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Abstract: High-resolution wide-swath (HRWS) synthetic aperture radar (SAR) plays an important
role in remote sensing observation. However, the motion errors caused by the carrier platform’s
instability severely degrade the performance of the HRWS SAR imaging. Conventional motion errors
compensation methods have two drawbacks, i.e., (1) ignoring the spatial variation of the phase
errors of pixels along the range direction of the scene, which leads to lower compensation accuracy,
and (2) performing compensation after echo reconstruction, which fails to consider the difference in
motion errors between channels, resulting in poor imaging performance in the azimuth direction. In
this paper, to overcome these two drawbacks, a high-precision motion errors compensation method
based on sub-image reconstruction (SI-MEC) for high-precision HRWS SAR imaging is proposed.
The proposed method consists of three steps. Firstly, the motion errors of the platform are estimated
by maximizing the intensity of strong points in multiple regions. Secondly, combined with the multi-
channel geometry, the equivalent phase centers (EPCs) used for sub-images imaging are corrected and
the sub-images imaging is performed before reconstruction. Thirdly, the reconstruction is performed
by using the sub-images. The proposed method has two advantages, i.e., (1) compensating for the
spatially varying phase errors in the range direction, by correcting EPCs, to improve the imaging
quality, and (2) compensating for the motion errors of each channel in sub-image imaging before
reconstruction, to enhance the imaging quality in the azimuth direction. Moreover, the experimental
results are provided to demonstrate that the proposed method outperforms PGA and BP-FMSA.

Keywords: high resolution and wide swath (HRWS); motion errors compensation (MEC); equivalent
phase centers (EPCs); sub-image reconstruction

1. Introduction

High-resolution wide swath (HRWS) synthetic aperture radar (SAR) can not only
perform day-and-night and weather-independent earth observations but also obtain high-
resolution and wide-swath microwave images [1–4]. High resolution allows for more richly
detailed information of the image, which is more conducive to tasks such as polarimetric
SAR environmental monitoring [5–7] and target detection [8]. It is widely used in the mili-
tary and civilian fields. The traditional SAS system contains a single channel, which cannot
be used to achieve HRWS imaging, because the low pulse repetition frequency (PRF) of the
SAR system is required to obtain a wide swath image, which conflicts with the high RPF
that is required to avoid the azimuth Doppler ambiguity. The azimuth multichannel SAR
system design is considered to be a promising technique to solve this problem [9–11], and
many reconstruction algorithms have been proposed to reconstruct the multichannel SAR
echo for unambiguous imaging [12–15]. In recent years, various airborne and hypersonic
vehicle-borne multichannel SARs [16,17] have been extensively studied. However, due
to the effect of the SAR platform vibration and the atmospheric turbulence [18,19], the
motion trajectory of the platform deviates from the desired values, resulting in motion
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errors. Because SAR forms a large aperture in the azimuth direction through motion and
achieves azimuth compression by coherent summation of echoes at each pulse repetition
time [20], high-precision imaging is related to the motion trajectory. These motion errors
severely degrade the image quality, and the motion errors compensation (MEC) must be
considered in the imaging process.

A common MEC method is to use the antenna attitude information obtained by the
inertial measurement unit (IMU) for motion compensation [21]. However, the measurement
accuracy of the IMU is still unable to meet the demand for high-precision motion com-
pensation [22]. Another extensively studied MEC method is autofocus algorithms [22–26]
that use the echo data for motion error estimation. Phase gradient autofocus (PGA) is a
widely used nonparametric autofocus algorithm that can perform phase correction for
SAR images [27]. In addition, various autofocus methods based on different optimization
criteria have also been developed [22,24–26]. In [24], an autofocus method based on image
sharpness metric was presented, which is compatible with the backprojection algorithm
supporting the flexible collection and imaging geometries. However, as this algorithm
needs to compute and store the per-pulse backprojected values for all pixels, it suffers from
a heavy computation burden. To improve imaging efficiency and quality, some improved
autofocus algorithms [26,28] have been proposed. However, these autofocus methods
have two drawbacks. They mainly rely on phase errors estimation, while assuming the
same phase errors for all pixels of the SAR image. This ignores the spatial variation of
the phase errors of pixels along the range direction of the scene, reducing compensation
accuracy and image quality. Since HRWS SAR images have a large width in the range
direction, this phenomenon is particularly obvious. Moreover, as these autofocus methods
are designed for single-channel SAR, they perform compensation after echo reconstruction
treating the multichannel reconstructed echo as a single-channel echo [16]. This ignores the
difference in motion errors between channels, resulting in poor imaging performance in
the azimuth direction.

To overcome the abovementioned two drawbacks of the existing SAR motion errors
compensation methods, a high-precision motion errors compensation method based on
sub-image reconstruction (SI-MEC) for HRWS SAR imaging is proposed. The proposed
method consists of three steps. Firstly, coarse imaging with motion errors is performed and
strong points in partial regions of the coarse imaging result are selected. The motion errors
of the platform are estimated by maximizing the intensity of the strong points. Secondly,
according to the estimated platform motion errors and the multichannel geometry, the
EPCs used for sub-image imaging are corrected and the sub-images imaging is performed
before reconstruction. Thirdly, the reconstruction is performed by using the sub-images.

The main contributions of this paper are as follows:

1. The proposed method can compensate for the spatially varying phase errors in the
range direction by estimating and correcting EPCs. It increases the accuracy of
compensating for phase errors for each pixel and improves imaging quality.

2. The proposed algorithm compensates for the motion errors of each channel before
reconstruction, improving the imaging quality in the azimuth direction. Moreover,
this compensation is implemented when calculating the distance history during sub-
images imaging without additional calculation of the compensation phase for each
pixel, which simplifies the processing.

The remainder of this paper is organized as follows. Section 2 presents the signal
model of HRWS SAR with motion errors and analyzes the problem of the conventional
motion errors compensation method. In Section 3, a high-precision motion compensation
method based on sub-image reconstruction for HRWS SAR is proposed. Experimental
results are given in Section 4. Section 5 concludes this paper.
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2. Signal Model and Problem Analysis

In this section, we first introduce the signal model of HRWS SAR with motion errors.
Then, we analyze the problems of conventional motion errors compensation methods
applied to HRWS SAR.

2.1. Signal Model of HRWS SAR with Motion Errors

The geometric relation of multichannel HRWS SAR system with motion errors is
illustrated in Figure 1. The y-axis denotes the platform movement direction, and its velocity
is v. PT1, PT2, and PT3 represent targets at different positions in the observation scene. The
system shown in Figure 1 has four channels, in which Tx is used as a transmitter, and Rx1,
Rx2, Rx3, and Rx4 are used as receivers to simultaneously receive echoes in each pulse
repetition period. According to the principle of the equivalent phase center [9], the EPCs
are located in the middle of the transmitter and receivers, which are shown as dots in
Figure 1. The dashed line indicates the platform trajectory without motion errors, and the
EPCs are represented as P̃A. The solid line indicates the platform trajectory with motion
errors, and the EPCs are represented as PA.

Figure 1. The geometry of the HRWS SAR system with motion errors.

Assuming that the system transmits chirp signals, the echo is represented by s(τ, t).
For the HRWS SAR, tk,n denotes the azimuth non-uniformly sampling time of the EPC
corresponding to the n-th channel in the k-th pulse repetition period, and s(τ, tk,n) denotes
the non-uniformly sampled echo. If the non-uniformly sampled echo is used for imaging,
it will result in azimuth ambiguity, significantly degrading the image quality. To solve this
problem, the reconstruction algorithms are usually adopted to restore uniformly sampled
signals before imaging. According to the generalized sampling theorem [29], the uniformly
sampled echo signal can be restored by

s′(τ, tk′ ,n′) =
k=k′+L/2

∑
k=k′−L/2

N

∑
n=1

s(τ, tk,n)Ψkn(tk′ ,n′) (1)

where tk′ ,n′ denotes the azimuth uniformly sampling time, and Ψkn is the reconstruction
coefficient.
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Assuming that the imaging scene can be approximated by discrete pixels, the position
of each pixel can be expressed as PT(m) = [xm, ym, zm]T , m = 1, 2, · · · , M. Let P̃A(tk′ ,n′) =
[x̃k′ ,n′ , ỹk′ ,n′ , z̃k′ ,n′ ]

T denote the position of the measured EPCs of channel n at slow time
tk′ ,n′ . The backprojection (BP) algorithm is employed to process the uniformly sampled
echo signal, whose principle has been presented in the literature [30]. According to the BP
algorithm, the filtered BP component of the m-th pixel at slow time tk′ ,n′ can be expressed as

bk′n′m = s′(τ̂(tk′ ,n′ , m), tk′ ,n′) · ej2π fc τ̂(tk′ ,n′ ,m) (2)

where τ̂(tk′ ,n′ , m) is the dual echo delay from the position of the measured EPC of channel
n to the m-th pixel at slow time tk′ ,n′ . It can be expressed as

τ̂(tk′ ,n′ , m) =
2
c
|P̃A(tk′ ,n′)− PT(m)|. (3)

The filtered BP value of the m-th pixel accumulated over all slow time can be ex-
pressed as

B′m =
K

∑
k′=1

N

∑
n′=1

bk′n′m. (4)

This is the imaging result without motion errors. Unfortunately, due to the presence of
motion errors in practical applications, the non-uniformly sampled echo suffers from phase
errors, which cause the SAR image to be defocused. Assuming that the compensation
phase is denoted as φk′n′ , instead of Equation (4), the procedure of BP imaging with phase
errors compensation is written as

B′m =
K

∑
k′=1

N

∑
n′=1

bk′n′mejφk′n′ . (5)

This is the conventional motion errors compensation method.

2.2. Problem Analysis

There are two problems with the conventional motion errors compensation method
for HRWS SAR imaging.

The first problem is ignoring the spatial variation of the phase errors of pixels along the
range direction of the scene. The phase errors for the pixel caused by the platform motion
errors have the characteristic of spatial variation; that is, the phase errors for different pixels
in the observation scene are different. However, Equation (5) shows that the conventional
phase compensation method ignores the spatial variation of phase errors in the range
direction and assumes that the same compensation phase is used for all pixels in the
observation scene. Only the pixels with a small phase error change can be compensated
for. However, in the motion error compensation of HRWS SARs, the phase error of the
pixels in the observation scene vary greatly in the range direction due to the wide swath.
Hence, most of the pixels in the range direction cannot be accurately compensated for,
which results in the deterioration of the image quality.

The second problem is ignoring the difference in motion errors between channels.
From Equations (2) and (5), we can see that the conventional compensation method is
used to perform motion errors compensation on the echo after reconstruction treating
the multichannel reconstructed echo as a single-channel echo. It ignores the difference
in motion errors between channels, and the motion errors of each channel cannot be
completely compensated for. The image quality is deteriorated in the azimuth direction.

3. HRWS SAR High-Precision Motion Compensation Method

In order to solve the two problems of the conventional algorithms, we propose a
high-precision motion compensation method based on sub-image reconstruction (SI-MEC)
for HRWS SAR. The flow of the proposed method is shown in Figure 2.
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Figure 2. The flow of the HRWS SAR high-precision motion compensation method based on sub-
image reconstruction.

3.1. Motion Errors Estimation Based on the Maximum Intensity of Strong Points in Multi-Region

Since the antennas of the multichannel SAR system are fixed on the flight platform,
their relative positions are known. According to the antennas relative positional relationship
and imaging geometry of the multi-channel SAR system, the motion errors of one of
the multiple channels can be used to calculate the motion errors of the other channels.
Therefore, we can obtain the multichannel motion errors by estimating the motion errors
of one channel. This has the advantage of using data from one channel for estimation to
improve efficiency.

In fact, any one of the channels can be selected to estimate the motion error. Because
the relative position relationship of the four channels is known, the motion error of the
other channels can be calculated from the motion errors of any of the selected channels. In
this paper, since channel 1 can transmit and receive signals, the equivalent phase centers
and channel positions are coincident. For convenience, we choose channel 1 to estimate
the motion error and treat it as the motion errors of the platform. The BP value of the m-th
pixel by using channel 1 echo can be expressed as

Bm =
K

∑
k=1

s(τ̂(tk,1, m), tk,1) · ej2π fc τ̂(tk,1,m) (6)

where s(τ̂, tk,1) is the echo data of channel 1.
The influence of motion errors on the amplitude of the BP value can be ignored,

but its influence on the compensation phase calculated by the dual echo delay needs
to be considered. When there are motion errors, the accurate BP imaging result can be
expressed as

Bm =
K

∑
k=1

s(τ̂(tk,1, m), tk,1) · ej2π fc τ̃(tk,1,m) (7)

where τ̃(tk,n, m) is the dual echo delay from the EPC with motion errors of channel 1 to the
m-th pixel at slow time tk,1. It can be expressed as

τ̃(tk,1, m) =
2
c
|P̃A(tk,1) + ∆P̂A(tk)− PT(m)| (8)

where ∆P̂A(tk) = [∆x̂k, ∆ŷk, ∆ẑk]
T is the estimate of the EPC error of channel 1 and also the

motion error of the platform.
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In order to accurately estimate the motion errors, multiple strong points in two regions
were selected for the estimation. These two regions are far apart in the range direction,
which makes the difference of the phase errors corresponding to the two regions large,
i.e., the spatial variation phenomenon is obvious. In practical applications, the regions
close to the nearest and furthest boundary of the HRWS image in the range direction were
selected, which are shown in Figure 3. If all pixels in these two regions were selected
for estimation, it would suffer from a heavy computation burden. Therefore, we selected
the strong point targets in these two regions for estimation. Let {Bm; m1 < m < m2} and
{Bm; m3 < m < m4} denote the BP value of the strong targets in region 1 and region 2,
respectively.

Figure 3. The location of the selected regions for estimation.

Since the motion errors affect the image quality, we can produce an estimate of the
motion errors to maximize the image quality. Choosing an appropriate criterion to reflect
the image quality needs to be considered. Image intensity, image sharpness, and image
entropy, can be employed as evaluation criteria for SAR image quality. Because employing
image intensity as the criterion simplifies the derivation of the objective function, it is used
in this paper. The image intensity of the strong points in the two regions can be expressed as

F(∆P̂A) =
m2

∑
m=m1

|Bm|2 + α
m4

∑
m=m3

|Bm|2. (9)

Inspired by the maximum sharpness autofocus algorithm [28], we design the motion
errors estimation model based on maximizing the image intensity of multiple strong
points as

∆P̂Aopt = arg max
∆P̂A

F(∆P̂A)

= arg min
∆P̂A

{−(
m2

∑
m=m1

|Bm|2 + α
m4

∑
m=m3

|Bm|2)}
(10)

where ∆P̂Aopt is the optimal estimate of the motion errors ∆PA, and the unconstrained
optimization approach can be used to solve it. α is the weighting coefficient. When α→ 0,
this means that only region 1 is used for estimation. When α → ∞, this means that only
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region 2 is used for estimation. To effectively use the strong points in multiple regions for
estimation, the weighting coefficient needs to be adjusted so that the image intensities of
the strong points in different regions are at the same order of magnitude.

3.2. Sub-Image EPCs Correction

For the HRWS SAR imaging, the reconstruction methods are usually necessary to
reconstruct the multichannel SAR echo to obtain uniformly sampled echoes. Thus, the
selection of the reconstruction methods is very important. The sub-image reconstruction
method [12] is an excellent reconstruction method, in which the distance history of each
pixel of the sub-image can be calculated, and the sub-image imaging is performed before
the reconstruction. Due to these characteristics, this reconstruction method is used in this
paper. According to the sub-image reconstruction method, the reconstruction image can be
obtaind by weighted summation of sub-images. So we first perform sub-image imaging.
The sub-image can be expressed as

In′ ln(m) =
K− L

2 +l

∑
k=1+ L

2 +l

s(τ̂(tk,n, m), tk,n)ejωτ̂(tk′n′ ,m). (11)

Due to the influence of motion errors, the echo used in sub-image imaging contains
phase errors, which will degrade the imaging quality. According to the principle of BP, let
ϕknm denote the correction phase of the echo containing the motion errors at the azimuth
time tk,n for the m-th pixel imaging. The sub-image imaging with phase compensation can
be expressed as

In′ ln(m) =
K− L

2 +l

∑
k=1+ L

2 +l

s(τ̂(tk,n, m), tk,n)ejϕknm ejωτ̂(tk′ ,n′ ,m) (12)

where

ϕknm = −jω{τ̂(tk,n, m)− τ̃(tk, m)}

=
−j2ω

c
|P̃A(tk,n)− PT(m)| − −j2ω

c
|P̃A(tk,n) + ∆PA(tk)− PT(m)|

. (13)

From Equation (12), it can be seen that the phase compensation is performed on the
echo of each azimuth time for each pixel. However, it will greatly increase the additional
computational burden. In order to solve this problem, the phase errors correction of the
echo is integrated into the compensation phase term ejωτ̂(tk′ ,n′ ,m) in Equation (12).

Due to the long distance between the observation scene and the motion platform, ϕknm
can be approximated as

ϕknm ≈
j2ω

c
|P̃A(tk′ ,n′) + ∆PA(tk)− PT(m)| − j2ω

c
|P̃A(tk′ ,n′)− PT(m)| . (14)

The sub-image imaging with EPCs Correction can be re-expressed as

In′ ln(m) =
K− L

2 +l

∑
k=1+ L

2 +l

s(τ̂(tk,n, m), tk,n) · exp{
j2ω(|P̃A(tk′ ,n′) + ∆PA(tk)− PT(m)|)

c
} . (15)

This means that the phase errors of each pixel of the sub-image can be accurately com-
pensated for by correcting the EPCs at the time tk′ ,n′ when calculating the distance history.
The compensation phase does not need to be calculated separately as in Equation (13). This
simplifies the processing.
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3.3. Reconstruction

The reconstruction imaging can be expressed in the form of the weighted summation
of sub-images with EPCs correction [12], which can be written as

I(m) =
N

∑
n′=1

L/2

∑
l=−L/2

N

∑
n=1

In′ ln(m)Ψn′ ln (16)

where In′ ln represents a sub-image, and Ψn′ ln is the reconstruction coefficient.
Based on the previous analysis, the main steps of the proposed method are summa-

rized in Algorithm 1.

Algorithm 1. High-precision Motion Errors Compensation Method Based on Sub-
image Reconstruction for HRWS SAR Imaging

Inputs: The non-uniformly sampled echo s(τ, tk,n) and measured EPCs P̃A(tk′ ,n′)
Step 1: Obtain the SAR image Bm with meaured EPCs by Equation (6).
Step 2: Select strong points {Bm; m1 < m < m2} and {Bm; m3 < m < m4}

in multi-regions of SAR image, and calculate α =
m2
∑

m=m1

|Bm|2
/ m4

∑
m=m3

|Bm|2.

Step 3: Estimate motion errors ∆P̂Aopt based on maximizing image intensity by
Equation (10).
Step 4: Correct EPCs error for each sub-image, and obtain the sub-image In′ ln(m)
by Equation (15).
Step 5: Reconstruct the sub-image by Equation (16), and obtain the well-focused
SAR imaging result I(m).

Outputs: High-precision image I(m) with motion errors compensation.

4. Experimental Results

In this section, the simulated multichannel SAR data processing is performed to verify
the effectiveness of the proposed method.

4.1. Point Target Simulation

We simulated a four-channel SAR system, the parameters of which are shown in
Table 1. As the errors in height direction have a greater impact on imaging quality, random
uniform noises between −0.5λ and 0.5λ were added to the height of the platform’s motion
trajectory to simulate the motion errors. We set three point targets PT1, PT2, and PT3 in the
observation scene, and their coordinates are [50,000, 0, 0] m, [60,000, 0, 0] m, and [70,000, 0, 0]
m, respectively.

Table 1. Multichannel SAR simulation parameters.

Parameters Value

Carrier frequency 9.6 GHz
Signal bandwidth 150 MHz
Range sampling rata 500 Hz
PRF 700 Hz
Azimuth bandwith 1900 Hz
Platform height 20 Km
Platform velocity 1900 m/s
Number of channels 4

To demonstrate the effectiveness of the proposed method, PGA [27] and BP-FMSA [28]
were used to process the reconstructed multichannel data as a comparison. Figure 4
shows the imaging results of point targets at 50 Km, 60 Km, and 70 Km in the range
direction by using different compensation methods. The three point targets were seriously
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defocused in the azimuth as shown in Figure 4a. Figure 4b–d show the imaging results by
PGA [27], BP-FMSA [28], and SI-MEC, respectively. These three methods selected local
areas for estimation. In Figure 4b,c, PGA and BP-FMSA utilized the area around the point
target PT1 at 50 Km to estimate the compensation phase and perform compensation after
reconstruction. In Figure 4d, the 1 m × 1 m area around the point targets PT1 at 50 Km and
the 1 m × 1 m area around the point targets PT2 at 60 Km were selected to estimate the
EPCs. From Figure 4b, it can be seen that the imaging quality of the point target at 50 Km
was better, but the imaging quality of the point target at 60 km and 70 km was worse. It
could not compensate for the areas, which were not selected for phase estimation, in the
range direction. Compared with Figure 4a,b, the imaging quality of the three point targets
in Figure 4c was improved, but the side lobe level could not be suppressed well. Figure 4d
shows the imaging result by using SI-MEC. It can be seen that not only PT1 at 50 Km and
PT2 at 60 km focused well, but PT3 at 70 km also focused well. This means that SI-MEC
can compensate for other areas in the range direction, which were not selected for EPCs
estimation. It improved the imaging quality.

We compared the image quality of the targets at the same range, shown in Figure 4a–d,
and we found that the proposed method had better performance in the azimuth direction.
Moreover, Figure 5 shows the azimuth profile of the point target at 50 Km by different
methods in Figure 4. It indicates that compared with the other two methods, SI-MEC
could effectively suppress the side lobe level. The proposed method improved the imaging
quality in the azimuth direction.

In Table 2, the azimuth peak sidelobe ratio (PSLR) and azimuth integrated sidelobe
ratio (ISLR) are listed. First, we compared the performance of the same method at different
ranges. The PSLR and ISLR of PGA were the smallest at 50 Km. It can be seen that PGA
could only improve the image quality at 50 Km. The PSLR of BP-FMSA was almost the
same at 50 Km, 60 Km, and 70 Km. However, the ISLR of BP-FMSA at 70 Km was higher
than other places. This shows that BP-FMSA improved the image quality at 50 Km, 60 Km,
and 70 Km, but its performance dropped at 70 Km. The PSLR and ISLR of SI-MEC were
almost the same at 50 Km, 60 Km, and 70 Km. This shows that SI-MEC improved the image
quality of all pixels in range direction.

Then, we compared the performance of different methods at the same range. At 50 Km,
the ISLR of SI-MEC was lower than that of PGA, and the PSLR of SI-MEC was higher than
that of PGA. The ISLR and PSLR of SI-MEC were better than that of BP-FMSA. Combined
with Figure 4, this shows that although PGA could concentrate the energy of the main lobe,
the side lobe level could not be suppressed well. SI-MEC improved these two indicators to
obtain a better image quality. At 60 Km and 70 Km, the PSLR and ISLR of SI-MEC were
best. This shows that SI-MEC improved the image quality in the azimuth direction.

Table 2. Imaging quality indicators of the point targets in Figure 4.

Method
PT1 (50 Km) PT2 (60 Km) PT3 (70 Km)

PSLR ISLR PSLR ISLR PSLR ISLR

No MEC −6.49 dB 8.74 dB −9.35 dB 4.74 dB −10.60 dB 2.33 dB

PGA [27] −16.38 dB −3.47 dB −1.04 dB 14.61 dB −2.32 dB 14.08 dB

BP-FMSA [28] −12.64 dB −8.13 dB −12.64 dB −8.13 dB −12.47 dB −6.51 dB

SI-MEC (Ours) −13.26 dB −9.83 dB −13.27 dB −9.83 dB −13.27 dB −9.83 dB
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(a) (b)

(c) (d)

Figure 4. Imaging results of point targets at 50 Km, 60 Km, and 70 km by using different compensation
methods. (a) Imaging result without MEC. (b) Imaging result by PGA [27]. (c) Imaging result by
BP-FMSA [28]. (d) Imaging result by SI-MEC (Ours).

Figure 5. The azimuth profile of the point target at 50 Km by the different methods shown in Figure 4.
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4.2. Complex Scene Simulation

To further verify the effectiveness of the proposed algorithm, we performed HRWS
SAR imaging of a complex scene. The HRWS SAR system has four channels, which are
arranged at equal spacing along the azimuth, as shown in Figure 6. The channel spacing
between two adjacent channels is d = 1 m. Channel 1 can transmit and receive signals,
channels 2, 3, and 4 only receive signals. Figure 6 shows the azimuth sampling pattern of
this four-channel SAR system. The system parameters and the motion errors were the same
as those of the point target simulation experiment shown in Table 1. The amplitude of a real
SAR image was used as the scattering coefficient to generate the echo. The size of the whole
imaging scene was 20 Km × 2 Km, and the center of the scene was at 60 Km in the range
direction. Figure 7 shows the complex scene imaging results with different compensation
methods. In order to display the image features more clearly, a normalization strategy
was used to normalize the amplitude of the imaging results. A threshold was set to 0.3
times the maximum value of the image pixel values. The pixel values of the image smaller
than the threshold were normalized, and the pixel values larger than the threshold were
set to 1. Figure 7a shows the imaging result without MEC. The imaging result after being
compensated for by PGA is shown in Figure 7b. We can see that the motion errors are not
completely compensated, and the image is still defocused. Figure 7c shows the imaging
result using BP-FMSA. It shows that the image quality was improved, but the sidelobe was
obvious. The imaging result using SI-MEC is shown in Figure 7d. This shows that all pixels
could be compensated for, obtaining a high-precision image.

PGA and BP-FMSA utilized a local area, which is marked by orange boxes in Figure 7b,c,
to estimate the compensation phase. This compensation phase mainly improved the
imaging quality of the selected area. Imaging results in other areas of the scene had higher
sidelobe levels. For BP-FMSA, because the selection of the dominant scatter region affects
the performance of the imaging [28], we presented the optimal results under the current
experimental conditions. For the proposed method, strong points in two local areas were
selected as the input of the estimation. The areas are marked by orange boxes in Figure 7d.
We can see that not only the selected area was focused, but the imaging quality of the whole
scene was improved. This demonstrates that the proposed method improved the image
quality of the whole scene.

In Table 3, the image entropy [31] of Figure 7 is listed. We can see that the image
entropy of the proposed method was the best compared with the other methods. This
demonstrates that the proposed algorithm is better than other methods to improve the
image quality.

Figure 6. The azimuth sampling pattern of the four-channel SAR system.
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(a) (b) (c) (d)

Figure 7. Complex scene imaging results by using different compensation methods. (a) Imaging
result without MEC. (b) Imaging result by PGA [27]. (c) Imaging result by BP-FMSA [28]. (d) Imaging
result by SI-MEC (Ours).
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Table 3. Imaging quality indicator of Figure 7.

Method No MEC PGA [27] BP-FMSA [28] SI-MEC (Ours)

Image Entropy 16.4974 16.4958 15.8944 15.8259

Figure 8 shows the enlarged imaging results of the building and the point target in
Figure 7, which are marked by red boxes and an orange circle, respectively. We can see
that it was difficult for PGA to compensate for the severely defocused multichannel SAR
image, and BP-FMSA could not suppress the sidelobe level well. The sidelobe level of the
imaging results by SI-MEC was significantly suppressed. This shows that the proposed
method was better in terms of imaging quality in the azimuth direction. Figure 9 shows
the azimuth profile of the point target in Figure 8 by different methods. It shows that the
proposed method has a lower sidelobe level compared to other algorithms.

(a) (b)

(c) (d)

Figure 8. The imaging result of the building in Figure 7. (a) Imaging result without MEC. (b) Imaging
result by PGA [27]. (c) Imaging result by BP-FMSA [28]. (d) Imaging result by SI-MEC (Ours).
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(a) (b)

Figure 9. The azimuth profile of the point target in Figure 8 using different methods. (a) Full azimuth
data and (b) partial azimuth data.

5. Conclusions

In this paper, we proposed a high-precision motion errors compensation method
based on sub-image reconstruction for HRWS SAR. The proposed method achieved high-
precision compensation for the phase errors of each pixel in the observation scene by
estimating and correcting the EPCs, improving the compensation accuracy. It can improve
the image quality not only of the area selected for estimation but also of other areas in the
observation scene. Moreover, the motion errors of each channel were compensated for in
the sub-images imaging before reconstruction, which improved the imaging quality in the
azimuth direction.
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