
Citation: Lv, Y.; Shang, M.; Zhong, L.;

Qiu, X.; Ding, C. A Novel Imaging

Scheme of Squint Multichannel SAR:

First Result of GF-3 Satellite. Remote

Sens. 2022, 14, 3962. https://doi.org/

10.3390/rs14163962

Academic Editor: Mingsheng Liao

Received: 19 June 2022

Accepted: 8 August 2022

Published: 15 August 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

remote sensing  

Article

A Novel Imaging Scheme of Squint Multichannel SAR:
First Result of GF-3 Satellite
Yini Lv 1,2,3, Mingyang Shang 1,4,*, Lihua Zhong 1,2, Xiaolan Qiu 1,4 and Chibiao Ding 1,3,5

1 Aerospace Information Research Institute, Chinese Academy of Sciences, Beijing 100194, China
2 Key Laboratory of Technology, Geo-Spatial Information Processing and Application Systems,

Aerospace Information Research Institute, Chinese Academy of Sciences, Beijing 100190, China
3 School of Electronic, Electrical and Communication Engineering, University of Chinese Academy of Sciences,

Beijing 100049, China
4 Suzhou Research Institute, Aerospace Information Research Institute, Chinese Academy of Sciences,

Suzhou 215123, China
5 National Key Laboratory of Microwave Imaging Technology, Aerospace Information Research Institute,

Chinese Academy of Sciences, Beijing 100190, China
* Correspondence: shangmy@aircas.ac.cn; Tel.: +86-10-5888-7208 (ext. 8949)

Abstract: The azimuth multichannel synthetic aperture radar (MC-SAR) is an effective means of earth
observation due to its high-resolution and wide-swath (HRWS) imaging capability. Compared with
the traditional MC-SAR, the two-dimensional (2D) spectrum of the squint multichannel synthetic
aperture radar (SMC-SAR) is skewed, leading to the severe coupling between azimuth signals and
range signals. Therefore, the traditional imaging algorithms are inapplicable to SMC-SAR. Currently,
the existing imaging algorithms for SMC-SAR need interpolation or sub-aperture processing, which
results in low efficiency. This paper proposes a novel imaging scheme for spaceborne SMC-SAR to
handle this issue. With the squint angle known, the Doppler centroid can be compensated for by the
spectrum shift function. Additionally, the frequency correlation method (FCM) is utilized to estimate
the channel phase imbalance. After that, the azimuth multichannel data are reconstructed by the filter
banks to eliminate the Doppler spectrum aliasing. Finally, the data are imaged based on the modified
equivalent slant range model (MESRM). Both the simulation and Gaofen-3 (GF-3) data experiments
demonstrate the effectiveness and efficiency of the proposed method.

Keywords: synthetic aperture radar (SAR); high-resolution and wide-swath (HRWS) imaging;
squint multichannel SAR (SMC-SAR); Gaofen-3 (GF-3)

1. Introduction

With the development of beam steering technology, spaceborne synthetic aperture
radar (SAR) gradually has the ability to squint on the basis of the traditional side-looking
mode without adjusting satellite attitude, which enables SAR to have a more flexible
illumination area [1]. However, the single-channel SAR still has to compromise between
high-resolution and wide-swath (HRWS) due to the limit of the minimum antenna area [2].
The azimuth multichannel SAR (MC-SAR) can resolve this contradiction by compensating
the time sampling with spatial sampling to achieve HRWS imaging [3]. Using one channel
to transmit signals and multiple channels to receive signals simultaneously, the MC-SAR
can transmit signals with a lower pulse repetition frequency (PRF) for a wide-swath.
The PRF can be equivalently improved by increasing spatial sampling to achieve high-
resolution [4,5]. Furthermore, the combination of multichannel and beam steering can
significantly enhance the imaging capability of the SAR but also bring new challenges to
the imaging algorithms. This paper will focus on the squint multichannel SAR (SMC-SAR)
imaging algorithm.

The squint angle of the SAR causes the spectrum to be skewed and expanded, leading
to the severe coupling between azimuth and range, which results in the spatial variability
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of the range migration curve, the secondary range compression (SRC) function, and the
higher-order phase functions [6]. Meanwhile, the PRF in the MC-SAR system generally
cannot meet the displaced phase center antenna (DPCA) conditions [5] in most cases. If the
multichannel data are just spliced together, the final data are not uniformly sampled; in
other words, the Doppler spectrum is aliased [7]. In addition, in the MC-SAR system, it
is difficult to achieve complete consistency between different channels, and the channel
imbalances will also lead to Doppler spectrum aliasing [8]. If the Doppler spectrum aliasing
is not eliminated, false targets will appear in the focused image along the azimuth, also
known as the azimuth ambiguity [9]. Therefore, the key to SMC-SAR imaging is to solve
the two-dimension (2D) coupling problem and Doppler spectrum aliasing.

The traditional chirp scaling algorithm (CSA) does not consider the spatial variability
of the SRC, so it is only suitable for the low squint angle [10]. A modified range-Doppler
algorithm (M-RDA) for high squint SAR has been proposed in [11], which introduces a
fourth-order range model to achieve accurate azimuth compression, but the solution of the
high-order phase term coefficients is very complicated. The nonlinear scaling algorithm
(NCSA) can solve the spatial variability of the SRC by introducing the disturbance term.
However, when considering the Fourier transform of the high-order phase term, it is very
complicated to solve the point of stationary phase (POSP), which increases the difficulty
of high-order phase compensation [6,12]. At present, the commonly used algorithm is
to reduce the two-dimensional coupling of the signal by the linear range cell migration
correction (LRCMC), to “minimize the spectrum squint,” and then use the CSA to process
the range signal and the NCSA to process the azimuth signal [13]. This method can
achieve high resolution but broadens the Doppler spectrum, leading to false targets after
imaging. Zhang et al. proposed an imaging algorithm that completes the focusing through
two interpolation operations after the LRCMC, which can obtain a well-focused image.
Although the algorithm is robust, it is still computationally intensive [14]. In practice, the
modified CSA based on the equivalent slant range model (ESRM) can achieve an excellent
focusing effect with a low computational burden under the condition that the squint angle
is not too high [15].

The channel imbalance estimation and the spectrum reconstruction are vital to elim-
inating spectrum aliasing. In general, channel imbalances mainly include amplitude
imbalances and phase imbalances [16,17]. The amplitude imbalance can be estimated by
channel balancing technology [18]. This paper only focuses on the estimation method
of phase imbalance in the estimation of channel imbalance. Yang et al. proposed the
signal subspace comparison method (SSCM), which has high accuracy in estimating phase
imbalance but requires operations such as matrix inversion and eigenvalue decomposition
at the cost of extensive computation [19]. Liu et al. proposed the conjugation method (CM),
which can efficiently estimate the phase imbalance but is only suitable for side-looking
SAR [20]. Shang et al. proposed a novel method that simultaneously estimates the along-
track baseline, phase imbalance, and range sample time imbalance. The method is based
on the azimuth cross-correlation in the two-dimensional (2D) frequency domain [16], with
the premise of a zero Doppler centroid, which does not apply to the SMC-SAR either.
There are currently a few studies on phase imbalance estimation methods for spaceborne
SMC-SAR. The common reconstruction method is the Krieger filter bank [4,7]. However,
this method can only reconstruct the signal at the baseband and is not applicable when the
Doppler centroid exceeds the PRF. A modified reconstruction filter adapted to SMC-SAR
has been proposed in [21], where the LRCMC is performed before the reconstruction, and
the wave-number algorithm is adopted for imaging, which has limited accuracy and low
efficiency. Besides, a compressive sensing algorithm has also been applied to reconstruct
the SAR images with much less data than required. For instance, a two-dimensional
double-compressive sensing algorithm named 2-D-DCSA for SAR imaging based on the
compressive sensing theory and the CSA is proposed in [22]. The algorithm can reconstruct
images two-dimensionally with reduced data; however, due to the limitation of the CSA,
the proposed algorithm is unsuitable for very high-resolution imaging and imaging with
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a high squint angle. In [23], the MC-SAR model based on an advanced hyperbolic range
equation (AHRE) is analyzed and the modified reconstruction algorithm considering the
time-varying phase error based on AHRE is proposed. In the distributed SMC-SAR system,
the time-varying phase error must be considered while it is small and can be ignored
in a monostatic SMC-SAR system. Therefore, this algorithm is somewhat redundant for
monostatic SMC-SAR imaging. Additionally, up to now, there is still no mature imaging
scheme for the spaceborne monostatic SMC-SAR.

In this paper, a novel SMC-SAR imaging frame is proposed, which can achieve un-
ambiguous HRWS imaging. First, the Doppler centroid of each channel is compensated in
the 2D time domain so that the Doppler spectrum is symmetrical at zero. Additionally, the
phase imbalance can be estimated using the frequency correlation method (FCM). After
compensating for the phase imbalance, the data are reconstructed by the Krieger filter
bank to eliminate spectrum aliasing. Nevertheless, the original equivalent slant range
model (ESRM) will not suit the spectrum after Doppler centroid compensation. Therefore,
the ESRM is modified in this paper to adapt to the new spectrum characteristics. Addi-
tionally, the reconstructed data are imaged based on the modified ESRM (MESRM). The
effectiveness of the proposed scheme is verified by both the simulated data and the real
data acquired by Gaofen-3 (GF-3).

The rest of the paper is organized as follows: A brief analysis of the SMC-SAR signal
model is presented in Section 2; in Section 3, the proposed imaging scheme is illustrated
in detail; then the experiments based on the simulated data and the GF-3 data are demon-
strated in Section 4; moreover, Section 5 makes the discussion of the experiments and
analyzes the algorithm performance; at last, Section 6 makes the conclusions.

2. Signal Model
2.1. The Geometry Model and the Analysis of the Slant Range

The observation geometry of the spaceborne SMC-SAR is briefly illustrated in Fig-
ure 1a. It is assumed that the azimuth antenna, whose length is Da, is evenly divided
into M channels, and the distance between adjacent channels is d. The X-axis represents
the azimuth that the SAR platform moves along at the velocity of Vs and the azimuth
coordinate of the target is marked as x. The angle between the beam steering vector and
the zero-Doppler plane is called the squint angle, denoted as θsq. The Rb is the shortest
slant range between the SAR platform and the target, and the R0 is the slant range when
the beam center points to the target. To clearly analyze the slant range of each channel
echo, the 2D geometry of the azimuth-range plane between the point target and the SAR
platform is depicted in Figure 1b. In the signal model, the azimuth time is represented by η,
and the range time is represented by τ. Moreover, the Rt(η) denotes the slant range history
of the transmitted signal and Rmr(η) is the slant range history of the received signal of the
m-th channel. Taking the transmitting channel as the reference channel, the distance from
the m-th channel to the reference channel is denoted as ∆dm.

According to the above model, the slant range of the transmitted signal Rt(η) can be
expressed as follows [13]:

Rt(η) =
√

R2
0 + (Vsη − x)2−2(Vsη − x)R0sin θsq

= R0 − (Vsη − x)sin θsq +
cos2 θsq

2R0
(Vsη − x)2

+
sin θsq cos2 θsq

2R2
0

(Vsη − x)3+ . . .

(1)
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Figure 1. The model of the spaceborne SMC-SAR. (a) The observation geometry model of the SMC-
SAR; (b) The 2D geometry of the azimuth-range plane model of the SMC-SAR. 
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+
Δdm
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� − x� sinθsq+
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2R0
�Vs �η−

Δdm

2Vs
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2

+
cos2θsqΔdm

2

8R0
+… 

≈ Rt �η−
Δdm

2Vs
� +
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2

8R0
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Figure 1. The model of the spaceborne SMC-SAR. (a) The observation geometry model of the
SMC-SAR; (b) The 2D geometry of the azimuth-range plane model of the SMC-SAR.

Additionally, the second row of the above formula is the Taylor series expansion of
the slant range. Similarly, the slant range history of the received echo from the target to the
m-th channel Rmr(η) can be calculated as follows:

Rmr(η) =
√

R2
0 + (Vsη − x− ∆dm)

2 − 2(Vsη − x− ∆dm)R0sin θsq

= R0 − (Vsη − x− ∆dm)sin θsq +
cos2 θsq

2R0
(Vsη − x− ∆dm)

2

+
sin θsq cos2 θsq

2R2
0

(Vsη − x− ∆dm)
3+ . . . ,

m = 1, 2, · · · M

(2)

Therefore, the equivalent slant range of the m-th channel echo Rm(η) can be expressed
as follows:

Rm(η) =
Rt(η)+Rmr(η)

2

= R0 −
(

Vsη − x− ∆dm
2

)
sin θsq +

cos2 θsq
2R0

[(
Vsη − x− ∆dm

2

)2
+ ∆d2

m
4

]
+ . . .

= R0 −
[
Vs

(
η − ∆dm

2Vs

)
− x
]
sin θsq +

cos2 θsq
2R0

[
Vs

(
η − ∆dm

2Vs

)
− x
]2

+
cos2 θsq∆d2

m
8R0

+ . . .

≈ Rt

(
η − ∆dm

2Vs

)
+

cos2 θsq∆d2
m

8R0
+ . . .

(3)

In the spaceborne monostatic MC-SAR system, the ∆dm is much smaller than R0, so
the last term can be ignored.

2.2. The Signal Model of the SMC-SAR

According to the model described above, the echo of the m-th channel sm(τ, η) can be
written as follows [24]:
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sm(τ, η)= exp
[

jπKr

(
τ − 2Rm(η)

c

)2
]

exp
[
−j 4π

λ Rm(η)
]

≈ exp

jπKr

(
τ −

2Rt

(
η− ∆dm

2Vs

)
c

)2
 exp

[
−j 4π

λ Rt

(
η − ∆dm

2Vs

)]
= s1

(
τ, η − ∆dm

2Vs

)
= s1(τ, η − ∆ηm)

(4)

where the s1(τ, η) is the echo of the reference channel, c is the light speed, and λ is the
wavelength of the radar signal. Additionally, the time delay in azimuth from the m-th
channel to the reference channel can be denoted as ∆ηm= ∆dm/2Vs. It can be seen that the
sm(τ, η) can be regarded as the s1(τ, η) with a specific time shift, that is, the received data
of the m-th channel can be converted into the equivalent self-transmitting and self-receiving
data at the effective phase center (EPC), and the distance from the m-th EPC to the reference
channel is ∆dm/2. When the PRF = 2Vs/Da, that is, the DPCA condition [5], the data of M
channels can be regarded as the uniformly sampled single-channel data with the sampling
rate of M · PRF. However, due to the various factors to be considered in the design, the
DPCA condition is hard to meet in the HRWS SAR system. Thus, signal reconstruction is
essential to eliminate the Doppler aliasing.

The above analysis neglects the channel imbalances, but in the HRWS SAR system,
the channel imbalances, such as the amplitude imbalance, the phase imbalance, etc., are
inevitable and negatively impact the reconstruction filter’s effect. Since the amplitude
imbalance can be estimated by the channel balancing technology, only the phase imbalance
φm will be considered in the following analysis. Then, Equation (4) can be written as
follows:

sm(τ, η)= s1(τ, η − ∆ηm) exp{jφm}, m = 1, 2, · · · M (5)

Additionally, converting the above formula to the range-Doppler domain, it can be
expressed as follows:

Sm

(
τ, f η

)
= S1

(
τ, f η

)
exp

{
j2πf η∆ηm

}
exp{jφm}, m = 1, 2, · · · M (6)

Moreover, the Doppler centroid and the Doppler rate of the echo can be calculated
as follows:

fdc = −
2
λ

∂Rm(η)

∂η

∣∣∣∣η=ηc+∆ηm
=

2Vssinθsq

λ
(7)

Ka = −
2
λ

∂2Rm(η)

∂η2 |η = ηc + ∆ηm
= −

2V2
s cos2 θsq

λR0
(8)

where the ηc= x/Vs is the beam center crossing moment. Obviously, both fdc and Ka are
related to the squint angle. And according to the principle of stationary phase (POSP), the
2D spectrum of the signal of the m-th channel can be written as follows:

Sm

(
fτ , f η

)
= exp

(
−jπ

fτ
Kr

)
exp

(
−j2πf η(ηc+∆ηm)

)
exp

−j4πRb

√(
f c+f τ

c

)2
−
(

fη
2Vs

)2
 exp{jφm} (9)

where fτ , f η , f c stand for the range frequency, the azimuth frequency, and the carrier
frequency, respectively. The coupling of azimuth and range is reflected in the third
phase term.

To widen the swath, a low PRF is adopted in the HRWS SAR system, which can elimi-
nate the range ambiguity at the expense of the azimuth Doppler ambiguity. Additionally,
the main Doppler ambiguity number is N, N = 2I + 1. Thus, the echo of the m-th channel
in the 2D frequency domain can be expressed as follows:



Remote Sens. 2022, 14, 3962 6 of 21

Sm

(
fτ , f η

)
=

I

∑
i=−I

S1

(
fτ , f η+i · PRF

)
exp

(
−j2π∆ηm

(
fη+i · PRF

))
exp{jφm} (10)

The above analysis shows that there is azimuth ambiguity, phase imbalance, and
spectrum coupling in the SMC-SAR, which must be addressed to achieve HRWS imaging.
In the next section, the methods to solve these issues will be described in detail.

3. Methods

The processing scheme of the SMC-SAR will be depicted in this section. Firstly, the data
of each channel are multiplied by the spectrum shift function to compensate for the Doppler
centroid. After that, the FCM can be used to estimate and compensate for the phase imbalance
since the Doppler spectrum is symmetric at zero. The above two steps are collectively referred
to as preprocessing. Then, the data of the M channels are reconstructed by the filter bank
to eliminate the spectrum aliasing. Finally, the imaging algorithm based on the MESRM is
proposed according to the spectrum characteristics after Doppler centroid compensation.

3.1. Preprocessing
3.1.1. Doppler Centroid Compensation

In the spaceborne SAR system, the satellite attitude is relatively stable since there
is no effect on the airflow. Therefore, the Doppler centroid can be calculated according
to Equation (7) when the squint angle is known. Since the FCM can only estimate the
phase imbalance around the zero frequency, and most of the existing reconstruction filters
are based on the zero Doppler centroid, to facilitate subsequent processing, the Doppler
centroid needs to be compensated to zero. Additionally, according to the properties of
the Fourier transform, the linear phase multiplication in the time domain is equivalent
to spectrum shifting in the frequency domain. At the same time, in the MC-SAR, the
time delay between different channels also needs to be considered. Thus, the Doppler
compensation function of the m-th channel in the time domain, represented by H1, m can be
written as follows:

H1, m = exp
(
−j2πf dc(η + ∆ηm)

)
(11)

After the signal sm(τ, η) is multiplied with the Doppler centroid compensation func-
tion H1, m, it is transformed to the Doppler domain through the azimuth fast Fourier
transform (FFT), which is equivalent to shifting the Doppler spectrum to be symmetrical at
zero, as shown in the following:

FFTAZ{s m(τ, η) ·H1,m} = Sm

(
τ, f η+f dc

)
, (12)

where the FFTAZ{·} stands for the azimuth FFT and the Sm

(
τ, f η+f dc

)
is the signal of

the m-th channel in the range-Doppler domain after Doppler centroid compensation. In
practice, the digital sampling of the signal will lead to the spectrum extending with the
period of sampling frequency. The azimuth signal of SAR can be regarded as the signal
sampled by the PRF, and the Doppler spectrum obtained by the azimuth FFT is the Doppler
spectrum extended to [−PRF/2, PRF/2]. Figure 2 shows the Doppler spectrum before
and after the Doppler centroid compensation. For simplicity, the spectrum aliasing due to
under-sampling is ignored.
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3.1.2. Phase Imbalance Estimation

In the operational MC-SAR system, it is difficult for each receiving channel to be
entirely consistent, so there will be a phase imbalance between the channels, which will
negatively affect the performance of the reconstruction filter. Therefore, the phase imbal-
ance must be compensated for before the reconstruction. According to Equation (6), the
interference phase between the m-th channel and the reference channel can be expressed
as follows:

angle
{

Sm

(
τ, f η

)
· S∗1
(

τ, f η

)}
= 2πf η∆ηm + φm, (13)

where the angle{·} indicates the phase of a complex value and {·}∗ indicates the conjugate
operation. It can be seen that the phase imbalance φm can be estimated by correlating the
data of the m-th channel with the data of the reference channel, which is called the FCM.
In practice, in order to reduce the influence of the 2πf η∆ηm, the samples near the azimuth
zero frequency and symmetrical about the azimuth zero frequency should be selected to
estimate the φm.

Figure 2a shows that the original Doppler spectrum is not symmetrical at zero in
the SMC-SAR. In this case, the phase imbalance estimation result φm will be affected by
2πf η∆ηm , leading to inaccurate estimation results. Additionally, the Doppler centroid
compensation makes the spectrum symmetrical at zero, as shown in Figure 2b, so the
samples in the middle of the Doppler spectrum can be taken to estimate the phase imbalance.
Thus, only after the Doppler centroid compensation can the phase imbalance be accurately
estimated by the FCM [16] as follows:

φm= angle
{

E
{

Sm

(
τ, f η

)
· S∗1
(

τ, f η

)}
|fη∈[−σ,σ]

}
, (14)

where the E{·} is the statical average and the value of σ should be around zero. Figure 3
shows the phase imbalance estimation results of the simulated dual-channel squint SAR,
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Figure 3. The phase imbalance estimation results by FCM before and after the Doppler centroid
compensation, where the green line represents the actual phase imbalance, the blue line represents
the interference phase between S1 and S2 calculated by Equation (13), and the purple line represents
the estimation result of φ2 by Equation (14). (a) The estimation results before the Doppler centroid
compensation; (b) The estimation results after the Doppler centroid compensation.

where Channel 1 is the reference channel, and Channel 2 is introduced into a 10-degree
phase imbalance artificially. Figure 3a is the result without Doppler centroid compensation,
while Figure 3b is the result after Doppler centroid compensation. It can be seen that the
estimated result before compensation deviates far from the actual phase imbalance, which
verifies the previous analysis.

3.2. Reconstruction

To suppress azimuth ambiguity caused by non-uniformly sampling, the reconstruction
of the Doppler spectrum is indispensable in the MC-SAR. There are many reconstruction
algorithms, and the Krieger reconstruction filter [5] is adopted in this paper. In the MC-
SAR, the transfer function of M channels in the range-Doppler domain can be expressed
as follows: 

H1
(
fη
)
= 1

H2
(
fη
)
= exp

(
j2πf η∆η2

)
...

HM
(
fη
)
= exp

(
j2πf η∆ηM

) , fη ∈
[
−M · PRF

2
,

M · PRF
2

)
(15)

Let fη ∈
[
−M·PRF

2 , −
(

M
2 − 1

)
· PRF

)
and hij

(
fη
)
= H j

[
fη + (i− 1) · PRF

]
, then Equa-

tion (15) can be written as follows:

H
(
fη
)
=

 h11
(
fη
)

...
hM1

(
fη
)
· · ·
. . .
· · ·

h1M
(
fη
)

...
hMM

(
fη
)
 =


1
...
1

· · ·
. . .
· · ·

exp
(

j2πf η∆ηM

)
...

exp
(
j2π
(
fη + (M− 1) · PRF

)
∆ηM

)
 (16)

Then, according to the literature [5], the reconstruction filter can be expressed
as follows:

P
(
fη
)
= H−1(fη) =

 P11
(
fη
)

...
PM1

(
fη
)
· · ·
. . .
· · ·

P1M
(
fη
)

...
PMM

(
fη
)
 (17)
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Based on the reconstruction filter matrix, the reconstruction filter of the m-th channel
can be decomposed as follows:

Pm
(
fη
)
=
[
Pm1

(
fη
)

Pm2
(
fη
)
· · · PmM

(
fη
)]

(18)

In the specific implementation, the data received by M channels need zero padding
to M ·N first, where N is each channel’s data length; then, the azimuth FFT is performed.
At this point, the spectrum of each channel is periodically expanded by M times. Based
on Equations (17) and (18), each channel filter is obtained, and the signal of each channel
passes through its corresponding filter after spectrum expansion, and the Doppler spectrum
can be reconstructed without ambiguity after adding. The complete reconstruction process
is shown in Figure 4.
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When the Doppler centroid exceeds PRF, the Krieger filter cannot reconstruct the
Doppler spectrum unambiguously. Nevertheless, in the scheme proposed in this paper, the
Doppler centroid has been compensated to zero before the phase imbalance estimation, as
depicted in Section 3.1.1, so the data of the SMC-SAR can be reconstructed unambiguously
using the Krieger filter.

3.3. Imaging Based on the MESRM

After reconstruction, the spectrum aliasing is eliminated, and the data of M channels
can be regarded as single-channel data whose pulse repetition frequency is M · PRF. At
this time, the signal in the range-Doppler domain can be expressed as follows [25]:

S
(

τ, f η

)
= exp

(
−j

4πR0cos θsq

λ
D
)

exp

{
jπKm

(
fη ; R0

)(
τ −

2R0cos θsq

c ·D

)2
}

exp
(
−j

2πR0sin θsq

Vs
fη

)
(19)

where the range migration parameter D =

√
1−

(
cf η

2Vsf0

)2
. Additionally, affected by the

squint angle, the original range frequency rate Kr becomes Km
(
fη ; R0

)
= Kr

1−αKr
, where

α =
R0cos θsqλf 2

η

2V 2
s f 2

0 D3 .

Based on the above model, the chirp scaling function can be written as follows:

Φ1

(
τ, f η ; Rref

)
= exp

{
jπKm

(
fη ; Rref

)
Cs
(
fη
)[

τ − τref
(
fη
)]2
}

, (20)

where the scaling factor is the following:

Cs
(
fη
)
=

cos θsq√
1−

(
λf η/2Vs

)2
− 1. (21)

Additionally, the reference delay is as follows:

τref
(
fη
)
=

2Rref
[
1 + Cs

(
fη
)]

c
(22)
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After scaling, the signal is converted to the 2D frequency domain by range FFT, then
the range cell migration correction and range compression can be realized by multiplying
by the following range compensation factor Φ2

(
fr, f η ; Rref

)
:

Φ2

(
fr, fη ; Rref

)
= exp

{
j
4π

c
frRref Cs

(
fη
)}

exp

−j
πf 2

r

Km

(
fη ; Rref

)[
1 + Cs

(
fη
)]
 exp

{
j
πλ cos θsqRref f 2

η f 3
r

2f 3
0 D5

}
. (23)

After multiplying by Φ2, the range IFFT is performed on the signal. At this time, the
range processing is completed, and then the azimuth compression and phase compensation
are achieved by multiplying by Φ3

(
τ, f η

)
.

Φ3

(
τ, f η

)
= exp

{
−j

4π

λ

[
1− cos θsq

√
1−

(
λf η/2Vs

)2
]}

exp
(

j
2πR0sin θsq

Vs
fη

)
exp{−jθ1}, (24)

where the θ1 is the residual phase introduced by chirp scaling as follows:

θ1= 4πKm

Cs
(
fη
)(

1 + Cs
(
fη
))(

R0 − Rref

)2

c2 . (25)

The Doppler centroid compensation is performed in the preprocessing, which is
equivalent to moving the spectrum to be symmetrical at zero frequency. However, the
range cell migration still corresponds to the original frequency, as demonstrated in Figure 5.
So, in the imaging scheme proposed in this paper, the azimuth frequency axis should be set
as follows:

fη ∈
[
−M · PRF

2
+f dc,

M · PRF
2

+f dc

]
. (26)
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It is known that the azimuth frequency axis in the imaging algorithm must correspond
to the Doppler spectrum. In ESRM and MESRM, although the range of the azimuth frequen-
cies is the same, the setting of the azimuth frequency axis of the ESRM must consider the
fractional PRF part of the Doppler centroid since the spectrum is not symmetrical at zero
while the azimuth frequency axis of the MESRM can be directly set to be symmetric at fdc.
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The SMC-SAR imaging scheme proposed in this paper is illustrated above. Addition-
ally, the overall imaging flow is shown in Figure 6.
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4. Experiment Results

In this section, the squint dual-channel SAR (SDC-SAR) echo data are simulated first.
Then the simulated data are used to verify the following imaging scheme proposed in this
paper: one-dimensional (1D) simulation to verify the reconstruction and 2D simulation to
verify the point target focusing effect. Eventually, the real data of GF-3 in SDC mode are
adopted to verify the proposed scheme.

4.1. Simulation Results
4.1.1. 1D Simulation

The specific parameters of the simulation experiment are shown in Table 1. To verify
the effectiveness of preprocessing and reconstruction, the 1D simulation of the SDC-SAR
signal is conducted first, only considering the azimuth signal. Additionally, a 10-degree
phase imbalance is introduced in the simulation.
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Table 1. The description of the simulation parameters.

Parameters Symbol Value

Carrier Frequency f0 5.4 (GHz)
Azimuth Antenna Length Da 7.5 (m)

Bandwidth Bw 100 (MHz)
Pulse Width Tp 54 (us)
Sample Rate Fs 133.3 (MHz)

Azimuth Channel Number AzChanNum 2
SAR Velocity Vs 7531 (m/s)

Pulse Repetition Frequency PRF 2410 (Hz)
Beam Width θsyn 0.4241 (deg)
SAR Height H 785.05 (km)

Squint Angle θsq 20 (deg)
Main Doppler Ambiguity N 38

Doppler Centroid fdc 92,800 (Hz)

If the azimuth signal is not preprocessed and reconstructed, the result after azimuth
compression is shown in Figure 7a,b. It can be seen that the spectrum aliasing is severe,
the main target position is shifted from the real position, whose coordinates should have
been zero, and there are also obvious false targets. Then Figure 7c,d show the results of
SDC-SAR after phase imbalance compensation and reconstruction using the traditional
method without Doppler centroid compensation. It is apparent that there is still spectrum
aliasing and false targets after reconstruction. Without Doppler centroid compensation,
the phase imbalance obtained by traditional FCM is 412.48 degrees, whereas the estimated
result by the FCM after the Doppler centroid compensation is 10.06 degrees. If the data
have been compensated for the Doppler centroid and reconstructed but without phase
imbalance compensation, the results are as shown in Figure 7e,f. The reconstruction after
Doppler centroid compensation can make the main target return to the real position, but
the false target cannot be totally suppressed due to the phase error. Additionally, it can be
seen from Figure 7g,h that only after complete preprocessing and reconstruction can the
spectrum aliasing be eliminated and the false targets be suppressed entirely.
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Figure 7. The result of 1D simulation. (a) The spectrum of SMC-SAR data that are alternatively
spliced without any preprocessing or reconstruction; (c) The spectrum of SMC-SAR data without
Doppler centroid compensation but after phase imbalance compensation and reconstruction. (e) The
spectrum of SMC-SAR signal without phase imbalance compensation but after the Doppler centroid
compensation and reconstruction; (g) The spectrum of SMC-SAR signal after preprocessing and
reconstruction. (b,d,f,h) correspond to the azimuth compression result of (a,c,e,g), respectively.
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4.1.2. 2D Simulation

The 1D simulation experiments in the previous section have verified the effectiveness
of the proposed algorithm in preprocessing and reconstruction. This section continues to
demonstrate the 2D focusing effect of the proposed algorithm. The echo data of nine-point
targets are simulated using the parameters in Table 1. Additionally, the distribution of the
nine-point targets is shown in Figure 8a. After the simulated data are preprocessed and
reconstructed, imaging is performed based on the ESRM and the MESRM, respectively,
and the results are shown in Figure 8b,c. For clarity, the blue rectangle area in Figure 8c
is enlarged in Figure 8d. As can be seen from Figure 8b, the point targets imaged based
on the ESRM are offset from the true position and defocused, and there are apparent false
targets. Additionally, there is no azimuth ambiguity in the imaging result based on the
MESRM, as shown in Figure 8c. It can also be seen from Figure 8d that the point targets are
well focused. A detailed point-target imaging quality analysis will be performed below.
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Figure 8. The simulation results imaging based on the ESRM and the MERM. (a) The position of the
simulated point targets; (b) The imaging results based on the ESRM; (c) The imaging result based on
the MESRM; (d) The enlarged view of the blue rectangle in the (c).

The dual-channel SAR echo data at the squint angles of 0, 10, and 20 degrees are
simulated, respectively, and the data are processed according to the flow shown in Figure 6.
The imaging results are shown in Figure 9. The focusing effects in azimuth and range



Remote Sens. 2022, 14, 3962 15 of 21

directions of these point targets are analyzed. Additionally, the results are shown in Table 2,
where ρr and ρa represent the theoretical range resolution and the theoretical azimuth
resolution, respectively, and the ρ′r and ρ′a are the actual range resolution and azimuth
resolution, respectively, and the PSLR and ISLR denote the peak side-lobe ratio and the
integrated side-lobe ratio, respectively.
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Figure 9. The 2D simulation results. (a,d,g) are the results with the squint angle of 0, 10, and
20 degrees, respectively; (b,e,h) correspond to the range profiles of (a,d,g), respectively, while
(c,f,i) correspond to the azimuth profiles.

Table 2. The analysis of the point target imaging quality.

Squint Angle
(degree)

Range Azimuth

ρr (m) ρ
′
r (m) PSLR (dB) ISLR (dB) ρa (m) ρ

′
a (m) PSLR (dB) ISLR (dB)

0 1.328 1.336 −13.256 −10.069 3.322 3.320 −13.267 −10.407
10 1.328 1.336 −13.202 −9.998 3.426 3.418 −13.265 −10.480
20 1.328 1.336 −12.282 −9.237 3.763 3.760 −13.264 −10.555
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It can be seen from the analysis that the proposed algorithm can achieve the theoretical
resolution in both azimuth and range directions. With the increase in the squint angle, the
azimuth focusing quality is not degraded. However, the range focusing quality decreases,
which is manifested by the rise of the side lobe peak and the reduction of main lobe
energy. The reason for the deterioration in the range is that the coupling between azimuth
and range is enhanced with the increase in the squint angle, and the phase terms higher
than third-order are not considered during imaging. Therefore, the focusing effect of the
range has deteriorated. However, in the existing spaceborne SMC-SAR system, the squint
angle has not exceeded 10 degrees yet, so the scheme proposed in this paper can meet the
application requirements.

4.2. GF-3 SDC Mode Data

In this section, the real data of GF-3 in SDC mode are adopted to validate the proposed
SMC-SAR imaging scheme. The GF-3 experimented with the dual-channel spotlight mode
on 20 June 2019, with an orbit ID of 15062. Before the scanning of the azimuth antenna, it
obtained the data for 3.49 s at the 1.89-degree squint angle, that is, the data processed in this
paper. It is known that the PRF of the data is 1948.045 Hz, and the carrier frequency and the
equivalent flight velocity of the SAR platform are the same as those in Table 1. Therefore,
the Doppler centroid of the data can be calculated according to Equation (7) as 8444.2 Hz.

The original azimuth spectrums of the data from the two channels are shown in
Figure 10a. Obviously, the azimuth spectrums are not symmetrical at zero due to the
squint angle, and there is an amplitude imbalance between the two channels. After the
Doppler centroid compensation, the azimuth spectrum can be symmetrical, as shown in
Figure 10b. Additionally, the interferometric phase imbalance versus frequency obtained
by the FCM is shown in Figure 10c. Besides, the valid samples used to estimate the phase
imbalance and the estimation results are also marked in Figure 10c. After the preprocessing
and reconstruction, the azimuth spectrum of the data is shown in Figure 10d. It can be
seen that after the Doppler centroid compensation, phase imbalance compensation, and
reconstruction, the azimuth spectrum has no aliasing and is symmetrical at about zero.
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Figure 10. The azimuth spectrum analysis of the GF-3 data. (a) The original azimuth spectrums of
the GF-3 data, where the blue line and red line correspond to the first channel and second channel,
respectively. (b) The azimuth spectrum after the Doppler centroid compensation. (c) The phase
versus azimuth frequency and the estimation result of phase imbalance by FCM. (d) The azimuth
spectrum of the GF-3 data after preprocessing and reconstruction.

If the GF-3 echo data is reconstructed by the traditional Krieger filter and then im-
aged based on ESRM without Doppler centroid compensation, the result is as shown
in Figure 11a, where there is apparent ambiguity and defocus in azimuth. Additionally,
the imaging result based on ESRM after preprocessing and reconstruction is shown in
Figure 11b. Compared with Figure 11a, the image quality of Figure 11b has been dramat-
ically improved, but some azimuth ambiguity still has not been completely suppressed,
such as the parts marked by the yellow boxes. Figure 11c is the imaging result processed
according to the scheme proposed in this paper. It can be seen that the azimuth ambiguity
in the yellow boxes has been significantly suppressed.
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Figure 11. The imaging results of GF-3 data in SDC mode. (a) is the imaging result based on ESRM
without Doppler centroid compensation; (b) is the imaging result based on ESRM after preprocessing
and reconstruction; (c) The imaging result using the scheme proposed in this paper.

To show the focusing effect of the image more clearly, the enlarged views of Area 1 and
Area 2 marked by the red boxes in Figure 11 are shown in Figure 12a,b. It can be seen that
the point targets in Figure 12a are defocused while the point-target resolution in Figure 12b
is well focused. Additionally, the specific quantitative analysis will be discussed in Section 5.
When comparing the two figures, it is evident that the imaging scheme proposed in this
paper can achieve a better azimuth focusing effect.

In conclusion, both the simulation experiments and the imaging results of GF-3 data
have proved that the imaging scheme proposed in this paper can achieve unambitious
imaging of the SMC-SAR.
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5. Discussion

The method proposed by this paper has been confirmed by processing the simulation
and real data in Section 4. From the visual effect, it can be seen that the method proposed in
this paper can significantly improve imaging quality. In order to better reflect the novelty
of the method, the results of Figures 8 and 12 are quantitatively analyzed in Table 3, which
compares the experiment results of the method based on the MESRM proposed in this
paper with the traditional method based on the ESRM.

Table 3. The statistical analysis of the imaging quality.

Algorithm
2D Simulation in Figure 8 GF-3 Real Data in Figure 12

Main Target (dB) False Target (dB) AASR (dB) SNR (dB) Entropy

ESRM 65.133 55.291 9.842 18.377 2.683
MESRM 89.066 0 89.066 21.291 2.056

First, the main target and false target amplitudes in Figure 8b,d are analyzed. The
maximum amplitude of the main target in Figure 8b based on the ESRM is 65.133 dB, whereas
in Figure 8d based on the MESRM it is 89.066 dB. The maximum amplitude of the false
target in Figure 8b is 55.291 dB, and there is no false target in Figure 8d. Thus, the azimuth
ambiguity-to-signal ratios (AASR) of the two figures are 9.842 dB and 89.066 dB, respectively.
The method based on the MESRM can better suppress false targets in the SMC-SAR. Then the
azimuth focusing effect of Figure 12a,b is discussed. The following two metrics are adopted to
measure the focusing effect: signal-to-noise ratio (SNR) and entropy. The higher the SNR and
the lower the entropy, the better the image is focused. As can be seen from Table 3, the method
based on the MESRM is able to achieve lower entropy and higher SNR, so the focusing effect
is better.

Through analysis, it can be known that compared with the traditional method based
on ESRM, the method in this paper can not only better suppress false targets but also
achieve better focusing, which can be proved by both quantitative analysis and visual effects.
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However, since the imaging algorithm does not consider the phase term above the third order,
the imaging quality in the range direction decreases with the increase in the squint angle.
As shown in Figure 13, when the squint angle is 35 degrees, although there is no apparent
change in the azimuth profile, the PSLR in the range direction deteriorates to −7.417 dB
and ISLR is only −5.375 dB, which means the defocus in the range direction. Therefore, the
imaging algorithm of SMC-SAR with the high squint angle still needs to be improved.
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Figure 13. The 2D simulation results with the squint angle of 35 degrees. (a) is the 2D contour of the
point target; (b) is the range profile and (c) is the azimuth profile.

6. Conclusions

A novel overall imaging scheme for the SMC-SAR has been proposed in this paper,
and the specific methods have been illustrated in detail in Section 3, which includes the
following three parts: preprocessing, reconstruction, and imaging based on the MESRM.
The preprocessing part first performs Doppler centroid compensation on the echo to avoid
the influence of the Doppler centroid on the phase imbalance estimation and reconstruction.
The phase imbalance is estimated by FCM. Furthermore, the Krieger filters are utilized to
reconstruct the data to remove the Doppler spectrum aliasing caused by the non-uniform
sampling. Since the Doppler centroid compensation causes the entire spectrum to shift,
the azimuth frequency axis setting of the traditional imaging algorithm based on the
ESRM should also be modified, which is analyzed in Section 3.3. Then an algorithm
based on the MESRM is proposed to image the reconstructed data. Finally, in Section 4,
both the simulated data and the real data of GF-3 in SDC mode are adopted to verify
the effectiveness of the proposed algorithm. The scheme proposed in this paper has the
advantages of simplicity and high efficiency and has been verified by the real data acquired
by GF-3. However, since the coupling phase term above third-order is not considered, the
method in this paper cannot achieve an ideal range, focusing on the case of a high squint
angle. In the future, we will study the imaging algorithm of the SMC-SAR with the higher
squint angle to realize the stitching of images under different angles of view and further
obtain the image with a broader swath.
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