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Abstract: Airborne array synthetic aperture radar (SAR) has made a significant breakthrough in the
three-dimensional resolution of traditional SAR. In the airborne array SAR 3D imaging technology, the
baseline length is the main factor restricting the resolution. Airborne array flexible SAR can increase
the baseline length to improve the resolution and interference performance by mounting antennae
on the wing. The existing research lacks results obtained using flexible actual data processing and
specific motion compensation methods. Thus, this paper proposes a motion error estimation and
compensation method for an airborne array flexible SAR based on a multi-channel interferometric
phase. Firstly, a flexible channel motion compensation model is established based on the multi-
channel interference phase of airborne array flexible SAR. Then, based on the rigid multi-channel
data, combined with the ground control points, the least square method, and the global optimal
search algorithm, the accurate rigid baseline length and the central incidence angle are obtained.
Finally, according to the multi-channel interference phase inversion of the flexible motion error
and combined with the motion compensation model, the flexible data are compensated in the time
domain. The actual results indicate that, compared with traditional motion compensation methods,
our method can obtain accurate flexible compensation data. This study improves the interference
performance of multi-channel data of airborne array flexible SAR and lays a solid foundation for the
high-precision 3D reconstruction of airborne array flexible SAR.

Keywords: motion compensation; interferometric phase; baseline length; 3D reconstruction; airborne
array flexible SAR

1. Introduction

Airborne array synthetic aperture radar (SAR) has a pivotal position in three-dimensional
(3D) applications of SAR because it can obtain 3D scene information in a single pass. Airborne
array SAR has strong application prospects in urban surveying and mapping [1], topographic
survey [2], rescue and disaster relief [3], meteorological monitoring [4], resource exploration [5],
and other aspects [6,7].

Many indicators of airborne array SAR, such as positioning accuracy, Digital Eleva-
tion Model (DEM) accuracy, 3D resolution, etc., are closely related to the baseline length.
However, the existing airborne systems are limited by the width of the fuselage abdomen,
and the baseline length is often insufficient. Conducting high-precision mapping based on
the existing systems is the mainstream research direction [8–10]. Some scholars proposed
extending the baseline, mounting the antenna on the wing or extending the device with an
antenna to develop a system with high positioning accuracy, high DEM accuracy, and high
3D resolution [11]. Since the antenna is mounted on a device with an unfixed wing, not a
rigid platform on the belly, it is called an array flexible SAR system.
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The construction of array flexible SAR systems can be traced back to the Shuttle Radar
Topography Mission (SRTM) launched by the United States, which aims to obtain global
elevation information [12]. This system has a rigid baseline of 20 m and a scalable flexible
baseline of 60 m. However, the existing DEM open-source results on SRTM are all obtained
by processing with a rigid baseline of 20 m, and there are no relevant processing results on
flexible data [13]. Another actual system is the European unmanned aerial vehicle Airborne
Radar for Three-dimensional Imaging and Nadir Observation (ARTINO), which aims to
quickly obtain DEM information of observation scenes to overcome the disadvantage of a
long revisit period on satellite [14]. It attaches an antenna to the middle part of the wing on
one side, and carries a rigid antenna with multiple transmitters and receivers on the belly
to complete the observation. To date, there has been no report on its wing antenna results.
The literature does not recommend using a flexible baseline [15].

The Aerospace Information Research Institute, Chinese Academy of Sciences (AIRCAS)
conducted an equivalent experiment of array flexible SAR in Chengdu, Sichuan Province
in 2021. The system consisted of two receiving and transmitting antennas and three
receiving antennas. The two receiving antennas placed outside were controlled by motors
to simulate flexible jitters and obtained the first flight data of an airborne array flexible
SAR in China. Rigid antenna nodes were used for transmitting signals. Meanwhile,
the distributed Position and Orientation System (POS) was carried out to measure the
tracks of rigid nodes and flexible nodes, which were mounted on the center of the rigid
structure and two flexible antennas, respectively. This flight test laid a solid foundation for
research on airborne array flexible SAR.

In terms of array SAR motion error estimation and compensation, existing studies
mainly focus on the estimation and compensation of rigid, time-varying, baseline motion
errors [16,17]. The main research directions are radar data compensation and navigation
data correction. For radar data compensation, D. You et al. [18] proposed a baseline
estimation and compensation method based on sub-aperture. H. Wang et al. [19] provided a
modeling and estimation method for residual motion errors. A residual baseline estimation
method based on time-domain back projection and multi-order technology was proposed
by N. Cao et al. [20]. For navigation data correction, Y. Liu et al. [21] developed a navigation
data correction method based on Kalman estimation. Due to its lack of array flexible SAR
systems, this method was less studied. G. Franceschetti et al. [22] analyzed the causes and
influencing factors regarding the flexible baseline of SRTM systems. B. Wang et al. [23]
presented a method to correct POS data by combining rigid interferogram inversion with a
flexible baseline length. B. Gu et al. [24] proposed a method to measure the flexible baseline
of distributed POS. Moreover, Y. Sun et al. [25] mainly investigated the navigation transfer
alignment algorithm to obtain POS data with a higher precision.

Due to the unique attributes of the array flexible SAR systems, the existing methods
cannot be directly applied and should be improved accordingly. The existing POS process-
ing technology is in a highly developed stage. To solve the key problem of the real-time,
high-precision measurement of multi-point motion parameters, the Beihang team proposed
a transfer alignment method based on the federal filter [26]. Meanwhile, as it is difficult for
multi-sensors to obtain information accurately, which leads to data fusion errors, a multi-
sensor time-synchronization error modeling and compensation method is proposed [27].
An accelerometer-based deformation measurement method and an innovative distributed
filter are proposed for flexible deformation measurement [28]. The processing accuracy
of interferometric SAR needs to reach the millimeter level, so the development of high-
precision POS by Y. Sun et al. [25] cannot meet the requirements. In the imaging process
of array flexible SAR systems, the antenna phase center is also time-varying, and many
existing imaging methods focus on the fixed-phase center, so it is necessary to study the
matching imaging method. The motion error estimation and compensation methods should
be investigated for the special problems that occur in the actual array flexible SAR system.

To solve the above problems, this paper proposes a flexible channel motion error
estimation and compensation method based on multi-channel interferograms of airborne
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array flexible SAR. Firstly, a flexible channel motion compensation model based on the
multi-channel interference phase of airborne array flexible SAR is established. Then, based
on the rigid multi-channel data and combined with the ground control points, the accurate
rigid baseline length and the central incidence angle are obtained through the least square
method and the global optimal search algorithm. Finally, according to the rigid channel
interferogram inversion residual error and combined with the motion compensation model,
the flexible data are compensated in the time domain. The main innovation of this paper is
proposing an improved algorithm to address the poor coherence of airborne array flexible
SAR data. This can not only improve the interference performance of multi-channel data,
but can also improve the coherence of multi-channel data, laying a solid foundation for the
high-precision mapping of array flexible SAR.

The rest of this paper is as follows. Section 2 presents the motion compensation model,
imaging model, and the corresponding parameter calculation theory of airborne array
flexible SAR. Section 3 introduces the method proposed in this paper. In Sections 4 and 5,
the flight data of the airborne array flexible SAR system of the AIRCAS are exploited to
verify the effectiveness of the proposed method. Finally, Sections 6 and 7 present the results,
discussion and conclusion, respectively.

2. Theory

In this section, the imaging model and motion compensation theory for an airborne
array flexible SAR are presented first. Then, the least square method is combined with the
global optimal search algorithm to obtain an accurate perspective. Finally, the calculation
and compensation method of determining airborne array flexible SAR motion errors
is proved.

2.1. 3D Imaging Model and Motion Compensation Theory of Airborne Array Flexible SAR

The airborne array flexible SAR has a third-dimension resolution (i.e., height resolu-
tion). This is obtained by adding multiple antennas across the course to form a height-
oriented synthetic aperture. The main factor limiting the elevation resolution of airborne
array tomographic SAR is the length of the baseline across the course. Thus, some scholars
proposed mounting antennas on the wing to form a long baseline, thus breaking the limit.
The flexible mounting diagram of airborne array tomographic SAR is illustrated in Figure 1.

Figure 1. The schematic diagram of flexible mounting of airborne array flexible SAR.

Two different coordinate systems, namely, the geodetic coordinate system and radar
coordinate system, are presented in Figure 1. The geodetic coordinate system involves
the direction of azimuth, ground distance, and height, while the radar coordinate system
involves the direction of azimuth, slant distance, and elevation, which are perpendicular to
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each other. The two coordinate systems follow the principle of the right-hand coordinate
system. The transmitting antenna is located on the belly of the fuselage, and the receiving
antenna is mounted on the belly of the fuselage and the wing. Based on this, stable
calibration results were obtained by forming a rigid baseline with three antennae attached
to the fuselage abdomen, and long baseline results were obtained by forming a flexible
baseline with two antennae attached to the wing.

The transmitted signal [29] is a linear frequency modulation (LFM) signal, and the
expression is shown in Equation (1).

s(t) = rect(
t

Tp
)exp{j2π f0t + jπKrt2} (1)

where t, Tp, and f0 denote the distance and speed, the transmit pulse width, and the center
frequency, respectively; Kr represents the linear tuning frequency. The signal received after
a fixed delay is represented in Equation (2).

sr1(t, τ) = ∑
i

{
σi · rect

(
t− Rτ/c

Tp

)
exp

{
−j4π f0

Rτ

c

}
exp

{
−jπKr

(
τ − 2Rτ

c

)2
}}

(2)

where Rτ = R1 − R4, R1 and R4 are, respectively, the distance from the rigid node to
the target and the distance from the target to the flexible node. After filtering with a 3D
matched filter, the signal through 3D Fourier transform [30] is expressed in Equation (3).

sr2(x, y, z) = ∑
i

σi sin c
[

Bxi (x− xi)

2π

]
sin c

[
Byi (y− yi)

2π

]
sin c

[
Bzi (z− zi)

2π

]
(3)

where Bxi , Byi , and Bzi are the bandwidth of the target azimuth beam support domain,
the target cross-heading beam support domain, the target elevation beam support do-
main, respectively.

The multi-channel interference phase can be obtained from the processed signal after
multi-channel registration [31]. The details are shown in Equation (4).

∆φ=− 4π

λ
(R1 − R2) (4)

where ∆φ is the interference phase of the rigid channel and the flexible channel.
The complex image s1(m, n) and s2(m, n) between two channels can calculate the

coherence coefficient of the complex image pair, and the expression is shown in Equation (5).

r =

∣∣∣∣ M
∑

m=1

N
∑

n=1
s1(m, n) · s∗2(m, n)

∣∣∣∣√
M
∑

m=1

N
∑

n=1
|s1(m, n)|2

M
∑

m=1

N
∑

n=1
|s2(m, n)|2

(5)

2.2. Central Incidence Angle for Airborne Array Flexible SAR

In this system, the measurement geometry of three-channel calibration for airborne
array SAR is shown in Figure 2. In this figure, A1 and A3 are transmitting antennas, A1,
A2, and A3 are receiving antennas, and the slant distances to the point targets are R1, R2,
and R3, respectively. As the three antenna connections are rigid connections, the baseline
inclination is α1, the corresponding central incidence angle is θ, and the carrier height is H.
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Figure 2. The measurement geometry of three channel calibration of airborne array flexible SAR.

The expression of baseline length and central incidence angle could be obtained by
approximating Equation (1), as shown in Equation (6).

∆ϕ = ϕ1 − ϕ2

= −4π

λ
(R1 − R2)−

4π

λ
(R2 − R3)

= −4π

λ
(R1 − R3)

≈ −4π

λ
B sin(θ − α)

= −4π

λ
(Bx sin α− By cos α)

(6)

where Bx = B sin θ is the horizontal component of the baseline and By = B cos θ is the
vertical component of the baseline. The optimization function is constructed based on the
least square method. The baseline length, dip angle, and initial phase are calculated through
the ground calibration points. The optimization function [23] is shown in Equation (7).

F(B, α) = min
(

∆ϕ+
4π

λ
B sin(θ − α)

)
(7)

Then, Equation (7) is combined with the target height function, as shown in Equation (8).

h = H − R1 cos θ (8)

Next, combined with the global optimal search algorithm, the length and inclination
of the rigid baseline can be calculated by constructing the minimization function, as shown
in Equation (9).

F(B, α) = min
(

H − h− R1 cos(arcsin(
B

4π
· ∆ϕ

λ
) + α)

)
(9)

According to the results of the above formula, the central incidence angle can be
obtained. The specific calculation is presented in Equation (10).

θ = arcsin(
B

4π
· ∆ϕ

λ
) + α (10)

Through the above steps, the central incidence angle of the scene can be obtained, which
provides a basis for the subsequent airborne array flexible SAR motion error conversion.
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2.3. Motion Error Calculation of Airborne Array Flexible SAR

Under the system shown in Figure 1, the geometric measurement of the flexible
baseline is shown in Figure 3. In this figure, A4 and A5 are flexible antennas; the blue arrow
indicates the position of the POS system measurement antenna, and the corresponding
slant distance is R4 and R5. The sum in red is the measurement error ∆R4 and ∆R5;
the corresponding antenna position is A′4 and A′5, respectively.

Figure 3. The schematic diagram of geometric measurement of the flexible baseline.

The above figure shows that, for the flexible antenna A5, the measured slant distance
is R5, the real moving point is A5, and the real distance is presented in Equation (11).

R′5 = R5 + ∆R5 (11)

The issues in obtaining the offset urgently need to be addressed. The interference
between the flexible antenna and the rigid antenna can be expressed in Equation (12).

ϕ5 = −4π

λ
(R1 − R′5) = −

4π

λ
(R1 − R5 + ∆R5) (12)

According to Section 2.2, the interference phase changed for λ/2 cycles from [−π, π].
By obtaining the offset ∆ϕ from the interference phase diagram and calculating the pro-
portion of ∆ϕ in the total cycle ϕ, the offset ∆R is determined, as shown in Equation (13).

∆R =
∆ϕ

ϕ
· λ

2
(13)

The flexible change can be obtained by ∆R. Meanwhile, the calibration result can be
obtained by Section 2.3 to obtain the lower viewing angle θ. The projection of the error in the
ground distance and elevation direction is shown in Equations (14) and (15), respectively.

∆Rz = ∆R cos θ (14)

∆Ry = −∆R sin θ (15)

The above error results are added to the data before motion compensation to obtain
accurate compensation data, and then two-dimensional (2D) imaging is conducted to obtain
better 2D images and interferograms through multiple iterations.
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Based on the above theoretical analysis, the method proposed in this paper is intro-
duced in the following.

3. Method

This paper proposes a flexible channel motion compensation method based on multi-
channel interferograms of airborne array flexible SAR. Firstly, a flexible channel motion
compensation model based on airborne array tomographic SAR multi-channel interference
phase is established. Then, based on the rigid multi-channel data and combined with the
ground control points, the accurate rigid baseline length and central incidence angle are
obtained through the least square method and the global optimal search algorithm. Finally,
the flexible motion error is inversed according to the multi-channel interference phase
and, combined with the motion compensation model, the flexible data are compensated in
the time domain. The details of this process are presented below:

1. The rigid channel is imaged using traditional methods and calibrated by the method
introduced in Section 2.2 in combination with the information from calibration points
to obtain the central incidence angle under the scene;

2. The flexible channel combines the distributed POS data for 2D imaging to obtain the
tracking data before operation and compensation;

3. Following the principle of flexible motion error estimation introduced in Section 2.3,
the flexible motion error is estimated by combining the interferogram;

4. According to the motion compensation principle introduced in Section 2.1, the flexible
motion error is added to the original data before motion compensation;

5. Two-dimensional imaging and interference processing are reperformed;
6. Steps 2 to 6 are repeated until the coherence coefficient of the interferogram is greater

than 0.9;
7. Two-dimensional images with good a focusing effect, and multi-channel interfero-

grams with improved interference performance, are obtained;
8. The 3D result map of multichannel reconstruction is obtained through multi-channel

registration, amplitude and phase correction, sparse reconstruction, and other steps.

The iterative solution to the array flexible SAR motion error is presented in Algorithm 1.

Algorithm 1 Iterative solution to array flexible SAR motion error.
Input: Flexible channel data s1 and rigid channel data s2.
Initialization: Interference results s3 = s1. ∗ s2, s3

Step 1: Set 3 × 3 sliding window. Use the sliding window to obtain the interferogram result s3;
Step 2: Calculate according to the coherence coefficient calculation formula r = |data3 |√

data2
1 ·∗data2

2

while the coherence coefficient r > 0.9;
Step 3: Calculate the interference phase δφ and the correlation coefficient r1 of data3;
Step 4: The maximum row m of the average value of the recorded azimuth correlation coefficient is
the starting point ;
Step 5: Calculate the maximum deviation of the correlation coefficient δφ between each azimuth and
row m ;
Step 6: Calculate the distance to φ points corresponding to one wavelength;
Step 7: Calculate the offset according to Section 2.3;
Step 8: Calculate the deviation in distance and elevation directions in combination with the lower
view angle calculated in Section 2.2;
Step 9: Add the deviation back to the data before operation and compensation, and re-image;
Step 10: Calculate the correlation coefficient r.

end
Output: Output the current compensation data se.

The global optimization, combined with least squares for the flexible baseline, is
presented in Algorithm 2.
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Algorithm 2 Global optimization combined with least squares for the flexible
baseline.

Input: Flexible channel data s1 and rigid channel data s2, POS information yre f and zre f , point target
information height h, and geodetic coordinate y

. Initialization: Interference results s3 = s1. ∗ s2, s3 and phase unwrapping results ∆φ.
Construct initial solution

Step 1: Calculate B =
√
(yre f (1, n)− yre f (1))

2 + (zre f (1, n)− zre f (1))
2

Calculate θ = a tan(y/(H − h))
Let A = zeros(size(y, 2), 3)
A(:, 1) = sinθ
A(:, 2) = −cosθ
A(:, 3) = λ

4∗π∗ones(size(y,2),1)

Step 2: Find the least squares solution B = A′∗A(
A′∗

(
λ∗∆ϕ′

4π

))
Calculate global optimal solution

Step 3: Calculate α = atan
(

zre f (1,n)−zre f (1)
yre f (1,n)−yre f (1)

)
Step 4: Obtain the central incidence angle from the Equation (10);
Step 5: According to result, construct the minimization function from the Equation (9);
Step 6: Perform global search until function F = 0.

Output: Output α, B and φ.

The flow chart is shown in Figure 4.

Figure 4. The improved 3D imaging method.
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It is worth mentioning the processing of elevation direction in sparse processing.
The phase error has a great impact on sparse reconstruction, thus affecting the elevation
resolution. Therefore, the proposed method improves the elevation resolution by elimi-
nating the impact of phase error. The procedure of the proposed method is shown above.
After running the proposed method, the flexible motion error can be obtained using the
principle of flexible motion error estimation, and the error can be added back to the original
motion compensation data for accurate imaging. In this way, data support can be provided
for subsequent 3D imaging.

4. System

This experiment system adopts the airborne array flexible SAR system developed by
AIRCAS. The specific system structure is illustrated in Figure 5. To verify the performance of
the flexible baseline, the experimental system simulates the movement of flexible antennae
using motor control on a rigid structure.

Figure 5. Schematic diagram of the system.

The key parameters of array tomographic flexible SAR are presented in Table 1. The ex-
perimental data were obtained from the flight in Chengdu, Sichuan Province in 2021.
The rigid short baseline consisting of belly-mounted antennas was 0.8 m, and the flexible
long baseline consisting of wing-mounted antennas was 1.6 m.

Table 1. The parameters of airborne array flexible SAR.

Parameter Symbol Value

Flight height H 5 km
Center Frequency fc 15 GHz
Bandwidth Bw 500 MHz
Rigid baseline length Br 0.8 m
Flexible baseline length B f 1.6 m
Flight velocity v 80 m/s
Horizontal inclination of baseline α 0◦

This system was equipped with a distributed POS system to record the carrier attitude
in real-time. The left POS system and the right POS system were mounted on the two
flexible nodes to measure the flexible antenna attitude in real-time. The main POS system
was attached to the rigid node to measure the antenna attitude of the rigid node in real-time.
The accuracy is shown in Table 2. During the calculation of motion information, the bias
of the accelerometer leads to cumulative errors in the speed and position information
calculated by integration. In this paper, the position and speed information provided
by satellite navigation were used to correct the cumulative error, and the influence of
accelerometer bias on the motion information was reduced.
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Table 2. The parameters of distributed POS.

Parameter Main POS Sub POS

Height measurement accuracy 5 cm 10 cm
Gyroscopic drift 0.01°/h 0.1°/h
Accelerometer bias 10 µg 20 µg

The baseline jitter frequency was set to 10 r/min, and the height change was within
[−2 cm, 2 cm]. A period of time was selected for POS data verification, as shown in
the figure below. Figure 6a shows the POS data of five channels before operation and
compensation, and Figure 6b shows the flexible channel POS data minus rigid channel POS
data. The flexible antenna was 1 and 5, and the rigid antenna was 2, 3, and 4. There are 10
channels in total, of which channel 1, channel 5, channel 6, and channel 10 were flexible
channels, and the rest were rigid channels.

(a) (b)

Figure 6. The change in the POS trajectory. (a) The POS trajectory; (b) the jitter trajectory of the
flexible antenna.

The jitter frequency and height difference are within a reasonable range, and the data
are valid, which supports the verification of the proposed method.

5. Experimental Results and Analysis

Simulation experiments are were conducted first, verify the effectiveness of the pro-
posed methodt. The specific verification step is to add the known error to the rigid POS
data of the system, and then apply the proposed method to estimate and compensate.
During actual data-processing, the flight test results of the airborne array flexible SAR in
Chengdu, Sichuan Province were selected, and the selected scenes included a large range
of flat farmland. Specifically, the sub-aperture motion compensation algorithm achieved
a higher estimation accuracy, so this paper used the sub-aperture motion compensation
algorithm for comparison [18]. During real data experiments, the imaging results of the
new transfer alignment algorithm were also compared with the imaging results of a single
POS [25].

5.1. Simulation Experiments

In this section, to verify the effectiveness of the proposed method, the simulation data
adopted the array flexible SAR data of three rigid channels, namely channel 2, channel 3,
and channel 4. As the interference fringe changes along the azimuth, 11,384 points were
selected in the azimuth direction, and 5000 points were selected in the distance direction.
The synthetic aperture length was Rmin ∗ θ = 300 m; the azimuthal point spacing was
0.12 m, which corresponded to the actual scene, with a length of 1366 m, about 4.5 areas of
synthetic aperture length; the distance from the azimuthal point spacing was 0.1 m, which
corresponded to the actual scene with a length of 500 m. Before the motion compensation
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in channel 3, the error shown in Figure 7 was added to the POS data along the vertical and
horizontal directions.

Figure 7. Verticaland horizontal errors.

Then, channel 3 with POS was re-imaged with error data and used to create interfer-
ence for channel 2 and channel 4. The proposed method was used for error estimation,
and the error results of this iterative estimation are presented in Figure 8.

(a) (b)

Figure 8. Estimationerror. (a) Horizontal error; (b) vertical error.

The motion compensation method proposed in this paper was compared with the
sub-aperture motion compensation method. The reconstructed interference fringes and
coherence coefficients of channel 3 and channel 4 are shown in Figure 9.

(a) (b)

Figure 9. The comparison of interference fringe results. (a) The comparison method; (b) the pro-
posed method.
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Figure 9 shows that the interference fringes processed with the sub-aperture compen-
sation method are still curved, and the interference fringes processed with the proposed
method are linear. The coherence coefficient graph and the coherence coefficient statistical
histogram are illustrated in Figure 10.

(a) (b)

(c) (d)

Figure 10. The comparison results. (a) The comparison method’s coherence coefficient diagram;
(b) the proposed method’s coherence coefficient diagram; (c) the comparison method’s coherence
coefficient statistical histogram; (d) the proposed method’s coherence coefficient statistical histogram.

Figure 10a,c shows that, compared with the traditional imaging method, the compari-
son method improves sub-aperture compensation. However, there is still residual motion
error, and the coherence coefficient is about 0.8. In Figure 10b,d, the proposed method is
used for estimation and compensation. The estimation and compensation results are more
accurate, and the coherence coefficient can reach 0.95.

Using the above operation and compensation results for imaging, the interference
fringes of channel 2 and channel 3 are presented in Figure 11.
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(a) (b)

Figure 11. The comparison of interference fringe results. (a) The comparison method; (b) the
proposed method.

Figure 11 shows that the interference fringes processed by the sub-aperture compen-
sation method are still curved, and the interference fringes processed by the proposed
method are linear. Additionally, the coherence coefficient graph and the coherence coeffi-
cient statistical histogram of the two methods are illustrated in Figure 12.

(a) (b)

(c) (d)

Figure 12. The comparison results. (a) The comparison method coherence coefficient diagram; (b)
the proposed method coherence coefficient diagram; (c) the comparison method coherence coefficient
statistical histogram; (d) the proposed method coherence coefficient statistical histogram.

Next, the imaging performance of the point targets was compared. The 2D results are
shown in Figure 13.
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(a) (b)

Figure 13. The comparison of 2D results of point targets. (a) The comparison method; (b) the
proposed method.

The results of qualitative analysis indicators are presented in Table 3. The results of
range and azimuth direction, resolution, integral sidelobe ratio (ISLR), and peak sidelobe
ratio (PSLR) are analyzed.

The simulation data confirm the effectiveness of the proposed method, and then the
actual data processing was conducted.

Table 3. Point target comparison results of different methods.

Method
Range Azimuth

Resolution (m) PSLR (dB) ISLR (dB) Resolution (m) PSLR (dB) ISLR (dB)

method 1 1 0.13 −8.15 −10.02 0.17 −22.74 −6.01
method 2 2 0.13 −8.26 −10.67 0.17 −22.49 −10.23

1 This is the comparison method [18]. 2 This is the proposed method.

5.2. Real Data Experiments

In this section, to verify the effectiveness of the proposed method, flight test data of
airborne array flexible SAR in Chengdu, Sichuan Province, were selected. The scene was
distributed with multiple calibration points along the distance direction, and located in a
flat area.

The system has ten channels, including four flexible channels and six rigid channels.
The flexible channel has two channels at the outermost side and a rigid channel at the
inner side. Since 2Nt > 3Np, Nt and Np are the number of channels and the number of
overlapping layers, the reconstruction requirements of multiple overlapping layers in urban
areas was satisfied, and 3D reconstruction could be realized. Meanwhile, as distributed
POS imaging is involved, the flexible channel data could be aligned with the azimuth data
by applying the method proposed in [32]. After alignment, the flexible channel was imaged
using the method described in Section 3, and then aligned with the flexible channel data
along the azimuth, in combination with the rigid multi-channel data. The rigid channel
2D imaging method was consistent with the original imaging method, and should be
consistent with the method proposed in [18] for the flexible channel.

The principle of scene selection is to locate the calibration point in the central area,
from the first time the transmitting beam shines on the calibration point at the far end of the
azimuth to the last time it shines on the calibration point at the nearest end of the azimuth.
Since the length of the synthetic aperture is 300 m, 32,768 pulses were selected to connect
the calibration point area, with 14,000 points in the distance direction, and the calibration
point was located in the central area. The scene selection result is shown in Figure 14.



Remote Sens. 2023, 15, 680 15 of 23

Figure 14. Processing building 2D SAR imaging.

After obtaining the central incidence angle through the calibration method introduced
in Section 2, the flat area behind the image was selected to verify the proposed method,
and re-imaging was performed according to the selected range. The advantages of the
proposed method are illustrated by comparison with the single-node POS, sub-aperture
compensation method [18] and coherence coefficient diagram, coherence coefficient his-
togram, and interference phase diagram of channel 1 and channel 3, using the proposed
method. The results are illustrated in Figure 15.

(a) (b)

Figure 15. The comparison of interference fringe results. (a) The main POS imaging; (b) the left
POS imaging.

Figure 15 shows that the stripes in the single POS processing result are wrong. The co-
herence coefficient diagram and the coherence coefficient statistical histogram are presented
in Figure 16.

Figure 16a,c shows that there is a low-coherence area in the coherence coefficient
diagram of the single POS imaging method of the master node, and the average coherence
coefficient is about 0.68. Figure 16b,d shows that the coherence coefficient of the POS imag-
ing method using the right node is poor, and the coherence coefficient is only 0.57. Then,
the document fusion method was adopted, and the estimation and compensation perfor-
mance were compared after using the fusion method [32]. The comparison of interference
fringe results of channel 1 and channel 3 is shown in Figure 17.
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(a) (b)

(c) (d)

Figure 16. The comparison results. (a) The main POS imaging coherence coefficient diagram; (b) the
left POS imaging coherence coefficient diagram; (c) the main POS imaging coherence coefficient
statistical histogram; (d) the left POS imaging coherence coefficient statistical histogram.

(a) (b)

Figure 17. The comparison of interference fringe results. (a) The comparison method; (b) the
proposed method.

Figure 17 indicates that the interference fringes processed with the sub-aperture
compensation method are still curved, and the interference fringes processed with the
proposed method are linear. The coherence coefficient diagram and the coherence coefficient
statistical histogram are illustrated in Figure 18.
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(a) (b)

(c) (d)

Figure 18. The comparison results. (a) The comparison method coherence coefficient diagram; (b)
the proposed method coherence coefficient diagram; (c) the comparison method coherence coefficient
statistical histogram; (d) the proposed method coherence coefficient statistical histogram.

Figure 18a,c shows that the comparison method improves sub-aperture compensation
compared with traditional imaging methods, but there is still residual motion error, and the
average coherence coefficient is about 0.78. Figure 18b,d shows that the estimation and
compensation results are more accurate, and the coherence coefficient can reach 0.89.

Then, the above operation compensation results were used for imaging, and a compar-
ison of interference fringe results of channel 1 and channel 2 is presented in Figure 19.

(a) (b)

Figure 19. The comparison of interference fringe results. (a) The main POS imaging; (b) The left
POS imaging.

Figure 19a shows that the interference fringes processed by the sub-aperture compen-
sation method are still curved. Figure 19b shows that the interference fringes processed
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using the proposed method are linear. The coherence coefficient diagram and the coherence
coefficient statistical histogram are shown in Figure 20.

(a) (b)

(c) (d)

Figure 20. The comparison results. (a) The comparison method coherence coefficient diagram; (b) the
proposed method coherence coefficient diagram; (c) the comparison method coherence coefficient
statistical histogram; (d) the proposed method coherence coefficient statistical histogram.

Meanwhile, the mean values of the coherence coefficient of the four methods were
calculated, as shown in Figure 21.

Then, the imaging performance of point targets was compared. The 2D results are
shown in Figure 22.

Figure 21. The mean values of coherence coefficient. (a) channel 1 and channel 3; (b) channel 1 and
channel 2.
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(a) (b) (c) (d)

Figure 22. The comparison of 2D results of point targets. (a) The main POS imaging; (b) the left POS
imaging; (c) the comparison method; (d) the proposed method.

The results of qualitative analysis indicators are presented in Table 4. The results of
range and azimuth direction, resolution, ISLR, and PSLR were analyzed.

Table 4. Point target comparison results of different methods.

Method
Range Azimuth

Resolution (m) PSLR (dB) ISLR (dB) Resolution (m) PSLR (dB) ISLR (dB)

method 1 1 0.13 −8.73 −10.14 0.17 −7.59 −4.48
method 2 2 0.13 −8.98 −10.17 0.17 −3.61 −1.89
method 3 3 0.13 −8.71 −10.12 0.17 −10.21 −6.06
method 4 4 0.13 −8.93 −10.13 0.17 −13.45 −8.09

1 This is the main POS imaging method [25]. 2 This is the right POS imaging method [25]. 3 This is the comparison
method [18]. 4 This is the proposed method.

Next, the point cloud results of the last two processing methods were compared,
and the comparison results are shown in Figure 23.

(a) (b)

Figure 23. The comparison of 3D reconstruction point cloud results. (a) The comparison method;
(b) the proposed method.

Finally, the 3D results of large-area reconstruction using the proposed method are
illustrated in Figure 24.
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Figure 24. 3D reconstruction results.

6. Discussion

The comparison of simulation results in Figure 9 indicates that the proposed method
is more effective than the sub-aperture estimation method. Figure 9a,b shows the 2D
interference results of the two methods on rigid channel 3 and channel 4, respectively.
The comparison method [18] still has a residual motion error, which is reflected in the
bending of the interference fringes along the azimuth, but the proposed method does not
suffer from this problem. Figure 10a,b shows that there is a low-coherence region in the
coherence coefficient results of the comparison method, while the results of the proposed
method do not contain this region. Figure 10c,d shows that the coherence coefficient
histogram of the comparison method is about 0.85, while that of the proposed method is
mainly about 0.95 and more concentrated. Figures 11 and 12 present the 2D interference
results of rigid channels channel 2 and channel 3, which are consistent with those in
Figures 9 and 10. By comparing the performance of point targets, it can be seen from the
figure that the range resolution and other indicators of the 2D imaging results obtained
using this method remain unchanged, but there is a great improvement in the azimuth,
especially ISLR. These results demonstrate the advantages of the proposed method.

Meanwhile, the actual data are compared. Figure 15 presents a comparison result [25]
obtained using a single POS imaging. The interference phase diagram in Figure 15a,b indi-
cates that there are low-coherence regions, and the imaging results of the master node are
better than those of the sub-nodes. This is because the imaging tracks of other rigid channels
are calculated by the master node through the lever arm, so that they are consistent. When
the imaging results of the right node interfere with the imaging results of the master node,
due to the yaw angle, area correspondence and other problems, the resulting coherence
coefficient diagram is not as good as that of the main node. According to Figure 16a,b,
the coherence coefficient is not high, and according to Figure 16c,d, the interference fringes
are not correct. Therefore, the imaging method is subsequently improved [32], and the
method proposed in this paper is combined for processing and comparison.

Firstly, the point target performance is compared. The figure shows that the range res-
olution and other indicators of the 2D imaging results obtained using this method remain
unchanged, but there is a great improvement in the azimuth, especially ISLR. Figure 17a,b
shows the 2D interference results of the two methods for the flexible channel and rigid chan-
nels 1 and 3, respectively, and the comparison method [18] still contains a residual motion
error, which is reflected in the bending of interference fringes along the azimuth. However,
the proposed method does not contain this region. Figure 18a,b shows a low-coherence
region in the coherence coefficient results of the comparison method; the proposed method
does not suffer from this problem. Figure 18c,e shows that the coherence coefficient of
the comparison method is generally about 0.83, while that of the proposed method is
generally about 0.93 and more concentrated. Additionally, Figures 19 and 20 show the 2D
interference results of flexible channel 1 and rigid channel 2, which are consistent with
those in Figures 17 and 18. Moreover, the statistical diagram of the mean value of the
coherence coefficient is shown in Figure 21. The above results reflect the advantages of the
proposed method.

As shown in Figure 22, the point cloud reconstruction results of the comparison method
in Figure 22a contain many miscellaneous points, and the point cloud reconstruction result
is poor. However, after using the proposed method, the point cloud reconstruction result in
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Figure 22b is more clear and distinguishable, and there are fewer miscellaneous points,
which also reflects the advantages of the proposed method.

7. Conclusions

Airborne array SAR plays an important role in SAR three-dimensional applications
such as resource exploration, topographic mapping, and emergency relief. In the airborne
array tomographic SAR 3D imaging technology, the baseline length is the main factor that
restricts the resolution. An airborne array flexible SAR can increase the baseline length
to improve the interference performance by mounting antennae on the wing. However,
the existing studies lack results regarding flexible actual data processing and specific motion
compensation methods. In this study, a motion error estimation and compensation method
for flexible channels is proposed, based on multichannel interferograms of airborne array
flexible SAR. Firstly, a flexible channel motion compensation model is established based on
the rigid channel interferogram of airborne array tomographic SAR. Then, based on rigid
multi-channel data and combined with the ground control points, the accurate rigid baseline
length and central incidence angle are obtained using the least square method and the global
optimal search algorithm. Finally, the flexible motion error is inversed according to the rigid
channel interferogram and, combined with the motion compensation model, the flexible
data are compensated in the time domain. The actual data results indicate that, compared
with traditional motion error estimation and compensation methods, the proposed method
can obtain accurate flexible compensation data and improve the coherence coefficient of
airborne array flexible SAR multi-channel data from 0.68 to 0.89. The study results lay a solid
foundation for the high-precision mapping of airborne array flexible SAR.
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