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Long-term deformation monitoring with ground-based interferometric radar (GBIR), such as the GPRI-II, is often
conducted with a discontinuous strategy, i.e., discontinuous GBIR, which requires repeated instrument setup.
While prior studies have addressed repositioning errors during this process by correcting phase ramps, it is
difficult to provide parameters essential for instrument reconfiguration. This paper introduces a novel 3D model
to estimate and correct re-setup errors for the GPRI-II based on the polar-coordinate geometry frame. The model
employs a dual-component approach, separating errors into repositioning (locational changes) and tilting (tilting
angle variations) components. A joint estimation model is designed to estimate both errors simultaneously. More
important, for the first time, the instrument reconfiguration becomes enabled based on the estimated results from
the proposed model. The effectiveness of the proposed model is verified through real-world experiments and
compared against existing methods. The results indicate the repositioning-only model achieved the highest ac-
curacy, showing improvements of 16.93 % and 50.48 % in repositioning error correction and 10.87 % and 10.66
% in tilting error correction compared to polynomial fitting and the traditional model, respectively. The joint
estimation achieved 30.10 %, 32.58 %, and 48.09 % improvements over the repositioning-only estimation,
polynomial fitting, and traditional model. The instrument reconfiguration achieved accuracies of 2.12 mm
(horizontal), 1.07 mm (vertical), 0.25° (horizontal angle), 2.02° (tilt direction angle), and 0.17° (tilt angle). In
addition, we determine the upper bounds of error tolerance for the system, establishing maximum correctable
errors of 0.64 m (horizontal) and 0.30 m (vertical). All the study results highlight the robustness of the proposed
model and its potential to significantly enhance the precision of discontinuous GPRI-based deformation
monitoring.

1. Introduction monitoring geometry to the targets, and environmental conditions,
mainly the atmospheric delay, etc. (Monserrat et al., 2014). Thanks to its

Ground-based interferometric radar (GBIR) is a non-contact and portability and adaptability across diverse settings, GBIR has been

radar-based terrestrial remote sensing technique that can deliver near-
real-time deformation monitoring with extensive spatial coverage and
high precision (Werner et al., 2008; Monserrat et al., 2014). It obtains
the target deformation by analyzing phase differences in radar waves
between multiple observations(Kobayashi and Miyahara, 2020). Its ac-
curacy typically ranges from sub-millimeter to a few millimeters,
depending on factors such as the characteristics of the targets, the

widely used for monitoring both natural and man-made structures,
including landslides detection(Herrera et al., 2009; Noferini et al.,
2007), glacier dynamics (Dematteis et al., 2017; Luzi et al., 2007;
Noferini et al., 2009), slope stability in open pit mines (Cao et al., 2021;
Liu et al., 2016), dams (Qiu et al., 2020; Xiang et al., 2019), and urban
infrastructure (Liu et al., 2025; Zhang et al., 2018).

In practice, GBIR systems can operate in two primary data
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acquisition modes: continuous (C-GBIR) and discontinuous (D-GBIR)
(Crosetto et al., 2014; Wu et al., 2023). In the C-GBIR mode, instruments
are permanently installed at a fixed location to collect data at regular
intervals (e.g., every few minutes), ensuring continuous monitoring.
However, permanent installations are often impractical due to con-
straints such as high maintenance costs and environmental factors
(Monserrat et al., 2014). In contrast, D-GBIR mode periodically revisits
the site (e.g., weekly) for repeated monitoring by temporarily installing
instruments for each measurement period (Crosetto et al., 2014).
Therefore, D-GBIR is well-suited for long-term monitoring of slow de-
formations. However, this mode requires the instrument to be precisely
re-setup to its original location for each round due to the high sensitivity
to the changes in geometry of GBIR (Wolff et al., 2024). Even minor
repositioning errors on the order of millimeters can introduce significant
errors that can then impact deformation monitoring and subsequent
hazard analysis (Wang et al., 2019).

Many studies have been conducted to mitigate the effect of reposi-
tioning error during the data processing. They can broadly be divided
into two categories. The first constructs a permanent pile to setup the
instrument every time in each short-term session to maintain consistent
positioning (Izumi et al., 2021; Su et al., 2022). The second group is to
estimate the repositioning errors based on the polynomial method (Hu
etal., 2021; Wang et al., 2019) and model-constrained fitting (Mo et al.,
2024; Yang et al., 2017). However, pile construction is often restricted
by local regulations, and repeated installations on the pile can still
introduce tilting errors. Methods only reliant on simple phase ramp with
polynomial fitting are susceptible to long-wave signal interference, such
as atmospheric delay, leading to estimate errors and signal ambiguity
(Zhang et al., 2014). In addition, repositioning errors are inherently
three-dimensional (3D), involving deviations in multiple spatial di-
rections, a factor largely overlooked by existing methods, thus limiting
their effectiveness. Moreover, traditional methods are difficult to pro-
vide parameters essential for instrument reconfiguration for each round
of monitoring that will hinder their practical utility.

In this study, we propose a novel 3D joint estimation model to
parameterize and correct instrument re-setup errors in GPRI-II systems
during multiple short-term sessions for long-term deformation moni-
toring. In this model, a dual-component approach is employed to sepa-
rate GPRI-II re-setup errors into two components: repositioning
(locational changes) and tilting (tilting angle variations). Both error
components are modeled within a polar-coordinate geometry frame-
work. We also developed a joint estimation framework to simulta-
neously estimate these errors. The instrument reconfiguration, for the
first time, became enabled in the basis of the proposed model. To
evaluate the effectiveness of the proposed method, the real-world ex-
periments were conducted and compared with the existing methods. The
derived reconfiguration parameters were verified with the measure-
ments from the total station. Finally, we determined the upper bounds of
error tolerance, providing a recommended re-setup error range for
practical deployments. The rest of the paper is organized as follows:
Section 2 overviews the used GBIR system, and Section 3 introduces the
proposed methodology. The experiments are conducted in Section 4.
Section 5 provides a discussion of the accuracy, reliability, and limita-
tions of the model. Section 6 gives the conclusion.

2. GPRI-II system and error Source

In this section, we first overview of the GPRI-II GBIR system by de-
tailing its parameters and geometric characteristics, followed by an
introduction to the interferometric phase and potential error phase
components.

2.1. Overview of the GPRI-II system

The GAMMA Portable Radar Interferometer (GPRI) is a ground-
based real-aperture radar system with rotating antennas operating at
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Ku-band with 17.2 GHz (Werner et al., 2008). As presented in Fig. 1 (a),
it consists of a transmit antenna and two receiving antennas (the
beamwidths in azimuth and elevation are 0.4 degrees and 45 degrees,
respectively), an antenna bracket with a GPS antenna on the top center
to provide geographic coordinates and time information (decimeter-
level accuracy, with Coordinated Universal Time), a radio frequency
(RF) assembly, mounted on the bracket to generation the linear fre-
quency modulation chirp and obtains the range compressed radar echo,
an azimuth positioner which can undertake panoramic scanning (360
degrees), a tripod, an instrument computer, and a battery pack.
GPRI-II is equipped with two imaging modes: Fixed Azimuth Scan-
ning (FAS) mode, and Rotated Azimuth Scanning (RAS) mode. In RAS
mode, the radar beam scans the front sector by rotating the antennas
along the azimuth direction, enabling panoramic monitoring, as shown
in Fig. 1(b). This mode allows monitoring of targets from 50 m to 10 km

-

GPS antenna transmit antenna

I

azimuth position

Fig. 1. GPRI-II system and observation geometry. (a) GAMMA portable radar
interferometry (b) observation geometry of RAS mode.
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and provides two-dimensional (2D) images with a range resolution of
0.75 m and an azimuth resolution of 6.8 m at 1 km (Werner et al., 2008).
In this study, we mainly focus on the observation from the RAS mode to
correct the errors during the instrument re-setup. The technical speci-
fications of the GPRI-II RAS mode are detailed in Table 1.

2.2. Interferometric phase and error sources

The interferometric technique can be implemented with the GBIR
system for the deformation monitoring (Monserrat et al., 2014). In
contrast to spaceborne InSAR, GBIR offers a simplified approach, as the
topographic phase (¢,,,) and flat-earth phase (¢g,), are generally
negligible due to the fixed observational geometry of the GBIR systems
(Zhang et al., 2018). Following co-registration of two GBIR images ac-
quired at different time, a step often obviated when the instrument
maintains a consistent geometric configuration, the images conjugation
is then conducted to achieve the interferometric phase (¢), which is
composed of the deformation signal (¢g,), atmospheric delay phase
(Paemo)> and residual noise (¢pi.) (Monserrat et al., 2014).

¢ = ¢defo + ¢arma + ¢noi.se @
When we conduct the D-GBIR application for long-term deformation
monitoring, the GBIR is required to re-setup on the same position, which
will invariably induce changes in the instrument attitude and introduce
additional phase components (Yang et al., 2017). For instance, in the
case of the GPRI-II instrument, the phase contributions arising from such
re-setup can be categorized into two components: the repositioning
error (¢yy,) associated with inaccuracies in the instrument position in
three dimensions (3D), and the tilting error (¢;) resulting from changes
in the tilting angle. Under these conditions, the interferometric phase in
Eq. (1) can be extended as:

¢ = ¢defo + ¢repo + ¢tilt + ¢atmu + ¢noise 2
As shown in Eq. (2), re-setup errors create additional phase in the
observation, causing inaccuracies at the final deformation result if
without the correction. Generally, the re-setup errors are presented as
the phase fringes (Su et al., 2022). Dense fringes can lead up to centi-
meter error in deformation, even can cause the decorrelation and errors
in phase unwrapping during the data processing. Several studies have
developed methods to address errors from instrument re-setup, but these
methods typically focus on correcting phase ramps using specific
equations of phase-ramp, e.g., polynomial fitting method (Hu et al.,
2021; Wang et al., 2019). However, such approaches are incapable of
providing the parameters necessary for instrument reconfiguration. In
addition, re-setup errors are distributed across multiple directions,
leading to diverse phase changes that are challenging to model and
correct using a simple phase-ramp approach (Yang et al., 2017). Uti-
lizing such models may leave significant residual errors in the final
deformation results. To overcome these limitations and improve error
correction, we aim to propose a new error model based on a polar co-
ordinate system, using the observation geometry of the GPRI-II RAS

Table 1

Technical characteristics of the GPRI-II RAS mode.
Parameters Values
Developer GAMMA
Radar type FMCW
Central frequency 17.2 GHz (Ku-band)
Bandwidth 200 MHz
Polarization \'A%

Measurement range

Spatial resolution (range x azimuth)
Accuracy

Rotating speed

Elevation angle

50 m to 10,000 m
0.75m x 6.8 m @ 1 km
Millimeter-level

0.1 "/sto10 /s

—45 " t0 45 °
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mode. The proposed model will consider both repositioning errors and
tilting errors, offering a complete approach to modeling and correcting
re-setup errors even support for the instrument reconfiguration.

3. Proposed methodology

This section introduces the proposed joint estimation methodology
from three aspects: First, we introduce the geometry model of reposi-
tioning error and tilting error, respectively, according to the polar co-
ordinates. Then, we design a joint estimation procedure that is used to
estimate both errors simultaneously.

3.1. Model of repositioning error

Given that the repositioning error of the instrument manifests as a
three-dimensional (3D) discrepancy, while the phase observations in
GPRI are constrained to a single-dimensional line-of-sight (LOS) direc-
tion. To derive 3D coordinates from one-dimensional observations poses
significant challenges, therefore, we established the geometric model of
repositioning error within a polar coordinate system of the RAS mode
geometry to better capture the spatial relationships and facilitate the
analysis of the error components.

As shown in Fig. 2(a), the initial position of the radar O is set as the
coordinate origin, and the horizontal direction of the radar reaching the
target pixel as the coordinate axis, then the coordinates of GPRI O(0, 0,

0) and the target pixel P(x/R2 —HZ, O,H) are obtained, where R and H

are slant distance and relative height between radar and target,
respectively. It is worth noting that the GPRI is capable of retrieving a
DEM using an interferogram generated from upper and lower antennas,
which then can be used to determine the relative height, as shown in Eq.
(3) (Werner et al., 2008),

22

AR
~ 82%B,

¢ -
27B,

B,
P+ 0} 3)
where 1 and B, are wavelength and perpendicular baseline.

In this polar system, we define the the component of the baseline
parallel to the horizontal plane as the horizontal baseline By,, and the
component perpendicular to the horizontal plane as the vertical baseline
B,r. When the GPRI-II system is re-setup on point A, the coordinate of
GPRI-II can be defined as A(Bp, 04, Byr), in which By, is the displacement
along the horizontal direction, and B, is the displacement along vertical
direction. 6y, is horizontal angle from start angle of scanning to hori-
zontal baseline direction. The line connecting O and A represents the
spatial baseline B, between two observations taken from different
positions. Therefore, the contribution of the repositioning error
component for target P in the LOS direction can be expressed as the
projection of the spatial baseline in the LOS direction, which is the
parallel baseline B.

4r

—B

1 4

4n
= - 7Brepo cosepmj

¢repo = - )

The geometric relationships between baseline B, and projection B) can
be characterized by the cosine theorem, which is only applicable in the
rectangular coordinate system. Under the rectangular coordinate sys-

—_— —
tem, vector OP and OA can be expressed as

{ 0P — (0, VR, H) ©
OA = (BiySinGy, By,cosly, By
then the cosine of projection angle 6,,,; expressed as follow.
OP e OA  VR® — H2By,costy, + HB,,
COSOproj = —T—7 = 6)
‘ OP |04 RBy
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Fig. 2. The geometry of GPRI-II and its re-setup error correction model. (a) monitoring geometry at different locations (b) monitoring geometry with different tilt
angles (c) geometric position of the radar antenna centers on the bracket (d) spatial pattern of the horizontal component in repositioning error (e) spatial pattern of

vertical component in repositioning error (f) spatial pattern of the horizontal component in tilting error (g) spatial pattern of vertical component in tilting error.

elevation increases with distance from 60° to 120°, to obtain the vertical
component. The fringes become sparser as the distance increases, and if
a slope is present, they will align with the terrain, resembling contour
lines.

Combining Eq. (5) and Eq. (6), the repositioning error phase can be
expressed as Eq. (7).

4n (m

H
Brepo = — - R Bh-cOSOpr + EBW> @

It can be seen from the Eq. (7), the repositioning error phase can be 3.2. Model of tilting error

.. . . 4z VEEIE .
divided into horizontal component —%"""Bycosfy and vertical Tilting error is a consequence of discrepancies in the tilting angles of

component —% %{Bvr- the antenna bracket (see Fig. 2b). Due to the inherent coupling between
To illustrate these two components in detail, we have simulated their azimuth position and bracket tilt, such errors are virtually unavoidable
spatial patterns based on the proposed formula. In Fig. 2(d), we set By, = (Noll and Rydlund, 2020). Although a bubble level typically used for tilt
0.1m and B,, = 0 m to simulate the horizontal component within a 300- calibration during each radar installation, it remains challenging to
meter observation radius. The horizontal component can be expressed as achieve consistent angle alignment due to the limited precision of the
4 @Bmcosahr, which is low at 0° and 180° but high at 90° and 270°. leveling tool (Luo et al., 2018). Consequently, tilting errors can occur
The corresponding illustrate can be found in Fig. 2(d), where the regardless of whether the GPRI-II is mounted on a tripod or a monitoring
interferometric fringes are sparsely distributed at 0° and 180° but pile.
densely packed at 90° and 270°. In Fig. 2(e), we set B,y = 1m and By, = The tilting error in a fixed GPRI-II installation can be represented by
0m, and the relative height H = 1 m to simulate the vertical component. ~the tilt direction angle 6,4 and tilt angle 6, as illustrated in Fig. 2(b).
In addition, we introduce a slope with a coefficient of 1, where the Based on 0, and 6, the corresponding rotation axis vectors of the an-

tenna bracket can be determined. Then, according to the geometric
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structure of the bracket, the coordinates of the antenna centres can be
calculated. The baseline parameters are defined as the coordinate dif-
ferences of the antenna centres under each scanning angle. These
baseline parameters can be subsequently used to compute the tilting
error phase.

The model of titling error is estimated under the polar coordinates
system. The center of the bracket base is defined as the coordinate
origin, and the forward direction of the GPRI-II is set as the coordinate
axis as shown in Fig. 2(b). To reduce computational complexity and
improve the robustness of estimation, the reference rotation axis vector
is assumed as V(0,0,1). Under this assumption, other rotation axis
vectors can be represented as V(sind;cos0,q, sind;sin6y, cosod;).

Based on the geometric structure of the antenna bracket, see Fig. 2
(c), the coordinates of the antenna geometry centres along the defined
axis direction can be denoted as A;x, where i, j, and k denote the indices
of different tilt angles, scanning azimuth angles, and antenna, respec-
tively. The coordinates of the antenna geometry centres can be repre-
sented as Eq. (8).

Ag.0upper = (0.263,0,0.742)

Ao tower = (0.263,0,0.142)
A1 0upper = Ao,0.upper + 0.742(V — Vp)
A1 0gower = Ao tower +0.142(V — Vy)

(8)

Based on the Rodrigues’ rotation formula (Rodrigues, 1840), the co-
ordinates of the antenna centers at any other angle can be calculated, as
expressed in Eq. (9).

Apa = Aijxcosb; + (Vi x Agjr)sind; + Vi(V; x Ayjx) (1 — costy) 9
where 0, is represented as the scanning angle, defined as the angle be-
tween the scanning direction and the coordinate axis.

The baseline By, is represented as the spatial distance between two
antenna center coordinates corresponding to the same target, as Eq.
(10).

Bur = A1ax — Aok 10)
Due to the small difference in tilt angle, it can be assumed that targets at
the same scanning angle 6, remain consistent in different status indexes
of the rotation axis after registration. Then the baseline By, can be
decomposed into horizontal and vertical components, denoted as By,
and By, respectively, as shown in Eq. (11).

<Brilt . 2Vz) v,
Vil

Bht = Bn‘lt - th

vt

11

It should be noted that the baseline parameters corresponding to each
azimuth angle j* are different. Substituting the sets of horizontal base-
lines By, horizontal baseline projection angles 6pr;, and vertical base-
lines B, into the repositioning error model, the tilting error phase then
can be obtained with Eq. (12).

(m

4r H
R Bhtcoserj + th)

D = 7 (12)

R

In the tilting error model, the horizontal baseline is significantly larger
than the vertical baseline in the tilting error model due to the near-
vertical rotation axis and small tilt angle, therefore, the horizontal
component is generally dominant. The spatial pattern for a 1° tilt in the
tilting error model is shown in Fig. 2(f) and Fig. 2(g). Although the
horizontal and vertical spatial distributions are similar to the reposi-
tioning error model, the fringe density exhibits significantly reduced
variations. In addition, since changes in tilt angle cause larger
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displacements at the upper antenna, the resulting error phases are
generally more pronounced for the upper antenna compared to the
lower one.

3.3. Joint estimation model

In the practical applications, the GPRI-II system is typically con-
ducted using a tripod, which will introduce both repositioning and
tilting errors. As stated in the previous sections, although the spatial
patterns are similar, the magnitude and horizontal angle are typically
different. Moreover, repositioning and tilting errors often coexist. For
instance, tilting errors may be introduced when the orientation of radar
is altered due to re-install, while adjustments to the tilt angle can shift
the rotation center of the azimuth position structure, thereby inducing a
slight repositioning error. Relying on a single-error model to correct the
phase error may result in incomplete error removal and inaccurate
estimation of reconfiguration parameters. Therefore, a joint estimation
is necessary to compensate for these two types of errors, represented as
Eq. (13).

¢joint = ¢Repu + ¢tilt

4z |[VRE_H? a3

v - — (BrrcosOiy + BpCOSOproj) + %I (B + Byt)

Consider a system of linear observation equations with 3 and 2 real-
valued unknown parameters in repositioning and tilting components,
respectively, including horizontal baseline By, azimuth angle 6, verti-
cal baseline B,,, tilt direction angle 6,4, and tilt angle 6,. The equation for
each pixel is given in Eq. (14).

T T
¢, a €0SOhr, Bhr +€OSOproj, Bh, b, B, +B,,
2 4| | @2 €080, Brr + COSOproj, Bhr, b, B, 4By,
=-— + .
n a, €056y, B+ COSOproj, Bhe, by] | Bw+Bu,
a4
with

R2—H2 A
a =Y=—C and by =

where g; and b; are measure geometry parameters, and they can be
obtained for each corresponding pixel. The azimuth angle corresponding
to pixel i can be expressed as 0. = Oy, —(m —1)eRes0,,;, where m de-
notes the azimuth direction index of the m th pixel on the interferogram,
and Resoq,; represents the azimuth resolution per pixel. It is also
important to note that the tilting parameters are defined as parameter
sets which can be calculated from tilt direction angle 6,4, and tilt angle
6,. Accordingly, the phase component for pixel i can be estimated by the
objective function defined in Eq. (15).

¢; = argmin Z (esti — Potss)” 1)
Py

Each pixel in the interferograms serves as an observation that adheres to
the proposed model. We can then estimate the parameters using an
iterative least-squares estimator (LS), where convergence occurs when
the difference between the estimated and true phases falls below a
predefined threshold, i,e., 10~ in this study (Bjorck, 1990; Coleman and
Li, 1996). It is noteworthy that the proposed joint estimation model can
be extended to simultaneously address deformation and atmospheric
phase screen (APS) mitigation, similar to the approach in Zhang et al.
(2014). All the code for the proposed methodology will be made publicly
available at https://github.com/LiuYH-InSAR/GBIR-repositioning will

be released after the acceptance. The flowchart of data processing of the
proposed joint estimation methods is illustrated in Fig. 3. The symbols
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Fig. 3. The flowchart of data processing of the proposed joint estimation methods.

used in this study are listed in the Table A1 of Appendix.

4. Experiment with real GPRI-II data

In this section, we conducted two sets of field experiments and
generated three datasets to evaluate the effectiveness of the reposi-
tioning error estimation, tilt error estimation, and the overall perfor-
mance of the joint estimation model, respectively. Detailed information
is provided in the following sections.

4.1. Study area and experiment parameters

To validate the proposed model, we select a stable north-facing slope
near the Hong Kong Polytechnic University (PolyU) as the study area,
see Fig. 4. The slope is characterized by a strip shape extending
approximately 200 m. The GPRI-II instrument was installed on the sixth-
floor platform of Block Z at PolyU to collect the datasets as shown in
Fig. 4(a). The monitoring area covered a sector ranging from 50 to 500
m with a 50° azimuth span in Fig. 4(b).

To evaluate the repositioning error model, termed the first dataset,
the GPRI-II was manually re-setup multiple times with different loca-
tions in both horizontal and vertical directions to simulate the reposi-
tioning error among multiple short-term monitoring scenarios. The
corresponding positions are displayed in Fig. 4(c), where the sector

809

denotes the scanned area, and the polar coordinate axis aligns with the
initial angle of the sector. To evaluate the tilting error model, termed the
second dataset, we fixed the instrument and adjusted the leveling
mechanism within 1° in different directions to generate tilting error. The
tilt angle is depicted as unit vectors within the rotation axis in Fig. 4(d).
To evaluate the joint estimation model, we created a third dataset by
combining the two previous datasets to generate interferograms con-
taining both repositioning and tilting errors. It is worth noting that all re-
setup parameters were measured using a total station to obtain precise
positional coordinates, which were later compared with estimated
values to validate model accuracy. The total station was set near the
GPRI instrument to measure the locations of GPRI during the validation
experiment. A target sticker was attached to the central axis of the radar
bracket for measuring the GBIR position. The detailed information with
the total station is introduced in Fig. S1 of the Supplementary Materials.

To reduce the influence of extraneous phase errors, such as atmo-
spheric variations in Eq. (2), which could affect the comparion and
validation of the proposed and traditional methods, all experiments
were conducted within a short time window. During the data collection,
the GPRI is operated at a rotation speed of 1°/s and a monitoring fre-
quency of 500 Hz, each image was collected in approximately 1 min.
Detailed RAS monitoring parameters, which remained consistent across
all experiments, are provided in Table 2. On the other hand, it is
confirmed that the slope is stable, no deformation signal will be evolved
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Hong Kong

Fig. 4. The study area and position of GPRI. (a) monitoring scene (b) study area (c) position of GPRI in repositioning error verify experiment (d) tilt angle in tilting
error verify experiment, where the Vj represents the tilt angle of the master image during the experiment.

in the experiments. To enhance the signal-to-noise ratio, an azimuth
multi-look factor of 5 was applied in the GPRI-II during data collection.
Therefore, the observed interferometric phase in Eq. (2) will only

Table 2
Parameters of RAS mode in the validation experiment.

Parameters Value include the re-setup error and decorrelation noise component.
Range 50 to 1300 m

Azimuth angle 50 °

Rotating speed 1°/s 4.2. D-InSAR data processing

Monitoring duration 50 s/sense

Elevation angle 0°

The objective of the experiments is to estimate and remove the phase
errors caused by different positions and tilting angles. To achieve this,
interferograms were generated by combining SLCs acquired at different
positions or tilting angles. We first selected a reference SLC as the master

Monitoring Proposed model Horizontal Vertical Residual

(a-1) (b-1) (d-1) (e-1)

Position 2 Position 1

Position 3

L  mm rad
- 0 n

Fig. 5. Example results of repositioning error correction. (a) original interferograms, (b) estimated repositioning error phases, (c) the horizontal components of the
repositioning error, (d) the vertical components of the repositioning error, (e) residual phases.
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SLC and treated the other SLCs with different positions or tilting angles
as slave SLC images. Each slave SLC was then coregistered to the master
SLC. Subsequently, interferograms were generated, and a noise mask
with a coherence threshold of 0.4 was applied to suppress potential
noise that could lead to phase unwrapping errors. Finally, the in-
terferograms were unwrapped using the Minimum Cost Flow (MCF)
algorithm implemented in the GAMMA software.

4.3. Experiment results of repositioning error correction

The first dataset that only contains the repositioning error was used
in this section to validate the repositioning error model in Section 3.1.
The proposed repositioning error model was applied to estimate and
correct the error phase based on the unwrapped phase. Some examples
of experiment results are illustrated in Fig. 5. Fig. 5(a) is the original
interferograms, the fringes distribute regularly on the slope related to
the movements of the GPRI-II system, specifically the repositioning error
phase. The bias induced by repositioning error is approximately 26z rad
for a 0.15-meter baseline and 507 rad for a 0.30-meter baseline, corre-
sponding to 2.262- and 4.350-meter deformation along the LOS direc-
tion, respectively, if not corrected. Therefore, those errors must be
removed to ensure the accuracy of deformation monitoring in the future.

The model estimated phases are shown in Fig. 5(b), while the cor-
responding horizontal and vertical components are presented in Fig. 5
(c) and Fig. 5(d), respectively. As shown in the first two rows of Fig. 5,
the phase fringes in these interferograms are primarily contributed by
the horizontal component as stated in Eq. (7). Specifically, the hori-
zontal components in the first row (Fig. 5(c-1)) exhibit uniform striping,
whereas those in the second row (Fig. 5(c-2)) appear spotted. This dif-
ference is due to variations in the horizontal angle between the baseline
and the monitored target, aligning with the spatial pattern observed in
Fig. 2(d). Since the ground-based radar moved on a nearly flat platform,
the vertical baselines are much shorter, resulting in smaller vertical
component errors. These findings are also consistent with the spatial
pattern of terrain changes in Fig. 2(e). The residual phases are shown in
Fig. 5(e) without fringes, demonstrating the efficient mitigation and the
error-correction of the proposed model. The noise signals mainly
contributed by the decorrelation noise related to vegetation on the
slope, as shown in Fig. 4(a).

Since the precise coordinates of the GPRI-II were measured with a
total station within a local coordinate system, the measured 3D co-
ordinates were converted to a polar coordinate system to validate the
accuracy of the estimated values. The comparison between the esti-
mated and measured baseline parameters are summarized in Table 3,
revealing a high degree of agreement. The mean errors are less than
0.01 mm for the horizontal baseline (Bp), 0.26 degrees for the hori-
zontal angle (0y,), and 1.43 mm for the vertical baseline (B,,). And the
mean absolute errors (MAE) are 3.07 mm for the horizontal baseline
(Bn), 0.26 degrees for the horizontal angle (0;,), and 6.07 mm for the
vertical baseline (B,,). These results indicate that By, exhibits negligible
systematic bias, as its mean error is nearly zero compared to its MAE. In
contrast, By, shows a slight positive bias, with a mean error almost equal
to its MAE, implying that the proposed model tends to overestimate 6y;.
For By, the mean error is much smaller than the MAE, suggesting that
both positive and negative deviations occur, which is consistent with
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random error characteristics. Notably, the total station, positioned
within 10 m of the GPRI-II, provides an angular measurement accuracy
of 5 arcseconds and a distance measurement accuracy of 3 mm, corre-
sponding to monitoring accuracies of 5.6 mm for B,,, 0.18 degrees for
Onr, and 2.7 mm for Bp,. Therefore, these results confirm the high ac-
curacy of the proposed model in estimating repositioning errors.
Furthermore, the estimated values can be utilized for instrument
reconfiguration to enhance operational performance.

4.4. Experiment results of tilting error correction

As outlined in Section 3.2, even when a fixed pile is used to re-
establish the GBIR system, tilting error can still occur due to the
limited accuracy of the level bubble. In this section, the second datasets
are used to validate the proposed tilting error correction model. Similar
to the previous section, we used the proposed model to estimate and
correct the tilting error after we achieved the unwrapped
interferograms.

The experiment results are illustrated in Fig. 6. The two original
interferograms included the tilting error are shown in Fig. 6(a). Among
them, the first and third rows display results from the lower antenna,
while the second and fourth rows correspond to the upper antenna. The
error phases are represented as slight signals with an azimuth trend
presented in the interferograms, which typically remains within 27 and
is smaller than the repositioning error. Since the upper antenna is fixed
on the farther end from the rotation center, adjustments result in larger
distance compared to the lower antenna. So, the interferograms from the
upper antenna are more significantly affected by the tilting error as
shown in Eq. (8) to Eq. (10).

To ensure more reliable results and consistent tilt angles, the phase
estimation is performed using data from both antennas simultaneously.
The estimated titling error phase and their corresponding horizontal and
vertical components are shown in Fig. 6(b), Fig. 6(c), and Fig. 6(d),
respectively. Since the rotation axis is nearly vertical and can only be
adjusted within a limited range (within 1 degree), tilting error is pri-
marily significant in horizontal components, and the error phase trend in
Fig. 6(c-4&d-4) aligns well with the spatial pattern in Fig. 2(f). After
correction, all error trends are mitigated in the residual phases in Fig. 6
(e).

To validate the accuracy of the proposed tilting model, we also
measured the geometric changes of the GPRI-II with the total station
during the experiments. Before each adjustment of the rotation axis, the
radar antenna was reset to a 0° position, and all three non-collinear
targets mounted on the same plane on the bracket were measured.
Given that the initial rotation axis vector is assumed to be V(0,0,1),
which is unlikely to represent the actual, perfectly vertical rotation axis
in practice, the total station measurements were transformed into the
corresponding coordinate system for a more rigorous comparison. The
comparison results between estimated and measured values are sum-
marized in Table 4, demonstrating a high accuracy of the proposed
tilting model. The average differences are 3.75 degrees in tilt direction
angle (0,4), and 0.25 degrees in the tilt angle (¢;,), which can be directly
used to reconfigure the instrument to eliminate the tilt angle.

Table 3

Comparison between measured values and estimated values by repositioning model By, and B,, in mm and rotation angle 6, in deg.
Group Measured by total station Proposed model Difference

By Onr By, By Onr Byr By Onr By

1 144.3 298.3 0 144.4 298.3 0.2 0.1 0 0.2
2 582.2 29.4 36.8 577.6 29.9 29.7 —-4.6 0.5 —-6.9
3 606.7 207.7 -76.5 611.2 208.0 —65.4 4.5 0.3 11.1
Mean 0 0.26 1.43
MAE 3.07 0.26 6.07
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Fig. 6. Example results in tilting error correction. (a) original interferograms, (b) estimated tilting error phases, (c) the horizontal components of the tilting error, (d)

the vertical components of the tilting error, (e) residual phases.

Table 4
Comparison between measured values and estimated values by the tilting model
6y and 6, in deg.

Group Measured by total station Proposed model Difference

0, O 0, Ord 0 Ord
1 0.53 133.20 0.20 129.71 —-0.33 —3.49
2 1.03 200.20 0.86 204.21 -0.17 4.01
Mean —0.25 0.26
MAE 0.25 3.75

4.5. Experiment result of joint model estimation

In practical monitoring scenarios, repositioning and tilting compo-
nents typically occur simultaneously, necessitating a joint estimation of
the error phase. To obtain interferograms containing both repositioning
and tilting errors, we generate the interferograms by using the images
from the first and second datasets, termed the third datasets. Specif-
ically, SLC images acquired at the same location as in Fig. 5(a-1) from
the repositioning validation experiment was used to generate the
interferogram with another image having the same tilt angle as shown in
Fig. 6(a-3) and Fig. 6(a-4) from the tilting validation experiment. The
resulting interferograms, along with the corresponding estimated phase
and residual phase, are presented in Fig. 7. As shown in the figure, the
estimated repositioning and tilting components are consistent with the
results previously observed in Fig. 5(b-1), Fig. 6(b-3), and Fig. 6(b-4),
respectively. The estimated reconfiguration parameters are summarized
in Table 5, indicating the highly align with the measured value from the
total station in the repositioning component. In terms of the accuracy of
tilting error estimation, the tilt angle 6, is 1.1°, and the tilt direction
angle 6,4 is 2.1°. It is worth noting that the estimation accuracy of the tilt

812

angle is generally higher in the joint estimation framework than in the
only-tilting estimation. This is because variations in the tilt angle can
also introduce slight repositioning errors at the millimeter level, pri-
marily caused by off-axis adjustments of the azimuth positioning in-
strument in the GPRI system. To obtain more accurate estimates of the
phase and associated parameters, it is therefore recommended to
incorporate the repositioning component into the model.

In terms of the accuracy of repositioning error estimation, the
average discrepancies are 2.12 mm in the horizontal baseline (By,),
0.25° in the horizontal projection angle (6,), and 1.07 mm in the ver-
tical baseline (B,,). It can be seen that the joint estimation model out-
performs the models using only repositioning error correction or tilting
error correction, as shown in Table 3, demonstrating that joint estima-
tion can provide a reliable and practical means of assisting instrument
alignment and calibration during practical monitoring. It is important to
note that this section presents only the results with representative error
patterns; the remaining experimental results are provided in Fig. S2 and
Table S1 in the Supplementary Material. In addition, we also conducted
1,000 simulation experiments with various repositioning and tilting
errors, as detailed in Tables S2 and S3 of the Supplementary material.
The results demonstrate the robustness and performance of the proposed
joint model in addressing arbitrary repositioning and tilting errors.

5. Discussion
5.1. Comparison experiment with existing methods
5.1.1. Repositioning error correction
In order to demonstrate the effectiveness of proposed repositioning

error correction model, we conducted the three comparison experiments
against to the existing methods, i.e., polynomial fitting model (Hu et al.,
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Fig. 7. Example results in joint estimation correction. (a) original interferograms, (b) estimated tilting error phases, (c) the horizontal components of the tilting error,

(d) the vertical components of the tilting error, (e) residual phases.

Table 5
Comparison between measured values and estimated values by joint model 6,4,
6, Oy in deg and By, B, in mm.

Group [ O Bpr Onr By

Joint Est. 0.86 204.22 145.64 305.01 28.68
Total station 1.03 202.20 143.52 306.86 27.61
Difference 0.17 2.02 2.12 0.25 1.07

2021; Wang et al., 2019), and traditional model method (Mo et al.,
2024). For a fair comparison, we used Fig. 5(a-1) data from Section 4.3,
where the influence of the vertical baseline is minimal, with results
shown in the first row of Fig. 8. The results are shown in Fig. 8, in which
only the phase on the slope is illustrated for better visualization. The
comparison of standard deviation (STD) values is summarized in
Table 6.

Since we implemented a phase mask (coherence threshold of 0.4) to

Estimated Phase
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minimize the influence of extraneous phases during data processing,
only pixels with phase quality higher than 0.4 coherence remained,
equivalent to around 0.725 rad STD of noise level (Wu et al., 2018).
Therefore, after mitigating the repositioning error phase, a smaller
remaining residual indicates higher method accuracy. As shown in
Fig. 8, all three methods effectively mitigate the stripe shape pattern.
The average STD of the original phase was reduced from 13.1274 rad to
0.8061 rad, 0.9704 rad, and 1.6279 rad by the proposed method,
polynomial fitting, and the traditional model, respectively. The

Table 6
Accuracy comparison of methods, the unit is radian (rad).

Group IFG Proposed method Polynomial Traditional model
1 20.3384 0.3561 0.3940 0.3584
2 10.3230 0.7823 0.9045 0.9193
3 8.7207 1.2798 1.6126 3.6061
Mean 13.1274 0.8061 0.9704 1.6279
Residual Phase

Proposed model Polynomial Fitting Trad. Model
(g-1)

(e-1) f-1)

Fig. 8. Comparison of the results of the proposed repositioning model with traditional fitting methods and traditional models. (a) interferograms, (b) estimation
phase of proposed method, (c) estimation phase of polynomial fitting method, (d) estimation phase of traditional model fitting method, (e) residuals of proposed
method, (f) residuals of polynomial fitting method, (g) residuals of traditional model fitting method.
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proposed model demonstrates an improvement of 16.93 % and 50.48 %
compared to polynomial fitting and the traditional model. Furthermore,
the spatial distribution of the signal demonstrates that the proposed
model more effectively removes errors of various fringe shapes than the
other methods.

5.1.2. Tilting error correction

Similar to the previous section, we evaluated the effectiveness of the
proposed tilting error correction model and compared it with these two
traditional methods. The comparison results are shown in Fig. 9 and the
STD values are summarized in Table 7. As the spatial pattern, all three
kinds of methods can well restore the fringe characteristics of the orig-
inal monitoring data in most areas. However, the polynomial fitting and
traditional model may retrieve the wrong spatial pattern, as shown in
Fig. 9(c-1) and Fig. 9(d-1), which are inconsistent with the pattern in the
observed interferogram in Fig. 9(a-1). The proposed model can be
calculated jointly by the results of the upper and lower antennas, so it
has higher robustness and accuracy. In addition, since the trends that the
three models can fit are different, the estimated phases may also have
numerical differences, as shown in Fig. 9(b), Fig. 9(c), and Fig. 9(d)).
The average STD values of the proposed method is 0.7625 rad with
10.87 % (0.8555 rad) and 10.66 % (0.8535 rad) improvement when
compared to polynomial fitting and traditional model, respectively, in
Table 7.

5.1.3. Joint model estimation

To evaluate the effectiveness of the proposed joint estimation
method, an interferogram containing both repositioning and tilting er-
rors was generated using the same interferograms as in Section 4.5. As
these errors exhibit similar phase patterns (see Figs. 2d and 2f), relying
solely on the repositioning model may inadvertently compensate for
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Table 7
Accuracy analysis of the tilting error model, the unit is radian (rad).

Group IFG Proposed method Polynomial Traditional model
1 0.8086 0.7074 0.7867 0.7858
2 1.4415 0.8175 0.9242 0.9212
mean 1.1250 0.7625 0.8555 0.8535
Joint Est. Repo Model  Poly. Fitting  Trad. Model
(a-1) . (-1 (c-1) (d-1)
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Fig. 10. Residual comparison between joint estimation and other method. (a)
joint estimation, (b) repositioning component estimation, (c) polynomial fitting
method, (d) traditional model.
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Fig. 9. Comparison results between the proposed tilting error correction model, polynomial fitting, and traditional model fitting methods. (a) original interfero-
grams, (b) estimated phase of proposed method, (c) estimated phase of polynomial fitting method, (d) estimated phase of traditional model fitting method, (e)
residuals of proposed method, (f) residuals of polynomial fitting method, (g) residuals of traditional model fitting method.
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Table 8
Accuracy analysis of joint estimation, the unit is radian (rad).

ISPRS Journal of Photogrammetry and Remote Sensing 230 (2025) 804-819

Group Antenna IFG Joint estimation Repositioning model Polynomial fitting Traditional model
1 lower 20.5719 0.6962 1.0133 1.0604 1.3749

upper 21.1254 0.7369 1.0367 1.0652 1.3859
mean 20.8487 0.7165 1.0250 1.0628 1.3804

both error types. For a comprehensive comparison, the proposed joint
estimation method, which simultaneously estimates repositioning and
tilting components, was benchmarked against the repositioning-only
model, polynomial fitting, and the traditional model. The resulting in-
terferograms and the corresponding estimation phases and residual
phases are shown in Fig. 10, and the STD values are shown in Table 8.

The joint model demonstrated superior detrending performance.
This improvement is attributed to the fact that other methods consider
only a single error component, which may lead to estimation inaccur-
acies. The STD values of all four methods are 0.7165 rad, 1.0250 rad,
1.0628 rad, and 1.3804 rad, respectively. Moreover, in practical moni-
toring scenarios, if the tilting error is ignored and the same repositioning
error estimate is used to correct both the upper and lower antenna data,
more residuals may remain in the upper antenna. This is supported by
the fact that the estimated baseline parameters for the upper and lower
antennas at the same GPRI position differ, as shown in Table 9. In
contrast, the joint estimation method accounts for this effect and ach-
ieves better error correction for both antennas simultaneously. More-
over, we also conducted the simulation experiments, as shown in
Supplementary material, to compare with traditional models in
Table S3, S4, S5 and S6, which indicating the robust accuracy of pro-
posed joint model across different scenarios.

5.2. Determining the upper bound of re-setup error tolerance

Since the proposed model estimates reconfiguration parameters
based on the unwrapped phase, the decorrelation or phase unwrapping
errors can reduce the estimation accuracy, particularly when the large
re-setup errors raised a denser phase fringe (see Section 4.3). To deter-
mine the upper bound of re-setup error tolerance for the proposed
model, a decoherent model is established to better guidance of the
deployment the GPRI-II system. Inspired by the spaceborne InSAR, the
decorrelation effect is related to the spatial decorrelation (baseline
length B) and the ’zero’ coherence value (y = 0) represents as the
decoherent. Therefore, a formula is used to indicate the critical baseline
B. and the satellite geometry, as shown in Eq. (16) and Eq. (17). the
critical baseline related to (Zebker and Villasenor, 1992).

2|B|ReS01ngeCOS*Oinc

=1
14 Ar

16)
Ar

— G 1
2Rrangecos2 ginz ( 7)

B.

where 1 is radar wavelength, |B| is the length of baseline, r is slant dis-
tance between satellite and target, Resoqng repersents the resolution
along range direction, and 0;,. stands for the incident angle.

The decoherent related to denser phase fringes can be considered
that the difference between adjacent resolution pixels exceeding 7 will

Table 9
The estimated repositioning reconfiguration parameters of joint estimation and
separate estimation, ¢, in deg and By, B, in mm.

Group antenna By, Onr B,
Repo. estimation lower 148.49 304.48 27.01
upper 153.44 305.35 27.99
Joint estimation whole 145.64 305.01 28.68
Total station whole 143.52 306.86 27.61
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lead to the unwrapping errors (Dominguez-Guzman et al., 2009).
Compared with spaceborne InSAR systems, GBIR systems typically
operate with smaller incidence angles, resulting in a different observa-
tion geometry. As a consequence, decorrelation effects in both the azi-
muth and range directions need to be taken into account.

Based on the proposed model, we conducted separate simulation
experiments for the azimuth and range directions. Specifically, for the
azimuth direction, we investigated the relationship between the decor-
relation angle and horizontal baseline length. For the range direction,
we studied the relationship between the monitoring range, target inci-
dent angle, and vertical baseline. The resulting empirical formulas for
the critical baselines of the GPRI were obtained through curve fitting of
the simulation results.

In the azimuth direction, as shown in Fig. 11(a), the range of
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Fig. 11. The critical baseline of GPRI radar. (a) the relationship between
critical baseline in vertical direction and azimuth angle (b) the relationship
between critical baseline in vertical direction to monitoring range and incident
angle of the target.
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decorrelation is typically related to the azimuth angle 6. The rela-
tionship between the decoherence angle 6j,_pe.n in the horizontal di-
rection and the horizontal baseline Bj,, can be described with an
empirical formula in Eq. (18).

0.64 . .
On_pecon > 90 — arCCOS( ) 90" >0y >0
Bhr
0.64 . .
gh_Decoh < 90 — arccos (T) 180 > ghr > 90
y (18)
0.64 . .
On_pecon > 270 — arccos B 270 > 6 > 180
hr

360" > 0 > 270°

On_pecon < 270 — arccos (0'64)
Bhr

From the Eq. (18), decorrelation is more sensitive to the azimuth di-
rection, especially at 90 * and also 270 °, which is consistent with the
spatial distribution observed in Fig. 2(d). As the length of the horizontal
baseline increases, the range affected by decoherence increases. The
change of the decoherence azimuth angle is intuitively shown in Fig. 11
(a). Moreover, according to the empirical formula in Eq. (18), no
decorrelation occurs when the horizontal baseline is below 0.64 m.

In the range direction, the degree of decorrelation is influenced by
terrain, monitoring distance, and the vertical baseline (Li, 2022). Based
on the decorrelation criteria mentioned above, a simulation was con-
ducted to derive the empirical relationship between the vertical baseline
and both terrain slope and monitoring distance under the condition of
critical decorrelation. Fig. 11(b) illustrates the proportion of decorre-
lated pixels in a 100 m-high building under different vertical baseline
lengths, monitoring distances, and incident angles. Gray dots indicate
cases without decorrelation. The critical points where decorrelation first
occurs were selected for surface fitting, resulting in the critical baseline
surface, and the corresponding empirical formula is presented in Eq.
(19). The critical baseline in the vertical direction B,,, varies with the
monitoring distance D and incident angle 6. For a building with a
monitoring range of 200 m and a height of 100 m, the vertical critical
baseline is 0.30 m.

B,,... > 0.6236 +0.0031D — 0.02116;, — 2.263 x 1077 x D* +1.8691
X 107% X 052 —2.66 x 107% X D X Oy
19

To verify the decoherent model, we selected an example interferogram
with partial decoherence region as shown Fig. 12(a). The interferogram
has a 1.68 m horizontal baseline and a span from 183 ° to 223 °, with
almost no vertical baseline. Based on those parameters, we simulated the
decoherence area based on the decoherent model and compared with
the real interferogram as shown in Fig. 12. It can be seen from the
simulated result, the decoherence area under this baseline parameter is
from 202 ° to 223 °, which covers part of the image. The decoherence
index is consistent with the decoherence region in Fig. 12(b), indicating
the effectiveness of the proposed decoherence model for GPRI-II system.

In practical monitoring scenarios, additional decoherence factors,
such as temporal decoherence and thermal noise, must be considered.
To ensure high-quality interferometric images, it is recommended to use
baseline parameters significantly smaller than the critical baseline.
Notably, GBIR systems are typically equipped with a GPS sensor that
provides positional accuracy ranging from centimeters to one decimeter.
By properly utilizing the equipped GPS to guide instrument re-setup, the
re-setup error will easily be remained within the upper bound of error
tolerance. Therefore, the proposed model will perform reliably and
effectively in practical applications.
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Fig. 12. The calculated critical baseline in the monitoring scenarios. (a) in-
terferograms (b) corresponding decoherence index.

5.3. Limitations and future work

Although the proposed model effectively estimates three-
dimensional re-setup errors for GPRI-II system reconfiguration and
phase error mitigation, which is critical for long-term deformation
monitoring, it still has certain limitations. The accuracy of the DEM
phase is crucial to our methodology, as noted in prior studies. Inaccur-
acies in the DEM generated by GPRI interferometry can impair error
estimation, leading to unreliable results. The relatively small baseline,
typically 0.25 m or 0.60 m, combined with the sensitivity of Ku-band
used by GPRI-II to vegetation, can degrade DEM quality and cause
erroneous estimations. To address this limitation, we can incorporate
external DEM data or apply advanced filtering techniques to enhance
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DEM accuracy. Second, the proposed tilting error estimation model is
computationally intensive, requiring substantial processing resources.
This may restrict its applicability in scenarios involving large datasets
from multiple monitoring sections. To address this problem, we will
optimize the algorithm by implementing parallel processing or simpli-
fying the computational framework without compromising accuracy.
Third, in application of long-term deformation monitoring, factors such
as atmospheric delay and systemically deformation can introduce error
phases with trends that may interfere with baseline error estimation. To
improve both spatial baseline error estimation and the mitigation of
other error sources, we can extend the joint model by including the
deformation and atmospheric delay in Eq. (13), which will represent a
promising avenue for future research. This approach could also enhance
the accuracy and reliability of deformation extraction.

6. Conclusion

This study presents a novel methodology to mitigate re-setup errors
in discontinuous GPRI-II deformation monitoring. We redefined the re-
setup errors into the repositioning and tilting components and
modeled them separately within a polar-coordinate framework to cap-
ture their three-dimensional spatial characteristics. To enhance reli-
ability, these error components are integrated into a unified joint
estimation process to achieve the superior accuracy in error correction.
The estimated parameters not only eliminate repositioning errors but
also enable precise correction of the geometric attitude of the GBIR
system, facilitating instrument reconfiguration. In addition, the upper
bounds of error tolerance are established to guide practical deployments
and ensure robust interferometric measurements. Three real-world ex-
periments were conducted on a stable slope near the Hong Kong Poly-
technic University to validate the effectiveness of the proposed
methodology, demonstrating significant improvements over polynomial
fitting and traditional approaches. The main contributions of this study
include,

(1). To address the challenge of spatial baseline errors caused by
repeated installations of ground-based interferometric radar in long-
term deformation monitoring, an experiment was conducted to quanti-
tatively investigate these errors, achieving an average standard devia-
tion of 0.8061 rad (equivalent to 1.12 mm deformation error), with
improvements of 16.93 %, and 50.48 % over the polynomial fitting and
traditional model, respectively. As a type of real aperture radar, repo-
sitioning and tilting errors exist and can cause phase errors during
rotated azimuth scanning mode monitoring. A joint model was proposed
to estimate both GPRI-II repositioning and tilting errors for the first time,
enabling the derivation of corrected deformation values.

(2). The joint estimation method outperforms existing approaches,
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achieving an average standard deviation of 0.7165 rad (equivalent to
0.99 mm deformation error), with improvements of 30.10 %, 32.58 %,
and 48.09 % over the repositioning-only model, polynomial fitting, and
traditional model, respectively, in phase error correction accuracy.

(3). For the first time, the proposed model enables precise instrument
reconfiguration with accuracies of 3.07 mm (horizontal), 6.07 mm
(vertical), and 0.20° (horizontal angle). Additionally, upper bounds of
error tolerance (0.64 m horizontal, 0.30 m vertical) are established to
guide instrument deployments, ensuring reliable interferometric mea-
surements without decorrelation in practical applications.

In summary, the proposed model is very effective for discontinuous
monitoring applications, can be extended to various radar systems, and
can adapt to different configurations to correct the errors of discontin-
uous observations and significantly improve the deformation moni-
toring accuracy.
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Symbol Variable Name

¢ interferometric phase
Dropo topographic phase

Pfa flat-earth phase

Pdefo deformation phase

Datmo atmospheric delay phase
Proise noise phase

R slant range

H relative height between radar and target
A wavelength

B, perpendicular baseline
By horizontal baseline

By, vertical baseline

(continued on next page)
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(continued)
Symbol Variable Name
Opr horizontal angle
Djoint joint estimation error phase
Prepo repositioning error phase
Deite tilting error phase
Brepo repositioning baseline
By parallel baseline
Oproj projection angle
Oq tilt direction angle
6; tilt angle
Vo reference rotation axis vector
\%4 rotation axis vectors
Ajjk antenna geometry centers
28 scanning angle
B tilting baseline
By horizontal baseline in tilting error
By vertical baseline in tilting error
Res0g;; resolution in azimuth direction
ResOrange resolution in range direction
y coherence
|B| baseline length
Oinc incident angle
B. critical baseline
Oh_Decoh decoherence angle
By vertical critical baseline
D monitoring distance

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.isprsjprs.2025.10.010.
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