search should include this maximum velocity, and the rough search interval
can be set to a larger value to reduce the amount of computation. The range of refined
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search is set to the same as the search interval of rough search so that no search velocity
can be missed during refined search.

2.3.2. Two-Dimensional Velocity Search

After setting the range and interval of the velocity search, two rounds of BP algorithm
imaging are carried out with rough search and refined search, and the imaging results
of each group of search velocities were analyzed and compared by using the minimum
Shannon entropy criterion to achieve parameter estimation and focused imaging of aerial
targets [28,29]. The core steps in this process are as follows.

The classical imaging algorithms for radar include the RD algorithm in addition to the
BP algorithm used in this paper, which is characterized by high resolution, high robustness,
simplicity, and high efficiency. However, the RD algorithm also has certain limitations,
for the distance and speed close to the target, there may be a blurring phenomenon, and
easy to be affected by strong interference sources. At the same time, the RD algorithm
has inherent defects, i.e., the distance unit migration correction needs to be interpolated,
which not only increases the computational burden of the algorithm, but also reduces
the imaging resolution of the algorithm, and the computational amount of the algorithm
increases dramatically with the increase of distance migration. Especially for the strabismic
SAR working mode, to achieve high-precision imaging, its imaging quality is significantly
reduced. Meanwhile, the BP algorithm is simple, robust, high-resolution, applicable to any
orbit or flight trajectory model, has no oblique distance approximation assumption, has
easy motion compensation, and especially suitable for dual- and multi-base SAR imaging.
Therefore, the BP algorithm is chosen for imaging in this paper.

(1) CFAR detection + connected domain processing

In spaceborne high-resolution SAR images, the aerial target often occupies multiple
range units and azimuth units. CFAR detection after the Radon transform has determined
the range of radial units where the aerial target is located, and the BP imaging needs to
further define the range of divergent units where it is located. Again, CFAR detection is
used to pick out the location with a local peak, and then with the help of the idea of the
connected domain, the part connected with the local peak is intercepted and identified as
the pixels occupied by the aerial target. The rest is considered to be the clutter component
or noise component, without further analysis [30].

The image connected domain refers to the connected region of adjacent pixels with
the same pixel value (usually black or white) in an image. An image can contain multiple
different connected domains, each of which can be represented as an independent object or
region. In image processing, through the connected domain analysis of the image, object
detection, target tracking, image segmentation, and other operations can be carried out.

(2) Minimum Shannon entropy criterion

Theoretically, the closer the velocity combination in the search velocity group is to
the absolute two-dimensional velocity of the aerial target, the better the focusing effect
of the aerial target after BP imaging. The focusing effect of BP imaging can be used to
determine the velocity parameters of the aerial target, and it is necessary to select indicators
to judge the focusing effect of the aerial target. The high-speed movement of the aerial
target does not change the total energy of the signal; it will change the transverse energy
distribution of the original image, that is, the defocusing phenomenon. Therefore, various
image evaluation functions are intuitively used to measure the degree of convergence and
dispersion of image energy. In this paper, the minimum Shannon entropy criterion, which is
included in the entropy function class of conventional image evaluation function, is selected.
Since aerial targets often occupy multiple pixels in high-resolution SAR images, these pixels
will affect each other in the focused imaging process (for example, the superposition effect
of the main lobe and side lobe). Therefore, it is not reasonable to choose a single peak or
average value as an indicator, and a relatively robust indicator that can comprehensively
consider the above situations should be selected. The minimum Shannon entropy criterion
is more universal, and the result is more accurate. Shannon entropy is an important concept
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in information theory, proposed by Claude Shannon in 1948, to measure the uncertainty
or amount of information in a system. Shannon entropy is often used to describe the
degree of uncertainty of a random variable, and can also be used to measure the average
information content of an information source. The lower the Shannon entropy, the more
stable the system or the image. In this paper, the content to be evaluated is SAR images
under different search speed groups, and the Shannon entropy of the current image is
calculated and stored according to the order of distance and orientation in different search
speed groups. The image is drawn according to the calculated Shannon entropy, and the
search speed group with the lowest Shannon entropy is selected as the search result [31,32].

C(Ur_s/ Uu_s) = - Zp Eq Ip,q (Ur_s/ Z7a_s) lnIp,q(Ur_s/ Ua_s) (15)

p and q are the number of pixels in the range direction and azimuth direction of the
aerial target after focusing, respectively, and I, ; is the results of spaceborne SAR focused
imaging using the BP algorithm for different groups of search velocities (v, s, v4_s). Accord-
ing to the minimum Shannon entropy criterion, when the minimum value of expression
(15) is obtained, the corresponding two-dimensional velocity (v ¢, v, ) is considered the
actual velocity of the aerial target. The specific flow chart of two-dimensional velocity
search is as follows (Figure 7).

Reset refined search velocity group

Pre-processed echo data (Va_s,Vr s)

J
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Velocity search results
Figure 7. Flowchart of two-dimensional velocity search based on BP algorithm.

3. Simulation Results and Analysis
3.1. Parameter and Echo Simulation

The effectiveness of the above method is verified through simulation experiments.
This part uses Matlab 2021a simulation software to simulate. To conduct a simulation
experiment, we will take two-channel spaceborne SAR ground detection as an example to
conduct a simulation experiment. The radar system transmits linear frequency modulation
signals. The specific radar system parameters and aerial target motion parameters are set
as follows (Table 1) [33-35].

In the experiment, the result of the measured SAR image of a region by Gaofen-3 is
selected as the background clutter for echo simulation. In the above echo, the simulated
aerial target and noise are added by simulation, assuming that the aerial target occupies
26 pixels and each pixel point has the same amplitude. The aerial target configuration is
shown in Figure 8a. Due to the selection of the azimuthal slow time variable, the target
is located in the center position within the imaging area, and the measured SAR image
of a region with an aerial target is shown in Figure 8b, and the simulation result of the
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scene echo is shown in Figure 8c. The background clutter and the aerial target cannot be
distinguished from the simulated echo in Figure 8c, and further echo processing is required.

Table 1. Parameter setting table related to simulation experiments.

Parameter Value
Satellite flight velocity 7800 m/s
Scene center slant distance 820 km
Operating frequency 5.4 GHz
Satellite altitude 730 km
Pulse repetition frequency 1248 Hz
Antenna aperture length 3.1km
Distance sampling frequency 34.1 MHz
Transmit pulse time width 15 us
Distance pulse modulation frequency 0.67 MHz/us
Azimuthal modulation frequency 2671 Hz/s
Distance resolution 5m
Azimuthal resolution 6.25m
Signal bandwidth 30 MHz
Channel spacing 10 m
Aerial target radial velocity 338 m/s
Aerial target tangential velocity 286 m/s

248

250

™
G
)

e}
o3
b

Azimuth Sampling Points

3
53
=

258

898 900 902 904 906 908 910
Range Sampling Points

(a)

Azimuth Sampling Points

200 400 600 800 1000 1200 1400 1600 1800

Range Sampling Points
(b)

Figure 8. Cont.



Remote Sens. 2024, 16, 2392

12 of 21

50
100

—
wn O W
(= - =]

300

uth Sampling Points
[\e] [y}

Azim
B w
S G
S S

450

500
200 400 600 800 1000 1200 1400 1600 1800
Range Sampling Points

(0)

Figure 8. Echo simulation. (a) Aerial target configuration. (b) Measured SAR images of a region.
(c) Scene echo simulation results with aerial targets.

3.2. Spaceborne SAR Aerial Target Detection and Focused Imaging Based on Two-Dimensional
Velocity Search

(1) Search velocity settings

Under the current radar parameters, let k = 2, and combine with expression (14), the
margin AV is calculated to be 38.52 m/s. Considering various factors such as the amount
of computation, the rough search radial search velocity range is set to 80 m/s, the search
interval is set to 20 m/s, and the search range center is set according to expression (11). The
results of the rough search are set to the search center of the refined search, and the search
interval is halved to 10 m/s and the search range is halved to 40 m/s simultaneously.

The maximum velocity of conventional aerial targets is about 500 m/s, so the range
of rough search tangential velocity is set to 0-640 m /s, and the interval is 80 m/s. The
following figure shows the change in signal-to-noise ratio (SNR) at the different tangential
search velocity. When the tangential search velocity is precisely equal to the actual tangen-
tial motion velocity of 286 m/s, the SNR is maximum; the larger the difference between the
tangential search velocity and the actual tangential motion velocity, the smaller the SNR.

Figure 9 is analyzed, where there is a difference between tangential search velocity
and actual tangential velocity, that is, the difference between tangential search velocity
and actual tangential velocity. For the current radar system, SNR reaches the maximum
when the tangential search velocity is gradually away from the actual tangential velocity.
When SNR drops 1 dB, and the tangential velocity interval is close to 20 m/s. Therefore, the
divergent search velocity interval can be set by referring to 20 m/s. The tangential velocity
search range of refined search is set to the same as the search interval of rough search, that
is, 80 m/s, to ensure no missing search velocity.

(2) Aerial target detection, parameter estimation, and focused imaging

The distance compression is performed on the simulated scene echo signal, and the
result is shown in Figure 10a. Then, the echo data are converted from the time domain to the
range Doppler domain for clutter suppression to complete the echo preprocessing process.
Since the simulation is two-channel echo data, the range Doppler domain DPCA algorithm
is used here to realize the clutter suppression. The processed image is shown in Figure 10b.
From Figure 10, it can be seen that the background clutter is effectively suppressed.
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Figure 9. Tangential search velocity performance curve under the current parameters.
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Figure 10. Range compressed image. (a) Without clutter suppression. (b) After clutter suppression.
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Suppose the simulated scene echo is processed according to the stationary target the
BP algorithm. In that case, the presence of the aerial target’s two-dimensional velocity leads
to severe scattering phenomenon, as shown in Figure 11a. Due to divergent velocity, the
azimuthal linear modulation frequency of the aerial target differs from that of the stationary
target, resulting in azimuthal defocusing of the aerial target. Due to radial velocity, the
aerial target will have a severe phenomenon of moving across the range units, resulting in
distance defocus. In addition, the radial velocity of the aerial target will also bring about
the azimuthal shift after imaging, and the degree of the change is proportional to the radial
velocity of the aerial target. The clutter suppression process does not affect the defocusing
of aerial targets, as shown in Figure 11b. The defocusing phenomenon of the aerial target
will cause its energy dispersion, which seriously impacts detection.

Focusing imaging
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Range Sampling Points
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Figure 11. The results of processing the scene echo according to the stationary target BP algorithm.
(a) Focused imaging results before clutter suppression. (b) Focused imaging results after clutter
suppression.
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The Radon transform is applied to the result of the echo data preprocessing, as shown
in Figure 12a. From the figure, it can be seen that the horizontal axis is the detection angle,
and the vertical axis is the offset between the distance image position where the aerial
target is located and the center of the distance image in the search range, which is less than
0 for the left offset and greater than 0 for the right offset.

The image after the Radon transform is processed with CFAR detection to achieve
aerial target detection and center position determination, as shown in Figure 12b. From
the figure, it can be seen that an aerial target is included in the image domain after the
Radon transform, and based on the position of the target in the image domain after Radon
transform, the range of range units where the aerial target can be determined.

Then, the echo data within the range of this range unit are intercepted, as shown in
Figure 12c. Subsequent velocity searches are processed for the intercepted echo data, which
can effectively reduce the amount of signal processing operations. At the same time, the
approximate radial velocity of the target can be calculated by estimating the number of
range units that the target has passed across. Figure 12c shows that the aerial target has
crossed about 17 range units, and the estimated radial velocity is 328 m/s.
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Figure 12. Determine the search range and target center location. (a) Radon transform results.
(b) CFAR detection acquires the target center location. (c) Capture the target image.

The intercepted echo data containing aerial targets are processed for velocity search.
First, the rough search is carried out. Combined with the radial velocity estimated above,
the radial search velocity ranges from 288 m/s to 368 m/s, and the search velocity interval
is 20 m/s. The tangential search velocity ranges from 0 m/s to 640 m/s, and the search
velocity interval is 80 m/s. A rough search is conducted with the above two-dimensional
search velocity parameter set, and the results are shown in Figure 13.
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Figure 13. Focused target imaging for different rough search velocity groups.

Its corresponding Shannon entropy is calculated for the aerial target focusing imaging
results under different rough search velocity groups and stored sequentially according to
the search velocity groups, as shown in Figure 14.

The rough search results show that the radial velocity of the aerial target is 328 m/s,
and the tangential velocity is 320 m/s. Based on the above results, it can be seen that the
change of Shannon entropy is continuous and centered on the search velocity group, which
is most similar to the actual flight velocity and radially disperses from small to large in all
directions. This proves that the larger the deviation between the search velocity and the
exact velocity, the more pronounced the defocus, the more unstable the image result, and
the worse the effect. It is also verified that the search velocity group closest to the actual
motion velocity can be selected by the minimum Shannon entropy criterion, a relatively
robust index the provides primary conditions for refined search.



Remote Sens. 2024, 16, 2392

17 of 21

i8]

N
W

©
n

Azimuth Sampling Points
&~ w

R
n

w

5.5

1 2 3 4 5 6 7 8 9
Range Sampling Points

Figure 14. Shannon entropy results for different rough search speed groups.

Based on the rough search results, the fine search velocity group is reset. The radial
search velocity ranges from 308 m/s to 348 m/s, and the search velocity interval is 10 m/s.
The tangential search velocity ranges from 280 m/s to 360 m/s, the search velocity interval
is 10 m/s. The above two-dimensional search velocity parameter group is used for the
refined search, and the results are shown in Figure 15.
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Figure 15. Focused target imaging for different refined search velocity groups.

Its corresponding Shannon entropy is calculated for the aerial target focusing imaging
results under different refined search velocity groups and stored sequentially according to
the search velocity groups, as shown in Figure 16.

The result of the refined search shows that the radial velocity of the aerial target is
328 m/s, and the tangential velocity is 300 m/s. The above results show that the refined
search under the premise of rough search results, also using the Shannon entropy as an
index, can select the search velocity group closest to the actual velocity of movement,
the Shannon entropy in the above results is still in a continuous state, and the index is
still robust, which confirms the feasibility of the minimum Shannon entropy criterion in
current algorithms.

The trend in Figure 15 is not as apparent as that in Figure 13, which is due to the
smaller interval and higher precision of the refined search. However, it can still be seen
that when the focused imaging is performed with the refined search results, the imaging
profile and focusing effect are both optimal.

The velocity information obtained by the above two-dimensional velocity search is
substituted into the aerial target BP focusing imaging algorithm, and the similarities and
differences between the two focusing imaging results are compared by introducing the
flight velocity of the actual aerial target, as shown in Figure 17.
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Figure 16. Shannon entropy results for different refined search speed groups.
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Figure 17. Comparison of the similarities and differences between the derived search velocity imaging
and the preset target imaging. (a) Real aerial target. (b) Bringing in search velocity imaging.
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4. Discussion

As can be seen in Figure 17, an aerial moving target is simulated according to the actual
flight velocity, and the pixel unit of the target is in the distance upwards from the 250th
pixel to the 258th pixel; and in the orientation upwards, from the 848th pixel to the 856th
pixel. Using the obtained search velocity group, the target is refocused imaging, and the
pixel unit of the target is in the azimuth upward, from the 170th pixel to the 180th pixel, and
in the orientation up from the 848th pixel to the 856th pixel. Under the condition of error
allowance, the algorithm can satisfy the basic requirements of searching, detecting, and
imaging the moving target, and obtain the relatively accurate moving velocity. Analyzed
from the perspective of each pixel point amplitude, the average error is 4.1512%. The
above results show that the algorithm can meet the basic requirements of imaging and can
relatively accurately depict and recognize the shape contour of the moving target.

The above experimental results verify the accuracy of clutter suppression when there
is an aerial target. At the same time, provide the primary conditions for velocity search to
avoid clutter interference and noise on the aerial target. At the same time, for each point,
due to the high-speed movement of each other, there will be an uneven distribution of the
upper amplitude, but it does not affect the final results of the discrimination and search.

5. Conclusions

In this paper, based on the spaceborne SAR system, the two-dimensional velocity
search is combined with the classical radar imaging algorithm to realize the integrated
processing of detection—-focused imaging parameter estimation for the moving target.
Firstly, the different preprocessing methods for ground/sea detection are analyzed; ground
detection requires distance compression followed by clutter suppression, and ground
detection only requires distance compression. Secondly, the Radon transform and CFAR
detection are carried out on the preprocessed data to determine the position and center of
the aerial target and intercept the distance units where the aerial target is located. Thirdly,
the two-dimensional search velocity group is set up, and BP focusing imaging is performed.
The rough search and refined search are carried out successively. The minimum Shannon
entropy criterion is selected as an index to select the two-dimensional velocity group, which
is brought in, and focusing imaging is performed. Finally, simulation experiments verify the
proposed algorithm’s feasibility and accuracy. The analysis shows that this algorithm can
be well used for parameter estimation and focusing imaging of the aerial target detection.
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