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Abstract: This article investigates channel phase mismatch calibration during the application of
displaced-phase-center antenna (DPCA) in dual-channel sliding spotlight synthetic aperture radar
(SAR) for ground moving target indication (GMTI). In sliding spotlight SAR, the utilization of beam
progressive sweeping in azimuth causes antenna phase centers to be misaligned from the sensor path,
resulting in the phase mismatch between channels. Then, spatial channel co-registration required in
the DPCA cannot be achieved directly by an azimuth time shift. In this study, a calibration method
based on scanning geometry of the dual-channel sliding spotlight SAR is developed to address this
issue. Moreover, the effect of the phase mismatch calibration on the estimation of azimuth time
difference between the two channels is derived and analyzed in depth. The clutter suppression
results processed from experimental data acquired by a C-band dual-channel SAR system (Gaofen-3)
operated in sliding spotlight mode are shown for the first time to demonstrate the effective phase
mismatch calibration.

Keywords: antenna phase center; displaced-phase-center antenna (DPCA); ground moving target
indication (GMTI); phase mismatch calibration; synthetic aperture radar (SAR); sliding spotlight
mode

1. Introduction

In the synthetic aperture radar (SAR) community, wide unambiguous imaging of the
earth’s surface with high resolution has always been one of the most important topics.
With the use of phased array antennas, a variety of ground observation modes have been
developed for different applications [1,2]. The sliding spotlight mode is widely applied to
achieve very-high-resolution imaging [3]. This mode is characterized by beam progressive
sweeping in azimuth to increase the illumination interval for providing a higher azimuth
resolution than that of stripmap mode, without swath width loss in range. Furthermore, it
provides a larger azimuth swath than the staring spotlight mode [4,5]. The antenna beam
is steered about a virtual point under the ground in a manner to realize a sliding footprint
on the ground, which is a useful trade-off between the stripmap mode and the staring
spotlight mode in various civilian and military applications [6,7].

Moreover, SAR systems that combine the azimuth multichannel technology and the
sliding spotlight mode can not only obtain high-resolution images, but also have great
potential in ground moving target indication (GMTI). They can meet the demand of long-
time monitoring, better detection capability and high-resolution imaging of moving targets.
It can serve tasks such as recognition and interpretation of moving targets and prediction of
motion trajectories. In addition, the multi-aspect observation can help alleviate the problem
of moving targets being blocked. The geometry of a dual-channel spaceborne SAR system
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operated in sliding spotlight mode is shown in Figure 1. Multiple antennas are placed
along the track to provide spatial degrees of freedom for suppressing the background
clutter. Nevertheless, the research on multichannel sliding spotlight SAR GMTI is lacking at
present [8–10]. Therefore, this letter firstly studies the channel phase mismatch calibration
on the processing of the dual-channel sliding spotlight SAR data with displaced-phase-
center antenna (DPCA) [11–13].
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Figure 1. Geometry of a dual-channel spaceborne SAR system operated in sliding spotlight mode.

The DPCA is a classic algorithm for clutter suppression in dual-channel stripmap
SAR-GMTI, which is a simple complex subtraction between the two spatially co-registered
channels to cancel clutter. The clutter Doppler bandwidth is sharply reduced, and the
moving targets can be detected in the final DPCA image. However, the azimuth beam
sweeping causes the two channels to not be directly canceled. In the dual-channel stripmap
SAR systems, it is assumed that all the antenna phase centers are aligned with the sensor
path during system operation. Then, the spatial channel co-registration in the azimuth of
the DPCA method can be achieved by an azimuth time shift, and the background clutter
can be suppressed by the channel cancellation. Nevertheless, when a SAR system operates
in sliding spotlight mode, the antenna phase centers will be misaligned from the sensor
path due to the beam steering. This phenomenon called antenna phase center fluctuation
(APCF) [14,15] will cause additional phase mismatch between the two channels, which
should be calibrated to ensure clutter suppression in sliding spotlight SAR-GMTI.

In this work, the regularity of the APCF-induced phase mismatch between channels
is investigated, and the mismatch is quantified from the perspective of the beam steering
geometry of dual-channel sliding spotlight SAR. After the phase mismatch calibration,
the APCF can be removed, and the antenna phase centers of dual-channel sliding spotlight
SAR are proved to be re-aligned with the sensor path. Then, the two channels can be
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co-registered spatially by an azimuth time shift. However, the proposed phase mismatch
calibration makes the time shift different from that of the dual-channel stripmap SAR
system. Accordingly, detailed analyses and derivations of the spatial channel co-registration
after the phase mismatch calibration are conducted to illustrate this issue.

The part reason that GMTI in multichannel sliding spotlight operation has not been
sufficiently investigated is the lack of actual SAR system and field-collected SAR data.
Consequently, we carried out an experiment in June 2021 to acquire the dual-channel
sliding spotlight SAR data with the spaceborne Gaofen-3 SAR satellite as the experiment
platform. The clutter suppression results of experimental data are shown for the first time
to verify the effective phase mismatch calibration.

The rest of this letter is organized as follows. Section 2.1 analyzes and quantizes the
phase mismatch caused by the APCF in dual-channel sliding spotlight SAR. The antenna
phase centers are proved to be re-aligned with the sensor path after the phase mismatch cal-
ibration from the Doppler centroid variation perspective. Moreover, the effect of the phase
mismatch calibration on azimuth time difference estimation between the two channels are
presented in Section 2.2 to ensure the implementation of the spatial channel co-registration.
In Section 3, results of azimuth time difference estimation and GMTI based on experimental
data from Gaofen-3 are provided to demonstrate the effective phase mismatch calibration.
The concluding remarks are presented in Section 4.

2. Phase Mismatch Calibration for Dual-Channel Sliding Spotlight SAR-GMTI

This section first analyses and quantifies the APCF-induced phase mismatch caused by
the beam progressive sweeping in azimuth in dual-channel sliding spotlight SAR systems,
and the spatial channel co-registration in DPCA after the phase mismatch calibration is
explored later.

2.1. Phase Mismatch Caused by APCF

Modern SAR systems are usually equipped with advanced phased array antennas,
which adjust the phase offsets for antenna units to achieve electronically controlled beam
steering through phase shifters without physically rotating the antenna, and they are more
precise and flexible than traditional mechanical scanning antennas. Figure 2 shows the
applied phased array antenna of our system. The entire azimuth antenna is used as the
transmitter, and all array elements are divided into two receive channels, and one reference
phase point is selected and located at the edge of antenna, where the applied phase is
constant during the beam steering. The phase applied to other array units is precisely
calculated according to the beam direction.

Beam steering control unit

Channel I Channel II

Time delayer

Phase shifter

Amplifier
Radiation unit

Equivalent constant phase wavefront

Reference center
rθ

Beam scanning angle
AP BP

Transmit/receive module

Phase differenceBP
∧

AP
∧

Figure 2. Azimuth sketch of the applied phased-array antenna in our experiment platform.

Figure 3 shows the geometry of beam steering in azimuth of a dual-channel sliding
spotlight SAR. The direction of the equivalent constant phase wavefront is adjusted by
applying different phase offsets to array elements to point to a virtual point O located
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under the ground. Then, the two channels require continuously changed phase offsets to
steer the beam, causing the antenna phase centers to be misaligned from the sensor path,
and the geometry is shown in Figure 3a. This phenomenon is regarded as APCF [14,15].
The two receive antenna centers are PA and PB, respectively. The phase difference in
azimuth applied by the phase shifters between the two channels relative to the reference
phase point is obtained as

∆ϕ1 =
2π

λ
sin(θr)

(
3D
2
− D

2

)
=

2π

λ
D sin(θr) (1)

where D represents the physical distance between the receive channels, λ is the sensor
wavelength, and θr represents the beam scanning angle. The first antenna (red) is used as
the reference channel, so its phase center coincides with the antenna center PA. In sliding
spotlight mode, the phase center of second antenna is P̂B. Figure 3b shows the phase
mismatch in range caused by the APCF. When the target T is not in the scene center,
the resulting mismatch is defined as ∆ϕ2, which is also varied along with the beam scanning
angle. Therefore, the total phase mismatch varies with range and azimuth is obtained from
the scanning geometry, i.e.,

∆ϕ = ∆ϕ1 + ∆ϕ2 =
2π

λ

∣∣∣∣−−→OPB −
−−→
OP̂B −

−−→
P̂BPT

∣∣∣∣ = 2π

λ

∣∣∣−−→PT PB

∣∣∣ (2)

O

rotR0R

aW

Ground

APBP D

O

H

(a) (b)
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∧
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Figure 3. Geometry of beam azimuth rotation in a dual-channel SAR operated in sliding spotlight
mode. (a) The antenna phase centers movement along the sensor path due to the beam progressive
sweeping, (b) the phase mismatch in range caused by APCF (side-view).

Performing phase mismatch calibration based on Equation (2) is not conducive to
the subsequent derivations. Moreover, compared to the azimuth phase mismatch (∆ϕ1),
the phase mismatch from range (∆ϕ2) is relatively slight, which can be ignored, according
to the scanning geometry in Figure 3. Therefore, Equation (2) can be simplified as

∆ϕ =
2π

λ

∣∣∣−−→PT PB

∣∣∣ = 2π

λ

RT
R0

D sin(θr(ta)) ≈
2π

λ
D sin(ωrta) (3)
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where ta denotes the azimuth time, ωr is the rotation rate of azimuth beam scanning, R0
indicates the nearest slant range between the sensor and the ground, and RT represents the
slant range of the target (T). In single channel sliding spotlight SAR systems, the reference
phase point can be set at the center of the azimuth antenna and coincide with the phase
center. In this scenario, the phenomenon of APCF can be theoretically avoided, and the
effect on imaging caused by the beam progressive sweeping can be ignored [15]. However,
for dual-channel sliding spotlight SAR-GMTI, the phase mismatch will cause the time
difference between channels cannot be estimated accurately. Then, the two channels cannot
be spatially co-registered in azimuth, which is discussed as below.

Before the phase calibration, the cross-correlation coefficient between the two chan-
nels [16,17] can be expressed as

R12(∆τ) = E{s∗1(ta)s2(ta)} = γa · exp
{

j2π fdc(ta)
D

2Vs
+ j∆ϕ1,2

}
(4)

where Vs represents the speed of the SAR platform, fdc(ta) is the Doppler centroid that
varies with the azimuth time, s1 and s2 represent the signals of two channels, γa is the
azimuth inverse Fourier transform of the antenna’s two-way power pattern. ∆ϕ1,2 indicates
the constant phase error between the two channels, which is omitted here because it is
not the focus of this work and can be calibrated by the azimuth correlation method in [18].
The Doppler centroid of a SAR system operated in sliding spotlight mode can be expressed
as

fdc(ta) =
2Vs

λ
sin(ωrta) + fdc,c (5)

where fdc,c is the nonzero average Doppler frequency affected by the inaccuracy of beam
steering. The phase of R12(∆τ) after substituting Equation (5) into Equation (4) can be
obtained as

arg{R12(∆τ)} = 2π

{
2Vs

λ
sin(ωrta) + fdc,c

}
D

2Vs
(6)

It can be seen from Equation (6) that the antenna spacing can be obtained from the
phase of the cross-correlation coefficient between the two channels, but it varies with the
scanning angle. Consequently, the two channels cannot be co-registered by an azimuth
time shift, which means that the DPCA cannot be applied directly for sliding spotlight
SAR-GMTI. After calibrating the phase mismatch between two channels according to
Equation (3), the first term associated with ta in Equation (6) can be eliminated, and the
phase of the cross-correlation coefficient becomes a constant related to the actual antenna
spacing. Thus, antenna phase centers of a dual-channel sliding spotlight SAR-GMTI
system are re-aligned with the sensor path after the phase calibration, which provides
the premise for implementing the DPCA method. Figure 4a,b shows the antenna phase
center movement in a dual-channel sliding spotlight SAR before and after the phase
mismatch calibration.

(a) (b)

Figure 4. The APCF in a dual-channel sliding spotlight SAR-GMTI system, (a) before, and (b) after
the channel phase mismatch calibration. The red points represent the first antenna (the reference
channel) phase centers and the blue points represent the second antenna phase centers.

2.2. Spatial Channel Co-Registration after Phase Mismatch Calibration

Implementation of spatial channel co-registration requires accurate azimuth time
difference between the two channels, which is the essential step of the DPCA method.
After the phase mismatch calibration, the antenna phase centers are aligned with the sensor
path, and the azimuth time difference between the two channels can be estimated. For the
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dual-channel stripmap SAR systems, the azimuth time difference between the two channels
is D/2Vs. Nevertheless, we find that the azimuth time difference becomes AD/2Vs after
the phase mismatch calibration during the sliding spotlight SAR data processing, where A
is the hybrid factor of a sliding spotlight SAR. It is defined as

A = 1− R0

Rrot
=

Vf

Vs
(7)

where Vf is the scanning velocity of the beam on the ground, and Rrot represents the closest
slant range from the SAR sensor to the virtual rotation center, which can be found in
Figure 3a.

We will further analyze the issue of the azimuth time difference between channels in
this section since it determines the accuracy of spatial channel co-registration and clutter
cancellation. The scanning angle of actual spaceborne SAR systems operated in sliding
spotlight mode is small. For example, the maximum scanning angles of TerraSAR-X and
Gaofen-3 are 0.75◦and 1.9◦ [15,19]. Therefore, using the small angle approximation and
the imaging geometry of sliding spotlight mode in Figure 3a, the phase mismatch in
Equation (3) can be further approximated as

∆ϕ =
2π

λ
D sin(θr(ta)) ≈

2π

λ
D tan(θr(ta)) =

2π

λ
D

Vsta

Rrot
(8)

It can be seen from Equation (8) that the phase mismatch varies linearly with respect to
the azimuth time ta. Therefore, not only the channel phase mismatch is calibrated, but there
is also a spectrum shifting in azimuth according to the Fourier transform properties. As a
result, the estimated time difference between two channels is AD/2Vs instead of D/2Vs.
In the following, a derivation that utilizes scattering point model is provided to quantify
the variation of azimuth time difference accurately. Since the range signal does not affect
the azimuth after range cell migration correction, it can be simply assumed that the azimuth
signals of two channels are expressed as

s1(ta) = A1 exp
{
−j 4π

λ

(√
R2

0 + (Vsta)
2
)}

s2(ta) = A2 exp
{
−j 2π

λ

(√
R2

0 + (Vsta)
2 +

√
R2

0 + (Vsta − D)2
)} (9)

where A1 and A2 represent the antenna’s two-way power pattern. In addition, the actual
scanning angle range of Gaofen-3 operated in sliding spotlight mode is −1.35◦∼1.35◦

during this experiment. The antenna beam steering is carried out on a burst basis [20].
The stepped scanning angle is 0.01◦, and the number of pulse at one scanning angle is
121. There is only a slight difference between Equations (3) and the approximation in
Equation (8), which is illustrated in Figure 5.

Accordingly, substituting Equation (8) into Equation (9) to perform the phase mismatch
calibration on the second channel s2 yields s′2, which is described as

s′2(ta) = exp
{
−jπ

(
2V2

s
λR0

t2
a −

(
2VsD
λR0

− 2VsD
λRrot

)
ta +

D2

2λR0

)}
= exp

{
−jπ

2V2
s

λR0
t2
a

}
exp

{
jπ

2VsD
λ

(
1

R0
− 1

Rrot

)
ta

}
exp

{
−jπ

D2

2λR0

}
≈ exp

{
−jπ

2V2
s

λR0
t2
a

}
exp

{
jπ

2VsD
λR0

(
1− R0

Rrot

)
ta

}
= exp

{
−jπ

2V2
s

λR0
t2
a

}
exp

{
jπ

2Vs AD
λR0

ta

}
(10)
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Moreover, the relationship between s1(ta) and s′2(ta) can be expressed as

s′2(ta) = s1(ta) · exp
{

jπ
2Vs AD

λR0
ta

}
(11)

-6 -4 -2 0 2 4 6
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Figure 5. Difference between the actual discrete scanning angle of the Gaofen-3 system that operated
in sliding spotlight mode during this experiment and the approximate result in Equation (8).

After the azimuth Fourier transform, the relationship between the signals from two
channels in the azimuth-frequency domain can be described as

S′2( fa) = S1

(
fa −

Vs AD
λR0

)
= S1

(
fa −

2V2
s

λR0

AD
2Vs

)
= S1

(
fa − Ka

AD
2Vs

) (12)

where fa represents the azimuth frequency and Ka represents the azimuth frequency rate.
Then, the cross-correlation coefficient between the two signals after the phase mismatch
calibration can be obtained as

R12(∆τ) = E
{

s∗1(ta)s′2(ta)
}
= γa · exp

{
j2π fdc,c

AD
2Vs

}
(13)

From Equation (13), the azimuth time difference between the two channels of sliding
spotlight SAR after the phase mismatch calibration is AD/2Vs. Therefore, the two channels
can be co-registered spatially by a constant time shift in azimuth, and clutter can be
suppressed by the channel cancellation. The complete signal processing flowchart based
on the DPCA method with the proposed phase mismatch calibration is shown in Figure 6.
First, the inevitable channel imbalance, such as amplitude imbalance, range sampling
time error, and phase mismatches from other origins, must be calibrated [18,21] before the
implementation of channel cancellation. The second step is to obtain and compensate the
channel phase mismatch ∆ϕ based on Equation (3). The azimuth time difference between
the two channels can be estimated, and the spatial channel co-registration is implemented
accordingly later. Finally, the clutter suppression can be obtained by the cancellation of two
SAR images, and the moving targets can be detected by the two-dimensional cell-averaging
constant false alarm rate (CFAR) detector [22]. The pseudocode of the processing scheme is
presented in Algorithm 1.
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Azimuth time difference estimation

Channel calibration

Raw data of channel I

Phase mismatch calibration
 

SAR Imaging

Channel cancellation

CFAR

Spatial channel co-registration

Equation (3)

Equation (10)

Raw data of channel II

ϕ∆

Figure 6. Complete signal processing flowchart of the DPCA method based on the proposed phase
mismatch calibration for dual-channel sliding spotlight SAR-GMTI systems.

Algorithm 1 DPCA algorithm with proposed phase mismatch calibration

Input: The raw two-channel dataset of sliding spotlight SAR s1,s2, The SAR system param-
eters;

Output: The moving target detection result R by CFAR;
1: The azimuth correlation method is used to balance the two channels;
2: Obtaining the phase mismatch ∆ϕ based on system parameters, ∆ϕ = 2π

λ D Vsta
Rrot

;
3: Performing phase mismatch calibration on s2, s′2 = s2 exp{j∆ϕ};
4: Estimating the azimuth time difference ∆T =

arg(s1(τ, fa)·s′2(τ, fa)∗)
2π fa

;
5: Performing spatial co-registration, ŝ2 = IFT{FT{s′2(ta)} · exp{−j2π fa∆T}};
6: SAR imaging by chirp scale algorithm (CSA), I1, I2;
7: The cancellation of two SAR images, IDPCA = I1 − I2;
8: Moving target detection in IDPCA by CFAR to obtain R;
9: return R;

3. Experimental Results and Analysis

This section verifies the correctness of our conclusions, including the phase mismatch
calibration and azimuth time difference variation. The dual-channel sliding spotlight SAR
data that collected from an experiment by the spaceborne Gaofen-3 system in June 2021 is
used to demonstrate the validation of the proposed phase mismatch calibration for GMTI.
The location selected for this experiment is Des Moines, Iowa, United States, which includes
some moving targets on the roads and railways. The main parameters of this system are
tabulated in Table 1. The entire phased array antenna length of the Gaofen-3 system is
15 m. In the dual-channel sliding spotlight mode, only half the azimuth size is used for
transmitting and receiving signals, and the actual receiving antenna spacing is 3.75 m.

Table 1. Main parameters of the Gaofen-3 system operated in sliding spotlight mode.

Parameter Value

Carrier frequency 5.40 GHz
Platform velocity 7565.87 m/s

Number of channels 2
Range bandwidth 240 MHz

PRF 3129.89 Hz
Scene center range 1,067,889.22 m

Scanning angle −1.35◦∼1.35◦

Stepped-angle of scanning 0.01◦

Receiving antenna length 3.75 m
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3.1. Antenna Spacing Estimation

The implementation of the spatial channel co-registration in the DPCA method re-
quires the accurate estimation of azimuth time difference between the two channels and
receiving antenna spacing. Figure 7a illustrates the interferometric phase of the Des Moines
scene before the phase mismatch calibration in the Doppler domain, i.e., the phase

φ(τ, fa) = arg(s1(τ, fa) · s2(τ, fa)
∗) (14)

where τ represents the range time, and fa represents the azimuth frequency. The slowly
varying linear phase along the azimuth frequency (Doppler) can be expressed as

φ( fa) = 2π fa∆T (15)

where ∆T represents the azimuth time difference of the two receiving antennas. It can
be seen from Figure 7a that the varying linear phase along the azimuth frequency is
unclear. Figure 7c shows that the interferometric phase of the Des Moines scene after the
proposed phase mismatch calibration, and the linear phase can easily be recognized. Then,
the antenna spacing D can be obtained by the slope of the interferometric phase line, which
can be expressed as

D =
∑τ φ(τ, fa)

π fa
V (16)

Figure 7b shows the antenna spacing estimation result before the phase mismatch
calibration. The slope of the linear phase along the azimuth frequency, which is obtained
by a least-squares fit, is a variable value as discussed in Section 2. The slope of the reference
line (green) corresponds to the actual antenna spacing of the Gaofen-3, which is 3.75 meters.
The hybrid factor of Gaofen-3 system in this experiment is

A = 1− R0

Rrot
= 0.3206 (17)

Based on Equation (16), the theoretical value of antenna spacing estimation result after
the proposed phase mismatch calibration is AD, which is D

′
= 1.2023 meters. Figure 7d

shows the linear phase along the azimuth frequency after the phase mismatch calibration,
and the estimated antenna spacing obtained by the slope the fitting phase line is 1.11 m.
The estimated value of the antenna spacing is consistent with the theoretical value D

′
. Thus,

the azimuth time difference between the two channels in sliding spotlight SAR after the
phase mismatch calibration is related to the actual antenna spacing and the hybrid factor.
There is a slight error between the theoretical value and the estimated result, which can
be be attributed to two aspects, the approximation used in Equation (8) and the discrete
scanning angle of the Gaofen-3 system.



Remote Sens. 2022, 14, 617 10 of 14

200 400 600 800 1000 1200 1400 1600 1800

Range pixels

-1500

-1000

-500

0

500

1000

1500

A
zi

m
ut

h 
fre

qu
en

cy
/H

z

200 400 600 800 1000 1200 1400 1600 1800

Range pixels

-1500

-1000

-500

0

500

1000

1500

Az
im

ut
h 

fre
qu

en
cy

/H
z

0.5

1

1.5

2

2.5

3

(c) (d)

-2000 -1000 0 1000 2000

Azimuth frequency/Hz

-1

0

1

2

3

4

5

Ph
as

e/
ra

d

-2000 -1000 0 1000 2000

Azimuth frequency/Hz

-1

0

1

2

3

4

5

Ph
as

e/
ra

d

Interferometric phase line
Fitting phase line
Reference line

Interferometric phase line
Fitting phase line
Reference line

(a) (b)

0.5

1

1.5

2

2.5

3

0

0

Figure 7. Antenna spacing estimation results of the Gaofen-3 system operated in sliding spotlight
mode by the slope of the slowly varying linear phase along the azimuth frequency. (a) The interfero-
metric phase of the Des Moines scene before the phase mismatch calibration in the Doppler domain,
(b) the slowly varying linear phase along the azimuth frequency before the proposed phase mismatch
calibration, (c) the interferometric phase of the Des Moines scene after the phase mismatch calibration,
(d) the varying linear phase after the calibration.

3.2. Ground Moving Target Indication

The clutter suppression results and performance analyses are presented in this subsec-
tion. After the proposed phase mismatch calibration and the azimuth time shift, the two
channels are spatially co-registered, which is illustrated in Figure 8. The interferometric
phase of the Des Moines scene shows that the slowly varying linear phase along the az-
imuth frequency is removed, and the slope of the interferometric phase line along Doppler
is 0, which indicates that the images from two channels are ready for cancellation.
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Figure 8. (a) The interferometric phase of the Des Moines scene versus the azimuth frequency after
the spatial channel co-registration, (b) the interferometric phase line along the azimuth frequency
after the spatial channel co-registration.
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Figure 9a shows the whole area of interest obtained by the Gaofen-3 system operated in
sliding spotlight mode in this experiment. The clutter suppression result of the conventional
DPCA method is shown in Figure 9b. It can be seen that only a small area of clutter in the
middle is suppressed partially, but most of the clutter on both sides is strengthened instead.
The power of the clutter on both sides is strengthened by about 2.5095 dB, which indicates
the failure of the channel cancellation. A probable explanation for the clutter suppression of
the middle area is that the squint angle of the sliding spotlight SAR system corresponding
to the data in middle area is very close to zero, and the burst basis of the antenna beam
steering [20]. Hence, the middle area data of the two channels have little mismatch relates
to the beam sweeping, which is similar to the stripmap SAR data. Then, the clutter in this
area can be suppressed by the DPCA method.

Figure 9c shows the clutter suppression result by the DPCA with blocked 2D-digital
balancing (DB), which was proposed in [8]. The clutter power reduction is about 7.2743 dB.
Moreover, it is obvious that there is some clutter at the junction of each data block that is
not well suppressed. Figure 9d shows the clutter suppression result obtained by the DPCA
method with the proposed phase mismatch calibration, which utilizes Equation (3) with the
discrete scanning angle of the Gaofen-3 system. It is noted that the power of clutter can be
reduced by about 8.5338 dB. Moreover, the proposed method has a better performance in
clutter suppression with no clutter residue at the data where the scanning angle is switched.
Then, moving targets can be detected by the CFAR detector, and they are marked by the
yellow rectangles in Figure 9c.

(a) (b) (c)

Range

Az
im

ut
h

Moving target

I II

III
IV

VI

V

VII
VIII

(d)

Figure 9. Imaging result of acquired one-channel-SAR data by the experiment and clutter suppression
results: (a) the focused SAR image, (b) the clutter suppression result by the conventional DPCA
method, (c) the clutter suppression result by the DPCA with 2D-DB, (d) the clutter suppression result
by the DPCA method with the proposed phase mismatch calibration, and the detected moving targets
marked by yellow boxes.

Figure 10 compares the power of the range cells, where the detected moving targets
in Figure 9c are located before and after clutter suppression by the DPCA with proposed
phase mismatch calibration. The blue lines denote the signals before clutter suppression
and the red lines denote the signals after clutter suppression. Moreover, Table 2 shows
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the input and output signal-to-clutter ratios (SCRs) and improvement factors (IFs) of the
detected moving targets. According to the power reduction of clutter, the power of the
detected moving targets are enhanced by the channel cancellation, except for target IV,
which may be attributed to its low radial velocity. To sum up, the DPCA with the proposed
phase mismatch calibration can effectively suppress clutter in the dual-channel sliding
spotlight SAR-GMTI.
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Figure 10. Power comparisons of the detected moving targets before and after clutter suppression.
(a–h) show the power variations of the range cells where the detected moving targets (I∼VIII) marked
in Figure 9c are located. The blue line and the red line represent the signals before and after clutter
suppression, respectively.

Table 2. SCRs and IFs of the detected moving targets before and after the clutter cancellation.

The Moving Targets SCRafter/dB SCRbefore/dB IF/dB

I 23.20 13.13 10.07
II 20.69 9.27 11.42
III 22.21 12.96 9.25
IV 21.20 11.35 9.85
V 28.77 38.33 −9.56
VI 27.29 16.20 11.09
VII 21.25 11.60 9.65
VIII 21.03 8.49 12.54

Moreover, since most of the steps of the proposed clutter suppression method are
the Hadamard product and subtraction of the signal matrices, the computational load is
relatively low. The image size is 4096 × 2048 pixels, and the experiment was manipulated
by MATLAB 2021 with the computer that was configured with i7-10750H CPU, six cores,
twelve threads, and 32-GB RAM. With the same experiment, the computational times of
the DPCA with blocked 2D-DB and the proposed method is tabulated in Table 3, indicating
that the proposed method has a high computational efficiency, which is very close to the
conventional DPCA method.

Table 3. Comparison of computational times of clutter suppression methods.

Algorithms Computational Times

DPCA 1.02 s
DPCA with 2D-DB 5.67 s

The proposed method 1.17 s
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4. Conclusions

This paper addresses the issue of phase mismatch caused by the beam steering on
the processing of dual-channel sliding spotlight SAR data for GMTI. Different from the
stripmap SAR, the phase caused by beam progressive sweeping in azimuth causes the
antenna phase centers to be misaligned from the sensor path. Consequently, the two
channels cannot be spatially co-registered, resulting in the failure of channel cancellation.
In this work, the APCF-induced phase mismatch is obtained quantitatively based on the
imaging geometry of sliding spotlight mode, and the antenna phase centers are proved to be
re-aligned after the phase calibration. Moreover, the effect of the calibration on the azimuth
time difference estimation is deeply analyzed and derived for accurate implementation
of the spatial channel co-registration in the DPCA. Finally, we carried out an experiment
with the Gaofen-3 system operated in sliding spotlight mode to acquire the actual data.
The processing results of clutter suppression with the experimental data have validated the
effectiveness of the proposed phase mismatch calibration.

In addition, the calibration method provides a useful reference for the dual-channel
spotlight SAR data processing due to the similar scanning geometry of both modes. The in-
vestigation for spotlight SAR-GMTI and parameter estimation based on coordinated exper-
iments will be performed in the near future.
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