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Abstract: The spaceborne high-resolution and wide-swath synthetic aperture radar (HRWS-SAR)
system combined with the ground moving target indication (GMTI) mode provides a promising
prospect in the realization of wide-area target surveying and high-resolution target imaging. In this
paper, a system design method is proposed for an HRWS-SAR-GMTI system with ideal reconstruction
configuration. In the proposed method, the whole azimuth receiving channels are uniformly divided
into multiple groups, where HRWS-SAR imaging is implemented in each sub-group and then GMTI
processing is performed based on the reconstructed SAR images. Then, an optimal candidate PRF
is properly selected with respect to the optimal reconstruction configuration. After that, the digital
beam forming scanning on receive (DBF-SCORE) technique is applied to further enlarge the range
swath and improve the noise equivalent scattering coefficient (NESZ). Based on the predesigned
system, HRWS-SAR image-based GMTI processing can finally be accomplished. The effectiveness of
the proposed method is validated by simulated experiments.

Keywords: synthetic aperture radar (SAR); high resolution and wide swath (HRWS); ground moving
target indication (GMTI); ground target relocation; digital beam forming (DBF)

1. Introduction

As an advanced technology used for remote sensing, spaceborne synthetic aper-
ture radar (SAR) can achieve all-weather and all-day earth monitoring and obtain high-
resolution images of areas of interest. Combined with the ground moving target indication
(GMTI) mode, the spaceborne SAR system can effectively separate the moving targets
from ground static scenes, which is widely used in many fields, such as reconnaissance of
battlefield targets, sea surface monitoring, and traffic information collection [1].

In recent years, multichannel SAR-GMTI technology has experienced rapid develop-
ment. LEE et al. applied the multichannel along-track interferometric (ATI)-based GMTI
technique in an SAR system, which can effectively realize moving target detection and ve-
locity estimation by using TerraSAR-X data [2,3]. Zheng et al. adopted the displaced phase
center antenna (DPCA) to realize the main-lobe clutter rejection in an SAR-GMTI system,
which can effectively accomplish moving target detection when the optimal observation
configuration is applied after performing precise SAR image-domain registration error and
channel phase/amplitude error compensation [4,5]. In [6], BRENNAN et al. presented the
theory of space-time adaptive processing (STAP), which can further improve the clutter
rejection capability via controlling the spatial and temporal 2D filtering responses [6].

As for the SAR-GMTT task, a multichannel configuration is usually required, which
can effectively improve the output signal to clutter plus noise ratio (SCNR) of a mov-
ing target after implementing the spatial and temporal signal synthesis. However, the
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multichannel spaceborne SAR system usually requires a high pulse repetition frequency
(PRF) to accomplish SAR imaging without Doppler ambiguity, unfortunately resulting in a
relatively small-range imaging swath. In order to realize both high resolution and wide-
range swath, SAR-GMTI technology under low-PRF conditions has been studied in recent
decades, where severe clutter range ambiguity may restrict the clutter cancelation quality
and target output signal-to-noise ratio (SNR). To address these issues, Shu et al. analyzed
the deleterious impacts of Doppler ambiguity caused by azimuth undersampling on GMTI
performance, where the multichannel signal models for clutter and moving targets with
Doppler ambiguity in the complex image domain are derived, and the reasonable PRF
design for optimizing the GMTI performance in an HRWS-SAR system is provided [7].
Baumgartner et al. introduced a special matched reconstruction filter bank (MRFB) into
two kinds of GMTI algorithms with low PRE. Due to the application of MRFB, GMTI and
HRWS-SAR imaging can be performed simultaneously to achieve moving target detection
and relocation [8]. Xing et al. also proposed a robust clutter suppression method for moving
target detection and imaging in an HRWS-SAR system, which can effectively accomplish
both GMTI and HRWS-SAR imaging in a low-PRF radar system [9].

In addition to attempting to eliminate the range ambiguity, many scholars propose
effective clutter suppression and moving target detection methods under the condition of
Doppler ambiguity [10-14]. However, most existing works may not attain comprehensive
clutter cancelation and satisfactory GMTI performance under low-PRF conditions, which
may not satisfy the stable and accurate moving target detection performance requirements
in engineering applications.

Motivated by the previous works, this paper proposes a system design method for the
spaceborne HRWS-SAR-GMTI system, where the optimal signal reconstruction condition
is satisfied. Intra-group HRWS imaging and inter-group GMTI functions are achieved
through multichannel grouping. Optimal candidate PRFs are properly designed and the
imaging swath is effectively extended through digital beam forming scanning on receive
(DBF-SCORE). Based on the predesigned system, multichannel GMTI processing can finally
be performed on reconstructed HRWS-SAR images. The experiment results of the working
mode design of HRWS-GMTI and moving target detection performance analysis verify the
effectiveness and superiority of the proposed method.

The remainder of this paper is organized as follows: Section 2 establishes the 3D
geometry model of SAR-GMTI and describes the problems existing in the traditional
multichannel GMTI mode. Section 3 introduces the principle of the proposed optimal
design method for the spaceborne HRWS-SAR GMTI system. Section 4 presents the
simulation results and analysis to validate the proposed method. Finally, conclusions are
drawn in Section 5.

2. Problem Description

Figure 1 shows the 3D geometry relationship between a multichannel spaceborne
SAR-GMTI platform with an along-track velocity of V; at the height of & and a ground
moving target. A Cartesian coordinate is established with the X-axis denoting the range
dimension, the Y-axis representing the along-track motion trajectory of the spaceborne
platform, and the Z-axis being determined by the right-hand rule. Suppose that the full-
aperture antenna is used to transmit the radar signal and the antenna panel is uniformly
divided into N channels along the azimuth direction to receive the echo signal with the
physical channel spacing being d. The target is located at (x, yo, 0) with an along-track
velocity of vy and a cross-track velocity of vy. And 6y, 055, and Ry are the elevation angle,
cone angle, and initial slant range of this ground moving target, respectively.
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Figure 1. The 3D geometry relationship between a spaceborne multichannel SAR-GMTI platform
and a ground moving target.

Assume that the linear frequency modulation (LFM) signal is adopted as the transmit-
ted signal, and then the received baseband echo signal of this ground moving target at the
nth channel can be written as

_2Rn(t )
sn(t tm) = Apourect [T,,C} rect(tﬁ)

)
X exp [jnl(r (t - m’c(t"‘))z] exp [—j%”Rn(tm)}
where rect(-), t, Ty, tm, Aron, K, ¢, Tp, and A, respectively, denote the rectangle window
function, the range fast-time variable, the pulse duration, the slow-time variable, the
received raw echo signal amplitude of the nth channel, the range chirp rate, the light speed,
the synthetic aperture time, and the wavelength of transmitted signal. R, (¢, ) denotes the
instantaneous slant range of this moving target with respect to the nth equivalent phase
center [15], i.e.,

d
MWJ=¢%+%MV+@MWWW-y—%w0+ﬂ, 2

withdy, = (n — 1) - d corresponding to the along-track baseline of the nth azimuth channel.
Then, based on the second-order Taylor series expansion, (2) can be written as [16]

[(oy = Var)* +03]
2R,

dx,n cos Osg
2

dx,n Vst

R ~ Ry —
n(tm) 0 2R,

2, (3)

where v, = (vyxg + vyY0) / Ro represents the radial velocity of a moving target.
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After implementing the SAR imaging [17], channel balancing [18], and image
registration [16] on (1), the focused signal of the nth SAR image can then be expressed as [19]

su(t, ty) = Agsinc [B( - @)} exp(—j%R())

x sinc {Bu (tm + R‘g—;:’ - RO%SG“’)} @ x(tm) (4)
x exp (—jor
where
k() = IFFT;, |exp | jrol( —— )f 5)
" f[ [ 2 \(oy-Vva) 403 Va)"

where IFFTy,(-), Ao, Br, and Bp, respectively, represent the azimuth IFFT along the Doppler
dimension, the target signal amplitude in the t-tm domain, the range bandwidth, and the
Doppler bandwidth. Based on (4), the steering vector of the target signal in an SAR-GMTI
system can be established as

T
a = {1,exp (jZn)‘\i‘ZZt),. -+, exp []ZnWH (6)

where ()T denotes the transpose operation. If we let v, = 0 in (6), the steering vector of a
clutter scatterer point can be noted as

aC:[lilr"'rl]T (7)

According to (6) and (7), advanced multichannel signal processing techniques can be
performed to achieve clutter suppression and target radial velocity estimation.

Generally, in order to avoid the Doppler ambiguity in a conventional spaceborne
multichannel SAR-GMTI system, the pulse repetition frequency (PRF) is required to satisfy

ZVst
d

PRF > 8)
Due to the PRF constraint in (8), the observation range swath is usually limited
in terms of the range ambiguity-to-signal ratio (RASR) design requirement, making it
difficult to realize wide-area ground moving target searching and detection in a traditional
multichannel SAR-GMTI system. In virtue of the multiple array configuration, the HRWS-
SAR system can not only alleviate the contradiction between high resolution and wide
swath for SAR imaging, but also provides promising prospects for large-area ground
moving target detection and recognition. When the PREF satisfies the ideal configuration

2Vst

PRF =
L’

©)

with L, representing the azimuth antenna size, the HRWS reconstruction can be imple-
mented efficiently on the received multichannel echo signals by interpolating the undersam-
pling temporal signals with spatial sampling points. Moreover, in practice, as for the HRWS
SAR-GMTI system design, the echo returns of subsatellite points and the transmitting
pulse shielding problem should also be avoided. Therefore, appropriate radar system
design, such as antenna size, looking angle, PREF, etc., is of vital importance to improve the
subsequent HRWS-SAR-GMTI performance.

3. Proposed Method

In this section, the PRF design scheme for a spaceborne HRWS-SAR-GMTI system
with the ideal reconstruction configuration is first introduced. Then, the wide-swath
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realization scheme is provided. Finally, based on the predesigned system configuration,
the implementation of HRWS-GMTI with respect to signal processing is presented.

3.1. PRF Design for HRWS SAR-GMTI System with an Ideal Configuration

As for a traditional HRWS-SAR system, the PRF with respect to the ideal configuration
in (9) can hardly simultaneously guarantee the avoidance of transmitting pulse shielding
and the echo signals of the subsatellite points once the spaceborne radar antenna size is
fixed. Different from the traditional HRWS-SAR system with the full-aperture antenna,
as shown in Figure 2, the total N channels of the spaceborne HRWS-SAR-GMTI system
are uniformly divided into L sets, with each set consisting of Ns subchannels. Firstly, N
subchannels in each set are used to realize HRWS-SAR imaging, and then L reconstructed
SAR images can be obtained to realize the subsequent GMTI processing.

HRWS I HRWS 2 HRWS / HRWS L

<Ol — <l > <1 Las/ > >

A
Y

GMTI

Figure 2. The channel grouping diagram in a spaceborne HRWS SAR-GMTI system.
Based on Figure 2, the PRF of the ideal HRWS configuration in (9) can be rewritten as

2Vt

as

PRF =~ (10)
where L;s = N; - d denotes the sub-aperture antenna size with respect to the HRWS imaging.
Then, with a given looking angle, the PRF of the ideal HRWS configuration can be flexibly
adjusted within the PRF interval without the influence of the transmitting pulse shielding
and nadir echoes by reasonably designing the sub-aperture size L.
If we suppose that the initial subchannel number in each HRWS group is Ng,;, the
optional PRF sets corresponding to the ideal HRWS configuration can be written as
PRFopt = ——— (11)
where Ny, € [1,2,..., Noup—1, Neup)-

In order to avoid the interference of transmit events and nadir echoes, PRF,pt should
also satisfy the following two conditions:

j j+1

PRF,p; € /
P NTy =Ty =Ty Ty + Ty + Ty

(12)
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i i+1
PRF,p € Toatz — 21/ — Ty — Ty Tyt — Zh;rc + Ty + Ty (13)

where

Taa1 = 2h/c+i- PRT — Ty — Ty (9
Tpadz = 2h/c+i-PRT 4T, + Ty (15)
Ta=j-PRT-T, - Tg (16
Tp =] -PRT+ T, +T; 47

with i, j, T and PRT, respectively, denoting the range ambiguity number of the nadir point,
the range ambiguity number of the transmitting pulse, the protecting time interval, and the
pulse repetition time.

According to (12) and (13), the candidate PRFs with respect to different subchannel
numbers Ng,;o in each HRWS set can then be finally selected from the PRF set in (11),
leading to different channel grouping schemes. Based on the candidate PRF set, two PRF
selection criteria can be listed as follows from the perspective of HRWS imaging and GMTI
processing: (1) it is preferable to choose a smaller PRF to ensure a large imaging swath;
(2) the group number needs to greater than three, so as to enable HRWS-GMTI system to
achieve robust clutter suppression and target relocation.

Based on the above analysis, an example simulation is performed to verify the pro-
posed PRF design method in a spaceborne HRWS SAR-GMTI system. Figure 3 shows the
timing diagram, where both the transmit events and the nadir echo are considered. In this
simulation, the platform height, the azimuth antenna size, the total channel number, and
the elevation angle of the radar beam center are, respectively, set as 1000 km, 33.6 m, 30, and
33.5°. Assume that the initial group number is 3 and that 10 subchannels form a group for
HRWS imaging, i.e., Ny, € [1,2,---,10]. According to (10), the PRFs with an ideal HRWS
configuration, PRF1~PRF6 corresponding to Ng,;» being 10, 9, 8, 7, 6, and 5, are labeled in
Figure 3, with the PRF values being 1013 Hz, 1125.9 Hz, 1266.7 Hz, 1447.6 Hz, 1688.9 Hz,
and 2026.7 Hz, respectively. In light of the constraints in (12) and (13), PRF3 and PRF4 are
finally selected as the optimal PRFs, which can satisfy the ideal HRWS configuration and
effectively avoid the interference of the transmit events and the nadir echo.
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Figure 3. Timing diagram considering both the transmit events and the nadir echo, where the red
dashed line, blue solid line, green line, and brown line, respectively, denote the transmit events, nadir
echo, candidate PRFs, and optimal PRFs.
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3.2. Wide-Swath Realization in a Spaceborne HRWS-SAR-GMTI System

In virtue of beam scanning the ground from close to far away, the scan-on-receive
(SCORE) technique can effectively increase the observation swath. As for the traditional
analog domain-based SCORE technique, the transmit beamwidth needs to be broadened
and should be greater than the length of a transmitting pulse projected on the ground,
unavoidably decreasing the antenna transmission gain. In addition, the radar beam needs
to be switched continuously, which may cause signal loss.

To deal with this issue, the digital beamforming (DBF) SCORE technique is adopted in
the proposed HRWS-GMTI system design scheme, where the DBF system block diagram is
displayed in Figure 4.

T/R1 ‘4—»‘ Delay 1 ‘4—»6—»@——»
T
. . .

.

T/RK }4—»‘ Delay K }4—»@—»@—»

o
. ]

L LFM
H T/R1 ‘4—»‘ Delay 1 ‘ > A/D1

H T/R2 ‘4—»‘ Delay 2 ‘M A/D2 DBF 2

T ey e ) |

DBF Np

T XX

H T/R2 ‘4—»‘ Delay 2 ‘4—»6)—» Down Link
. . . « >  DBF1 —
H T/RK ‘4—»‘ Delay K ‘4—»(5—»
| IR

Figure 4. The DBF system block diagram, with red lines, green lines, and blues line denoting the
transmitting link, the receiving link, and transmit-receive link, respectively.

As can be seen from Figure 4, the antenna is equipped with N channels, which can
receive radar echo signals and implement the A/D quantization independently. Then, the
received signal at the kth range subchannel can be expressed as

si(t) = Km’ect(%) exp(—j2mfcto) exp[—jrcKr(t - to)ﬂ

X exp {ﬂTndyn sin(Or (fo) — GC)} (19)

where Ky, ty, and 6., respectively, represent the signal amplitude term, reference center

time, and normal view angle of the antenna. dy, = (k - N 5271 ) dy is the distance of the
nth channel with respect to the reference channel along the elevation dimension, where dy
denotes the channel spacing between two adjacent channels.
Then, time-variant elevation beam scanning can be realized by using the following
time-variant weighting phase in the DBF module (see Figure 4).
j2m .
w(k) = —Tdyn sin(6r (tg) — 6c) (19)
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where 0 (1)) is the time-variant beam steering, i.e.,
2
R2,+ ($)" - R2(t
Or(to) = acos | =2 (2) ; 10 (20)
2Rsut (Cj)

with Rgy¢ and R(f) (R(t) = R, + Ahy) being the distance from the satellite and observation
point to the earth center, respectively. R, and Ah; denote the earth radius and the elevation
of this point relative to the sea level, respectively. The fact that the range DBF can be
finished in real time on the satellite can greatly reduce the data downlink burden.

3.3. HRWS-GMTI Implementation

After implementing the radar system design and optimization for a spaceborne HRWS-
GMTI system, the received signals can then be used to achieve HRWS-SAR imaging and
ground moving target indication. As discussed in Section 3.1, the total N azimuth channels
are divided into L groups with Nj,; subchannels in each group. As for the HRWS-GMTI
system with an ideal configuration, the optimal HRWS reconstruction is performed on
these L groups, and the reconstructed signal with respect to the lth group and the kth pulse
can be expressed as

81,recon (k/ * PRTyew) = Sl,recoﬂ{ Kk — 1) Ngyp + nsub] ’ %}
= S(lfl)Nsub“'nsub (k ’ PRT) (21)
_ g _—
— 5 (k . PRT + W) exp <]2An<zl>wvb+b”>

st

where k' = (k — 1)Ngyp + 1gyp and PRT ey = PRT/ Ny, respectively, correspond to the
new azimuth pulse number and PRF after performing the HRWS reconstruction. Then,
the reconstructed data with respect to L HRWS SAR images can be further used to achieve
GMTI processing, including channel equalization, clutter suppression, CFAR detection,
target clustering, and target relocation. Finally, the signal processing flow-chart of the
spaceborne HRWS-GMTI system with an ideal configuration is given in Figure 5.

Channel 1 Channel N,,, Channel 1 Channel N,,, Channel 1 Channel N,;
|
HRWS Reconstruction } ‘ HRWS Reconstruction } HRWS Reconstruction

‘ Channel Equalization ‘

‘ Clutter Suppression ‘

‘ CFAR Detection and Cluster ‘

‘ Radial Velocity Estimation ‘

Moving Target Relocation

Figure 5. The signal processing flow-chart of spaceborne HRWS-GMTI with an ideal configuration.
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4. Simulation Results and Analysis

In this section, two simulation experiments are designed to validate the proposed
method. Based on the optimal reconstruction of the PRF, the working mode of the HRWS-
GMTT is constructed and the simulation results of typical transmission beam mode are
provided in Section 4.1. And in Section 4.2, the performance analysis of HRWS-GMTI is
presented under the typical working mode.

4.1. Experiment for Working Mode of the HRWS-GMTI

In order to demonstrate the effectiveness of the proposed optimal channel grouping
method, which can obtain the optimal reconstructed PRF within the full view angle, the
simulated multichannel SAR data are calculated with the radar parameters listed in Table 1.

Table 1. Simulated multichannel SAR parameters.

Parameters Values
Height of orbit 1100 km
Carrier frequency 9.6 GHz
Signal bandwidth <400 MHz
Number of antenna channels (A x R) 30 x 128
Channel number of HRWS (A) 4~10
Channel number of GMTI (A) >3
Antenna size (A x R) 432m x 2.6 m
Range of view angle 15.55°~51.05°
Resolution/swath <1 m/(60 km~120 km)

Due to the fact that the echo signal from the satellite point can be suppressed by
properly designing the range pattern, the timing chart only considers the interference of
transmitted pulses. Figure 6a displays the result of PRF selection satisfying the optimal
reconstruction conditions, where the green curve represents six types of optimal reconstruc-
tion PRF and the blue curve represents the selection results corresponding to a typical view
angle. From Figure 6b, a total of 26 typical beams are selected and the optimal PRFs are
calculated for each beam, respectively, and listed in Table 2.

Table 2. The optimal PRF selection results for each beam.

Beam Number View Angle Azimuth Channel Number Optimal PRF
1 15.55° 27 1126.6 Hz
2 18.31° 21 1448.4 Hz
3 20.36° 21 1448.4 Hz
4 22.92° 30 1013.3 Hz
5 24.82° 30 1013.3 Hz
6 27.159° 30 1013.3 Hz
7 28.89° 21 1448.4 Hz
8 31° 24 1266.3 Hz
9 32.56° 30 1013.3 Hz
10 34.45° 30 1013.3 Hz
11 35.84° 30 1013.3 Hz
12 37.52° 24 1266.3 Hz
13 38.77° 30 1013.3 Hz
14 40.25° 30 1013.3 Hz
15 41.35° 24 1266.3 Hz
16 42.67° 27 1126.6 Hz
17 43.64° 30 1013.3 Hz
18 44.8° 30 1013.3 Hz
19 45.66° 27 1126.6 Hz

20 46.67° 30 1013.3 Hz

21 47.43° 30 1013.3 Hz
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Table 2. Cont.

Beam Number View Angle Azimuth Channel Number Optimal PRF
22 48.33° 27 1126.6 Hz
23 48.99° 27 1126.6 Hz
24 49.78° 30 1013.3 Hz
25 50.36° 27 1126.6 Hz
26 51.05° 30 1013.3 Hz

View Angle(°)

55

800 1000 1200 1400 1600 1800 2000
PRF(Hz)
(a)
1500 T T T T T T
(O] 0]
Q
© Q O
1000 F Q @ ® 00 [O0) QO QY| QO i
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h4
o
500 b
0 L 1 1 1 Il Il
15 20 30 35 40 45 50

View Angle (°)

(b)

Figure 6. PRF selection results satisfying the optimal reconstruction conditions. (a) The optimal
timing chart of PRF selection (the green curve represents six types of optimal reconstruction PRF and
the blue curve denots the selection results corresponding to a typical view angle). (b) Selected PRF

for each beam.

Suppose that the system resolution is fixed as 1 m in each beam, which can be realized
by adjusting the system bandwidth and transmitting antenna size. Figure 7a,b show the
NESZ values and SNR values of the selected beams with view angles ranging from 15.55°
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to 51.05°, from which it can be seen that the typical beam with a lower NESZ can achieve a
higher SNR, beneficial for moving target detection.

291

NESZ(dB)
@

10 15 20 25 30 35 40 45 50 55
View Angle (°)
(a)

49 r

48

46 -

45 -

SNR(dB )

43 r

42 r

40

39 1 1 1 1 1 1 L 1 1
10 15 20 25 30 35 40 45 50 55

View Angle (°)
(b)

Figure 7. NESZ and SNR for each selected beam (RCS is 10 dBm?). (a) NESZ for each selected beam.
(b) SNR for each selected beam.

4.2. HRWS-GMTI Performance Analysis

In the following, the imaging resolution of the HRWS-GMTI SAR system is firstly
discussed, and then the GMTI processing results and GMTI performance are, respectively,
presented and evaluated. The SAR parameters are listed in Table 2 and the observation
scene is assumed to be the monitoring of vehicles on an expressway. The other parameters
such as the antenna size, number of channels, signal bandwidth, and height of spaceborne
orbit are given in Table 1. A typical view angle of 22.9° is selected, and 30 azimuth channels
are divided into five groups to complete the GMTI task, where HRWS-SAR imaging is
realized by six channels within each group. Twenty moving point targets with an average
speed of a car on an expressway, i.e., 80 km/h corresponding to 23 m/s, are simulated (the



Remote Sens. 2024, 16, 2148

12 of 16

size, velocity direction, and initial position of the moving targets are randomly allocated),
where the clutter background is grassland.

Figure 8 shows the HRWS imaging results as statistic scatter points. From the figures, it
can be seen that the unambiguous SAR image can finally be reconstructed by interpolating
the undersampling signal with spatial points along the azimuth dimension [20,21]. Then,
based on the half power point in Figure 8f, the azimuth resolution can be estimated as
about 0.64 m (the theoretical value is 0.7 m). Therefore, the resolution requirement of less
than 1 m resolution can finally be achieved by reasonably designing the system parameters
by the proposed method.

2000
[ [} 4000
= =
o0 q°)° 6000
o
Z 2’ 8000
& 10000
12000
2000 4000 6000 1 2 3
Doppler gate Doppler gate x10*
() (b)
6850 6956
. 6900 . 6958
%6950 §6960
S &
g 7000 £ 6962
~ [
7050 6964
6966
1 2 3 1.831 1.8315 1.832
Azimuth gate «10% Azimuth gate «10%
() (d)
)
0 L
2 -50 =
S S
5 =
: :
=W ~ 2t
150 - : : : : sl / | L
-1 -0.5 0 0.5 1 -0.5 0 0.5
Azimuth distance(m) 10% Azimuth distance(m)
(e) ®

Figure 8. HRWS imaging results as statistic scatter points. (a) The aliasing Doppler spectrum of
the scatter point signal before performing the range compression. (b) The reconstructed Doppler
spectrum of the scatter point signal after performing the HRWS reconstruction. (c) The reconstructed
scatter point signal after performing range compression and range migration correction by using the
chirp scaling (CS) technique [21]. (d) The focused scatter point signal after performing the azimuth
compression. (e) The 1D range profile of the focused scatter point signal. (f) The magnified image of
(e) near the peak point.
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Figure 9a—e show the simulation results of the original echo signal, pre-reconstruction
SAR image, reconstructed SAR image, moving target detection, and moving target repo-
sitioning, respectively. It is observed that 16 out of 20 moving targets are successfully
detected. The radial velocities of four targets are less than 1.9 m/s, which are not effectively
detected by using the cell averaging—constant false alarm rate (CA-CFAR) technique. Due
to the influence of clutter suppression and Doppler diffusion, the target output SNR is

significantly reduced. After repositioning, the maximum positioning error of these targets
is less than 400 m.
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Figure 9. HRWS GMTI processing results satisfying the optimal reconstruction conditions.
(a) Original echo signal. (b) Pre-reconstruction SAR image (channel 1). (c) Reconstructed SAR
image. (d) Result of moving target detection. (e) Result of moving target repositioning (The red plus
sign represents the actual detected position. The green circle is the actual positioning position, and

the yellow and white asterisks denote the target offset position and the real target position set in
advance, respectively).



Remote Sens. 2024, 16, 2148 14 of 16

According to Table 3, the target detection performance and relocation performance of
the traditional SAR-GMTI system with all the 30 channels used for GMTI processing and the
proposed HRWS-GMTI method are, respectively, analyzed in Figures 10 and 11. As can be
seen from the comparative output SCNRs and target detection probabilities in Figure 10a,b,
the proposed HRWS-GMTI method can obtain better target detection performance than that
of the traditional SAR-GMTI method since HRWS processing reduces the energy loss of the
spatial mismatch during the clutter suppression procedure. Since the target output SNR is
relatively high in this simulation experiment, both the proposed HRWS-GMTI method and
the traditional SAR-GMTI method can obtain satisfactory target relocation performance (see
Figure 11). Therefore, the proposed HRWS-SAR-GMTI system design and signal processing
method can not only realize wide-area imaging and target surveillance, but can also obtain
relatively better GMTI performance than that of the traditional SAR-GMTI method.

Table 3. HRWS-SAR parameters.

Parameters Values
Channel number of HRWS operation (A) 6
Channel number of GMTI operation (A) 5
Elevation angle of moving targets 22.9°
The optimal PRF 1694.4 Hz
RCS of moving point targets 10 dBm?
Clutter background Grassland (RCS is considered with —10 dB)
40 1
30 208
~ 20t RS
g 2 0.6
& 10 a
@ 504
»nn 0f 5
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Vr(l’l’l/S) Vr(l’l’l/S)
(a) (b)
Figure 10. Target detection performance analysis. (a) Output target SCNRs with respect to different
radial velocities. (b) Detection probabilities with respect to different radial velocities.
‘ . 12 ,
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Figure 11. Target relocation performance analysis. (a) Radial velocity estimation RMSEs with respect
to different radial velocities. (b) Relocation errors with respect to different radial velocities.
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5. Conclusions

In this paper, we have proposed an HRWS-SAR-GMTI design method that satisfies the
optimal reconstruction conditions. The main contributions of the proposed method include
the following: (1) the proposed method enables the detection and imaging of ground
moving targets over a large search area in an HRWS-SAR system; (2) the proposed method
can realize the optimal PRF design based on a reasonable antenna channel design; (3) the
proposed HRWS-GMTI system can achieve superior GMTI performance to traditional
SAR-GMTI performance. The experimental results have verified the effectiveness of the
proposed method. The typical target signal reconstruction methods of the HRWS-GMTI
system are used to solve target reconstruction filter mismatch problems, which may induce
large computation burden in practical processing. Therefore, how to efficiently address
the target reconstruction filter mismatch problem without consuming too many system
resources will be part of our future investigation.
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DBF Digital Beam Forming
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NESZ Noise equivalent scattering coefficient
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SCNR Signal to clutter plus noise ratio
MRBF Matched reconstruction filter bank
SNR Signal-to-noise ratio
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