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Scanning Error Compensation in Ground-Based
ArcSAR Monitoring

Yunkai Deng , Hanpu Zhou , Weiming Tian , Xin Xie , Wenyu Li , and Cheng Hu

Abstract—Ground-based arc-scanning synthetic aperture radar
(GB-ArcSAR) can perform 360° scanning and has a large field
of view. Based on the differential interferometry technique, GB-
ArcSAR can be utilized to measure the surface deformation.
However, affected by the rotating motion, rescanning angle error
and rotation center offset during repeated scanning could occur.
Through theoretical analysis, this article proves that the rescanning
angle error has nearly no effect on the interferometric phase and
can be negligible. The phase error caused by the rotation center
offset can be built as a linear multiparameter model based on the
multivariate Taylor expansion. Simulations are made to analyze
the effect of the rotation center offset. A compensation method
based on permanent scatterer technology is proposed, by using the
least squares method, which jointly compensates the rotation center
offset error and the atmospheric phase disturbance error. The
compensation performance of the proposed method is validated
in different scenarios, which can effectively improve the accuracy
of deformation measurement.

Index Terms—Ground-based arc-scanning synthetic aperture
radar (Gb-ArcSAR), multiparameter model, permanent scatterer
(PS), rotation center offset error.

I. INTRODUCTION

D EFORMATION monitoring is an important basis for
predicting and warning landslide disasters, frozen soil

pavement, construction, and other fields [1]. Synthetic aperture
radar (SAR) has a wide range of applications in deformation
monitoring, with the advantages of being all-time, all-weather,
and large-scale [2], [3], which is typically based on differential
interferometric technology [4]. Spaceborne SAR has a large cov-
erage range, but its measurement period is limited by the revisit
period, and the observation perspective is not flexible enough
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[5]. Ground-based SAR (GB-SAR) works on a ground platform
and can adjust its placement according to the observation scene.
It has a short monitoring period and performs near real-time
deformation monitoring [6], [7]. The deformation measurement
accuracy of GB-SAR can reach millimeter to submillimeter
level [8].

GB-SAR can be divided into three types: line-scanning
GB-SAR, ground-based arc-scanning SAR (GB-ArcSAR),
and ground-based multiple-input multiple-output (GB-MIMO)
radar, according to different synthetic aperture modes [1]. The
transmitting and receiving antennas of line-scanning GB-SAR
move along the slide track to form a large synthetic aperture
[9], and the GB-MIMO radar uses multiple transmitting and
receiving antennas to form a special array [10]. Both of them
can only observe at a certain angle range covered by the antenna
beam. GB-ArcSAR can obtain a 360˚ view through rotation
and has a much larger monitoring coverage than the other two
types [11].

However, in practice, it is difficult to avoid the rotation errors
of a GB-ArcSAR system by other means. Typical rotation errors
include the angle deviation when rescanning and a slight offset
of the rotation center. Both cases would cause error phase com-
ponents in the differential interferometry measurement. In the
long-term monitoring, if the error phase components cannot be
compensated with high accuracy, the deformation measurement
accuracy will be affected. The rescanning angle error and the
rotation center offset error are both very small when adopting
a high-precision turntable, but they cannot be ignored in order
to ensure the deformation measurement accuracy on the sub-
millimeter level. However, it is difficult to measure the rotation
errors directly by other means in practice.

In GB-ArcSAR measurement, errors caused by the rotation
arm are commonly omitted. The main error source is the at-
mospheric phase disturbance, and it can be compensated by
building a multiparameter model using the unwrapping phase
of permanent scatterer (PS) [12]. As for the rescanning error,
there are some related research works on linear scanning GB-
SAR. The first type considers the mechanical reset error of
the sliding track. When the radar cannot accurately move from
the starting to the end of the sliding track every time during
repeating measurements, small reset errors due to the imperfect
repeatability of synthetic aperture scans on the submillimeter
or millimeter scale can occur and it can be compensated by
building a simplified model related with the azimuth angle [13].
The second type considers the repositioning error in GB-SAR
discontinuous monitoring, since the radar system needs to be
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Fig. 1. Schematic diagram of differential interferometry.

installed and disassembled repeatedly [14], [15]. For continuous
measurement of GB-ArcSAR, there is also a rotational center
offset error. When the radar rotates in the azimuth direction
to form an arc-shaped synthetic aperture, it may be affected
by external interference and other factors, resulting in a slight
deviation of the rotation circle. At the present stage, no relevant
research works on how to model and compensate for the rotation
errors of GB-ArcSAR have been reported.

This article analyses the effect of the rescanning angle error
and the rotation center offset error on the interferometric phase.
Theoretical analysis proves that the rescanning angle error can
be negligible. Then, this article analyzes the rotation center
offset error based on the GB-ArcSAR imaging geometry, and
obtains the functional relationship between the error model and
the three-dimensional (3-D) coordinates of the targets based on
the multivariate Taylor expansion. This article proposes a differ-
ential interferometric measurement error compensation method
based on the PS technology. By using the least squares method,
this article estimates the error phase and jointly compensates for
the rotation center offset error and the atmospheric disturbance
phase. Coner reflector experiments and real-scene monitoring
experiments were conducted on the GB-ArcSAR system. The
effectiveness of the proposed method was verified by comparing
and analyzing the results of only atmospheric phase compensa-
tion and joint compensation.

II. ROTATION ERROR IN GB-ARCSAR

GB-ArcSAR utilizes the differential interferometry technique
to measure the surface deformations [16]. The basic principle
is shown in Fig. 1. If the position of a target changes during
two acquisitions, under ideal conditions, its phase change can
be expressed as

Δϕ = ϕ1 − ϕ2 = 4π
R1 −R2

λ
=

4π

λ
ΔR (1)

where R1 is the initial distance between the target and the radar,
R2 is its changed distance, λ is the radar wavelength, and Δϕ is
the deformation phase without considering the phase wrapping.
The deformation ΔR can be estimated based on (1).

GB-ArcSAR acquires a large synthetic aperture by rotating
the antennas in the horizontal plane. In the long-term repeated
mechanical scanning, two types of rotation errors, including the
rescanning angle error and the rotation center offset error, are
inevitable. The rescanning angle error is the angular reset error
when the antennas rotate from or return to the starting position,
resulting in an overall angle deviation in the azimuth direction

Fig. 2. Rescanning error diagram.

during repeated measurements. The rotation center offset error is
caused by the instability of the rotation platform itself, resulting
in a phase error due to the range variation between the target and
the radar system.

A. Rescanning Angle Error

Fig. 2 shows a schematic diagram of the rescanning angle
error in the range-azimuth plane. O is the rotation center and
its coordinate is (00,0). P is a target with the coordinate of (0,
R, h). Its coherent integral arc is Q1refQ2ref. Qref is the middle
point of the arc, and its coordinate is (0, r,0). Considering the
phenomenon of azimuth translation invariance in GB-ArcSAR
imaging, the azimuth coordinates of the target P and the arc
center Qref are both set to be zero. Their distance |PQref|can be
expressed as

|PQref| =
√

(R− r)2 + h2. (2)

When there is a rescanning angle error ε, assume that the

coherent integral arc of P changes to
�

Q1Q2, and Q is the middle
point of the arc. The distance |PQ| between P and Q is

|PQ| =
√

r2 +R2 + h2 − 2rR cos ε. (3)

The phase component caused by the rescanning angle error
can be expressed as

ϕre =
4π

λ
(|PQref| − |PQ|)

=
4π

λ

(√
(R− r)2 + h2 −

√
r2 +R2 + h2 − 2rR cos ε

)

=
4π

λ

[
− Rrε2√

r2 +R2 + h2 − 2rR cos ε
+O(ε3)

]
. (4)

To quantitively analyze the value of ϕre, a numerical simula-
tion is made, using rotation radius r = 1.177 m and wavelength
λ= 0.0185 m. Fig. 3(a) shows the change ofϕrewith rescanning
angle error and range when the height is 10 m. Fig. 3(b) shows
the change of ϕrewith reset angle error and height when the
range is 300 m. The error phase value of both is just on the order
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Fig. 3. Phase component cause by the rescanning angle error. (a) Variation of
error phase with range and reset error. (b) Variation of error phase with height
and reset error.

Fig. 4. Geometry diagram of the rotation center offset.

of 10-3 rad. Therefore, for a rotating platform with an angle
repetition accuracy better than 0.1°, the rescanning angle error
can be negligible.

B. Rotation Center Offset Error

Fig. 4 shows the geometric relationship before and after the
rotation center offset, where x is the azimuth axis, y is the range
axis, and z is the height axis [17]. P denotes the target, and
its coordinate is (xp, yp, zp). O is the rotation center, and its
coordinate is (00,0). C is the position of the antenna, which is
located at the end of the rotation arm. r is the rotation radius.

The azimuth angle of P is θ = tan−1(xp/yp). Then the range
R between P and C can be expressed as

R =
√

(xp − r cos θ)2 + (yp − r sin θ)2 + z2p. (5)

O’ is the rotation center after offset, and its coordinate is
assumed to be (εx, εy, εz). The azimuth angle θ′ of the target
P is

θ′ = tan−1 ((xp − εx) / (yp − εy)) . (6)

Since the offsets εxandεy are both small and their values are
typically on the submillimeter or millimeter level, which are
much smaller than the ground range, θ′ can be approximated as
θ.

The range R′ between P and C ′after the rotation center offset
can be expressed as

R′ (εx, εy, εz) =√
(xp − r cos θ − εx)

2 + (yp − r sin θ − εy)
2 + (zp − εz)

2.

(7)

Performing a multivariate Taylor series expansion on
R′(εx, εy, εz) at (00,0), we can obtain

R′ (εx, εy, εz) ≈ R′ ∣∣
(0,0,0)

+

[
∂R′
∂εx

∣∣∣
(0,0,0)

∂R′
∂εy

∣∣∣
(0,0,0)

∂R′
∂εz

∣∣∣
(0,0,0)

]⎡
⎣εxεy
εz

⎤
⎦

+
1

2

[
εx εy εz

]
⎡
⎢⎢⎢⎢⎣

∂2R′
∂ε2x

∣∣∣
(0,0,0)

∂2R′
∂εx∂εy

∣∣∣
(0,0,0)

∂2R′
∂εx∂εz

∣∣∣
(0,0,0)

∂2R′
∂εx∂εy

∣∣∣
(0,0,0)

∂2R′
∂ε2y

∣∣∣
(0,0,0)

∂2R′
∂εy∂εz

∣∣∣
(0,0,0)

∂2R′
∂εx∂εz

∣∣∣
(0,0,0)

∂2R′
∂εy∂εz

∣∣∣
(0,0,0)

∂2R′
∂ε2z

∣∣∣
(0,0,0)

⎤
⎥⎥⎥⎥⎦

⎡
⎣εxεy
εz

⎤
⎦

= R− xp − r cos θ

R
εx − yp − r sin θ

R
εy − zp

R
εz

+

(
R2

1 − (xp − r cos θ)2
)

2R3
ε2x +

(
R2

1 − (yp − r sin θ)2
)

2R3
ε2y

+

(
R2

1 − z2p
)

2R3
ε2z

− (xp − r cos θ) (yp − r sin θ)

R3
εxεy − (xp − r cos θ) zp

R3
εxεz

− (yp − r sin θ) zp
R3

εyεz. (8)

In (8), R′|(0,0,0) = R.
Therefore, the range variation ΔR is

ΔR = R′ (εx, εy, εz)−R = −xp − r cos θ

R
εx

− yp − r sin θ

R
εy − zp

R
εz

+

(
R2 − (xp − r cos θ)2

)
2R3

ε2x

+

(
R2 − (yp − r sin θ)2

)
2R3

ε2y +

(
R2 − z2p

)
2R3

ε2z

− (xp − r cos θ) (yp − r sin θ)

R3
εxεy

− (xp − r cos θ) zp
R3

εxεz − (yp − r sin θ) zp
R3

εyεz.

(9)

Since the rotation center offset is much smaller than the slant
range, the quadratic term is much smaller than the linear one,
and it can be ignored. Therefore, the error phase caused by the
rotation center offset can be expressed as

Δϕgeom = −4π

λ

(
xp − r cos θ

R
εx +

yp − r sin θ

R
εy +

zp
R
εz

)
.

(10)
To illustrate the effects of the rotation center offset error, the

interferometric phase under different types of rotation center
offsets is simulated with wavelength λ = 0.0185 m. As shown
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Fig. 5. Error phase of different error components. (a) Simulated terrain.
(b) εx = 1mm, εy = 0, εz = 0. (c) εx = 0, εy = 1mm, εz = 0. (d) εx =
0, εy = 0, εz = 1mm.

in Fig. 5(a), a circular 3-D terrain composed of a flat land
and a slope is constructed. Fig. 5(b)–(d) shows the error phase
diagram under different offsets. When there is only rotation
offset error component in the azimuth direction with εx = 1
mm, the error phase Δϕgeom changes with the azimuth angle.
When the rotation error is set as εy = 1mm, the error phase
Δϕgeom also changes with the azimuth angle. When there is only
vertical error component εz = 1mm, the error phase Δϕgeom in
the flat area is 0, but in the slope area, the error phase gradually
increases as the slope height increases. Therefore, the error phase
introduced by εx and εy changes with the azimuth angle and is
almost unaffected by the height, and the error phase introduced
by εz is only affected by the height.

III. ERROR COMPENSATION BASED ON PS TECHNOLOGY

Interferometric phase quality is the most crucial element that
determines the accuracy of GB-ArcSAR deformation measure-
ment. To select pixels suitable for phase analysis, the PS tech-
nique is commonly applied. The PS method estimates pixels’
phase stability with the amplitude dispersion index (ADI) [18].
The interferometric phase of a PS after phase unwrapping can
be modeled as

ΔϕPS = Δϕdefo +Δϕatmo +Δϕgeom +Δϕnoise (11)

where Δϕdefo is the deformation phase, Δϕatmo is the atmo-
spheric disturbance phase, Δϕgeom is the rotation error phase,
and Δϕnoise is the phase error caused by thermal noise.

The phase error caused by the rotation center offset is modeled
as

Δϕgeom =
4π

λ

(
A1

xp − r cos θ

R
+A2

yp − r sin θ

R
+A3

zp
R

)
.

(12)

For the atmospheric disturbance phase Δϕatmo, when the
atmosphere in the scene is uniformly distributed, Δϕatmo can
be constructed into a model that changes linearly with the slant
range

Δϕatmo =
4π

λ
(B1R+B2) (13)

where B1 is the linear coefficient and B2 is a constant.
When the atmosphere is nonuniformly distributed, the atmo-

spheric phase shows complex spatial variability and some com-
plicated parametrical models are utilized to simulate Δϕatmo.
When considering that the refractivity distribution may exhibit
horizontal inhomogeneity, a new interferometric signal model
to jointly estimate the deformation velocity and residual atmo-
spheric disturbance phase is proposed [19]. When there are ter-
rain changes in the scene, the atmospheric refraction will change
with the scene height. Then the atmospheric phase component
can be constructed as a range-height model [20]

Δϕatmo =
4π

λ
(C1R+ C2Rzp + C3) (14)

where C1 is the linear coefficient, C2 is the “range-height”
coefficient, and C3 is a constant.

Taking the atmospheric disturbance phase in (14) as an ex-
ample, the interferometric phase ΔϕPS of a PS without defor-
mation can be expressed as

ΔϕPS =
4π

λ

(
A1

xp − r cos θ

R
+A2

yp − r sin θ

R
+A3

zp
R

+ C1R+ C2Rzp + C3 + e

)
(15)

where [A1, A2, A3, C1, C2, C3] is the parameter to be estimated,
and e is the random noise phase.

A system of equations can be built as follows:

ΔΦ = Xβ + E (16)

where

ΔΦ =

⎡
⎢⎢⎢⎣
Δϕ1

Δϕ2

...
ΔϕN

⎤
⎥⎥⎥⎦X =

4π

λ

⎡
⎢⎢⎢⎢⎣

x1−r cos θ1
R1

y1−r sin θ1
R1

z1
R1

R1 R1z1 1
x2−r cos θ2

R2

y2−r sin θ2
R2

z2
R2

R2 R2z2 1
...

...
...

... ...
...

xN−r cos θN
RN

yN−r sin θN
RN

zN
RN

RN RNzN 1

⎤
⎥⎥⎥⎥⎦

β =

⎡
⎢⎢⎢⎢⎢⎢⎣

A1

A2

A3

C1

C2

C3

⎤
⎥⎥⎥⎥⎥⎥⎦

E =
4π

λ

⎡
⎢⎢⎢⎣
e1
e2
...
eN

⎤
⎥⎥⎥⎦ (17)

where ΔΦ is an N × 1-dimensional vector composed of the
interferometric phases of N PSs. X is a N × 6 matrix depending
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Fig. 6. System and experimental scene.

TABLE I
SYSTEM PARAMETERS

on the 3-D coordinates, slant range, and azimuth angle of the PSs.
β is a 6× 1 vector composed of the parameters to be estimated,
and E is an N × 1 vector composed of random errors.

According to the least squares estimation algorithm, the pa-
rameter vector β is estimated, and we can obtain

β̂ =
(
XTX

)−1
XTΔΦ (18)

where T is the matrix transpose.
Hence, the estimated error component ΔΦ̂ of the PSs is

ΔΦ̂ = Xβ̂. (19)

Finally, ΔΦ̂ is subtracted from ΔΦ to achieve error phase
compensation. In actual processing, there are PSs with deforma-
tions that will affect the estimation accuracy. In order to improve
the measurement accuracy, unreliable PSs can be filtered out
according to (20) [21]. The typical value of ϕT is within 0.1–0.2
rad, and then a secondary estimation compensation is performed∣∣∣ΔΦ−ΔΦ̂

∣∣∣ < ϕT . (20)

IV. EXPERIMENTAL RESULTS

A. Corner Reflector (CR) Experiment

Fig. 6 shows the GB-ArcSAR system independently devel-
oped by the Radar Research Laboratory of Beijing Institute of
Technology. Table I shows the system parameters. The right side
of the scene is a building, the other three sides are low walls,
and there are some evenly distributed plastic pipes in the middle.
During the experiment, two CRs were placed on the left side and
a displacement CR (DCR) was placed in the middle of the scene.

Fig. 7. (a) SNR image. (b) PS selection result.

Fig. 8. Deformation curves of three CRs. (a) CR1. (b)CR2. (c) DCR.

The radar system works in a fan scan mode. The scanning angle
range is -90°to 90°, and the rotation speed is 5°/s.

The collection started at 16:20 on July 13, 2022, and ended
at 17:08. A total of 54 images were collected. The DCR was
set to move 1 mm on the 11th and 15th image, 2 mm on the
20th and 25th images, and 3 mm on the 35th and 46th images.
Fig. 7(a) is the signal-to-noise ratio (SNR) map. An amplitude
dispersion threshold of 0.1 and an SNR threshold of 15 dB were
used for the PS selection, and a total of 2083 PSs were selected.
Fig. 7(b) shows the PS selection result and marks the positions
of the CRs.

Two models are respectively utilized to compensate for the
error phase components. A model is the slant range-height model
in (13), which is only utilized to compensate the atmospheric
disturbance phase, and B model is the joint compensation model
in (15).

Fig. 8 shows the time series deformation curves of different
CRs after compensation using models A and B. The two fixed
CRs are used as reference. It can be noted that the deformation
value fluctuations are smaller when using B model. For the
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TABLE II
STANDARD DEVIATION OF THE DEFORMATION MEASUREMENT ERRORS AFTER

COMPENSATION WITH DIFFERENT MODELS

Fig. 9. (a) Experimental scene. (b) SAR image.

DCR, its deformation values are consistent with the preset
displacement.

Table II shows the standard deviation of the deformation error
when using different compensation models. The deformation
measurement accuracy after compensation by models A and B
has been greatly improved, but model B has a better improve-
ment performance and it reaches submillimeter accuracy. This
result verifies the accuracy of the model proposed in this article.

B. Open Pit Mine Experiment

Beijing Shouyun Iron Mine (N 40◦22′51′′,E 117◦1′54′′) is an
open-pit mine with sparse vegetation. The experimental scene
is shown in Fig. 9(a). The sector denotes the location of the
radar system. The system parameters are shown in Table I.
The collection started at 12:58 on March 28, 2023, and ended
at 15:08, which lasted for 2 h and 10 min. A total of 113
images were collected. Fig. 9(b) shows the SAR image in polar
coordinates. The scene in the lower left corner is a puddle, and
the hillside texture on the right is clear.

Set the amplitude dispersion threshold to 0.1, and the SNR
threshold to 10 dB. A total of 41 108 PSs are selected. The
interferometric phase map of the PSs acquired with the 96th
and 97th images is shown in Fig. 10.

Interferometry processing was performed on two adjacent
SAR images, and a total of 112 interferometric phase images
were obtained. Using A model to estimate the error phase of
the PSs, the scatter diagram SD(k)

A−R (SD, Scattered Diagram)
of the interferometric phase distribution along with the slant
range is shown in Fig. 11(a) and SD(k)

A−A along with the azimuth
angles is shown in Fig. 11(b), where (k) is the kth interferometric
phase map. It can be noted that using only the atmospheric phase
model, the distribution of the model estimation results and the
actual interferometric phase cannot accurately match. Fig. 11(c)
and (d) shows the scatter diagrams SD(97)

B−R and SD(97)
B−Aestimated

Fig. 10. Interferometric phase map of the selected PSs after phase unwrapping.

Fig. 11. Estimation results of model A and B. (a) SD(97)
A−R. (b) SD(97)

A−A. (c)

SD(97)
B−R. (d) SD(97)

B−A.

Fig. 12. Scatter diagram of compensated phase. (a) Model A, 97th image. (b)
Model B, 97th image.

by the model B respectively. It can be seen from Fig. 11(c) and
(d) that when the rotation center offset error and atmospheric
phase are jointly compensated, the distribution of the estimated
results is consistent with that of the interferometric phase.

Fig. 12 shows the residual error phase diagram of the 97th
interferometric phase map after compensation using the A and B
models. The residual error phase refers to the difference between
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Fig. 13. Accumulated deformation phase after compensation. (a) A model.
(b) B Model.

Fig. 14. Cumulative deformation phase distribution curves of different mod-
els.

the phase estimated by the models and the real unwrapped
phase of PSs. When only the range-height model is used, the
compensation effect is poor, and large residuals still exist after
compensation. When using the A and B models, the compen-
sated phase standard deviations of the 97th map are 0.2395
rad and 0.0763 rad respectively. The compensation performance
with the B model is better.

Fig. 13 shows the cumulative deformation phase maps with
the two models. It can be seen that when the A model is used
for compensation, a large number of PSs still retain phase com-
ponents that change along the azimuth. Model B estimates and
compensates for the rotation center offset error, and the residual
phase is basically distributed around 0 rad. The distribution
of the cumulative deformation phase is shown in Fig. 14. We
can conclude that a better compensation performance could be
achieved using model B, which jointly compensates the phase
error.

C. Foundation Pit Monitoring Experiment

A differential interferometry experiment was conducted in
Pinggu district, Beijing, on May 10, 2023. The system param-
eters are shown in Table I. The collection started at 12:19 and
ended at 15:54. A total of 185 images were collected, which
lasted for 3 h and 35 min. Fig. 15(a) shows the scene of the
foundation pit, and Fig. 15(b) shows the SAR image in polar
coordinates.

Fig. 15. (a) Experimental scene. (b) SAR image.

Fig. 16. PS selection result.

Fig. 17. Phase estimation results with the A and B models. (a) SD(2)
A−R. (b)

SD(2)
A−A. (c) SD(2)

B−R. (d) SD(2)
B−A.

Using all the 185 images, 12 988 PSs were selected by using
the amplitude deviation threshold of 0.15 and the SNR threshold
of 25 dB. Fig. 16 shows the interferometric phase of the PSs.

When using the A model, the scatter plot SD(2)
A−R and SD(2)

A−A

are shown in Fig. 17(a) and (b). When using the B model,
SD(2)

B−R and SD(2)
B−A are shown in Fig. 17(c) and (d). It can
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Fig. 18. Compensated phase distribution. (a) Over slant range with model A.
(b) Over slant range with model B. (c) Over azimuth angle with model A. (d)
Over azimuth angle with model B.

Fig. 19. Cumulative deformation phase distribution curves with different
models.

be noted that when using the A model, the estimated phase
distribution has a large difference from the interferometric phase
distribution. When considering the offset of the rotation center,
the estimated phase agrees much better with the interferometric
phase.

Fig. 18 shows the phase diagram of the 2nd image with or
without compensation using the rotation center offset model.
The results after compensation are distributed around 0 rad.

Fig. 19 shows the cumulative deformation phase distribution
curve after compensation. Fig. 20 shows the cumulative defor-
mation phase diagram using the A and B models. When the
rotation center offset error is not compensated, a large number
of PSs retain phase components that change along the azimuth.
After removal, the remaining phases are basically distributed
around 0 rad. It can be noted that the proposed method can
effectively compensate the scanning error phase in differential
interferometry.

Fig. 20. Accumulated deformation phase after compensation. (a) Model A.
(b) Model B.

V. CONCLUSION

In GB-ArcSAR differential interferometry, the mechanical
rotation might cause the rotation center to shift, which affects
the deformation measurement accuracy. This article establishes
a rotation center offset error model based on the radar imag-
ing geometry. Based on the multivariate Taylor expansion, the
functional relationship between the error model and the scene
terrain is obtained, which illustrates the influence of different
error components on the interferometric phase. A differential
interferometry error compensation method based on the PS
technology is proposed. This method uses the least squares
method to estimate and jointly compensate for the rotation center
offset error and the atmospheric disturbance phase. Through
the CR and actual scene experiments, the effectiveness of this
method is verified.
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[18] B. Osmanoğlu, F. Sunar, S. Wdowinski, and E. Cabral-Cano, “Time series
analysis of InSAR data: Methods and trends,” ISPRS J. Photogrammetry
Remote Sens., vol. 115, pp. 90–102, May 2016.

[19] Y. Izumi, G. Nico, and M. Sato, “Time-series clustering methodology
for estimating atmospheric phase screen in ground-based InSAR data,”
IEEE Trans. Geosci. Remote Sens., vol. 60, 2022, Art. no. 5206309,
doi: 10.1109/TGRS.2021.3072037.

[20] X. Zhao, H. Lan, L. Li, Y. Zhang, and C. Zhou, “A multiple-regression
model considering deformation information for atmospheric phase screen
compensation in ground-based SAR,” IEEE Trans. Geosci. Remote Sens.,
vol. 58, no. 2, pp. 777–789, Feb. 2020, doi: 10.1109/TGRS.2019.2940463.

[21] Y. Deng, C. Hu, W. Tian, and Z. Zhao, “A grid partition method
for atmospheric phase compensation in GB-SAR,” IEEE Trans.
Geosci. Remote Sens., vol. 60, May 2022, Art. no. 5206713,
doi: 10.1109/TGRS.2021.3074161.

Yunkai Deng was born in 1992. He received the B.S.
and Ph.D. degrees in information and communication
engineering from Beijing Institute of Technology,
Beijing, China, in 2014 and 2020, respectively.

He is an Assistant Professor and working with
Radar Technology Research Institute, Beijing Insti-
tute of Technology. His research interests include
SAR image processing and DInSAR technology.

Hanpu Zhou was born in 2000. She received the B.S.
degree in communication engineering from Hunan
University, Changsha, China, in 2022. She is cur-
rently working toward the M.S. degree with the Radar
Technology Research Institute, Beijing Institute of
Technology, Beijing, China, in 2023.

Her research interests include SAR imaging and
interferometry.

Weiming Tian was born in 1983. He received the B.S.
and Ph.D. degrees in information and communication
engineering from the Beijing Institute of Technology,
Beijing, China, in 2005 and 2010, respectively.

He is currently working with the Radar Technology
Research Institute, Beijing Institute of Technology.
His research interests include synthetic aperture radar
(SAR) system design and signal processing, bistatic
SAR synchronization, and differential interferomet-
ric SAR technology.

Xin Xie was born in 1996. He received the B.S. degree
in communication engineering from Zhengzhou Uni-
versity, Zhengzhou, China, in 2019. He is currently
working toward the Ph.D. degree with the Radar
Technology Research Institute, Beijing Institute of
Technology, Beijing, China.

His research interests include SAR imaging and
interferometry.

Wenyu Li was born in 1999. She received the B.S.
degree in electronic information engineering from
the Huazhong University of Science and Technology,
Wuhan, China, in 2021. She is currently working
toward the M.S. degree with the Radar Technology
Research Institute, Beijing Institute of Technology,
Beijing, China.

Her research interests include radar signal process-
ing and biomedical radar systems.

Cheng Hu was born in Hunan Province, China. He
received the B.S. degree in electronic engineering
from the National University of Defense Technology,
Changsha, China, in 2003, and the Ph.D. degree in
target detection and recognition from the Beijing
Institute of Technology (BIT), Beijing, China, in
2009.

From 2006 to 2007, he was a Research Associate
with the Microwave Integrate System Laboratory,
University of Birmingham, Birmingham, U.K. Since
2012, he has been an Associate Professor with the

School of Information and Electronics, BIT. His research interests include the
geosynchronous SAR, bistatic SAR imaging processing, and forward scatter-
radar signal processing.

https://dx.doi.org/10.1007/s11432-022-3613-6
https://dx.doi.org/10.1109/IGARSS.2010.5652569
https://dx.doi.org/10.12000/JR19073
https://dx.doi.org/10.1007/s11432-015-5446-z
https://dx.doi.org/10.1109/LGRS.2023.3323978
https://dx.doi.org/10.1016/j.isprsjprs.2019.08.019
https://dx.doi.org/10.1016/j.isprsjprs.2014.04.001
https://dx.doi.org/10.1109/TGRS.2013.2265700
https://dx.doi.org/10.1109/TGRS.2021.3072037
https://dx.doi.org/10.1109/TGRS.2019.2940463
https://dx.doi.org/10.1109/TGRS.2021.3074161


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


