
Received December 17, 2020, accepted December 28, 2020, date of publication January 1, 2021, date of current version January 12, 2021.

Digital Object Identifier 10.1109/ACCESS.2020.3048709

Deformation Monitoring of Slopes With a
Shipborne InSAR System: A Case Study
of the Lancang River Gorge
TIANWEN LUO1,2, FEI LI1, BIN PAN 3, WEI ZHOU4, HONGJIE CHEN5,
GUANGBAO SHEN3, AND WEIFENG HAO 6
1State Key Laboratory of Information Engineering in Surveying, Mapping and Remote Sensing, Wuhan University, Wuhan 430079, China
2Guizhou Survey and Design Research Institute for Water Resources and Hydropower, Guiyang 550002, China
3School of Remote Sensing and Information Engineering, Wuhan University, Wuhan 430079, China
4School of Water Resources and Hydropower Engineering, Wuhan University, Wuhan 430072, China
5Technology Research and Development Center, Huaneng Lancang River Hydropower Inc., Kunming 650000, China
6Chinese Antarctic Center of Surveying and Mapping, Wuhan University, Wuhan 430079, China

Corresponding author: Fei Li (fli@whu.edu.cn)

This work was supported in part by the Major Projects of Guizhou Science and Technology Cooperation under Grant [2017]3005-3, in part
by the China Huaneng Group Science and Technology Projects under Grant HNKJ18-H24, and in part by the Huaneng Lancang River
Hydropower Inc.

ABSTRACT Differential synthetic aperture radar interferometry (DInSAR) is a remote sensing technique
to monitor ground deformation using repeat-pass data and suitable processing methods. Different platforms
have been used to acquire DInSAR data such as space-borne, air-borne, car-mounted, and ground-based SAR
systems. Space-borne SAR systems are relatively mature, but air-borne and other systems have attracted
increasing interest of the remote sensing community due to their operational flexibility and observation
capabilities. In this paper, a new InSAR platform is proposed for the deformation monitoring of reservoir
slopes. The shipborne InSAR system uses frequency modulated continuous wave (FMCW) technology
with one-transmit-dual-receive configuration. First, we describe the data acquisition process at the Lancang
River Bank in October 2019. Subsequently, we present the imaging and interferometric capabilities of the
new shipborne InSAR system. Moreover, we analyze the acquired radar data and present an assessment
of the quality of the single look complex (SLC) SAR imagery and interferometric products. We focus on
the influence of platform stability and baseline bias. Finally, we compare the calculated deformation with
the measured deformation obtained from corner reflectors deployed in the monitored area. A line-of-sight
error within 2cm is obtained. This paper proposes a novel solution for deformation monitoring of reservoir
slopes and a new approach for InSAR applications.

INDEX TERMS Deformation monitoring, frequency-modulated continuous-wave (FMCW), reservoir
slopes, SAR interferometry (InSAR), shipborne SAR.

I. INTRODUCTION
Due to the complex geological structure of river slopes,
geologic disasters frequently occur, posing a significant threat
to the safe operation of hydropower projects [1]. Recently,
fast and effective deformation monitoring of reservoir slopes
has become a key concern [2].

Differential synthetic aperture radar interferometry
(DInSAR) using radar sensors mounted onboard different
platforms has become an established technique for detecting
and monitoring deformation of the earth’s surface, as well as

The associate editor coordinating the review of this manuscript and
approving it for publication was Mehmet Alper USLU.

glacier flows and landslides [3]. Space-borne interferometry
with a large spatial coverage has been used extensively
for monitoring ground-motion with good success [4]–[9].
Although this method is very efficient, the use of space-borne
SAR data has several drawbacks, namely, phase artifacts
caused by atmospheric effects and very low coherence due
to long data acquisition intervals and the short radar wave-
length of the sensor [10]. The most significant challenge of
DInSAR is errors introduced by variable path delays in the
atmosphere [11]. Currently, the best method for mitigating
this error source is to acquire a large number of images and
perform averaging; however, this may not be possible due to
time or cost limitations [12]. Moreover, current space-borne
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sensors are not able to ensure flexible monitoring of criti-
cal regions because they are forced to follow polar orbits;
thus, they operate only in the South–North (or North–South)
direction.

Therefore, different interferometry systems mounted on
different platforms have been developed, such as airborne
systems [3], [10], [13]–[15], car-borne systems [16]–[19],
and ground-based systems [20]–[25]. Airborne and other
SAR systems have attracted increasing interest of the remote
sensing community due to their operational flexibility and
observation capabilities. Among these systems, airborne
systems that use frequency-modulated continuous-wave
(FMCW) technology are compact and lightweight with a
low volume, and have a comparatively low cost. They can
be easily mounted on small and highly flexible aerial plat-
forms, such as gliders, helicopters, compound wing aircraft,
and unmanned aerial vehicles (UAVs), making them highly
attractive. These aerial systems were developed to achieve
fast and flexible monitoring and acquire high-resolution data
in small areas. The reduction in the size, weight, and costs
of the systems are the primary technological challenges in
their development. In addition, the main problem of pro-
cessing airborne SAR data is compensation for the aircraft
movement. Uncompensated sensor motion of only half the
wavelength (11.3 cm in the L-band) causes a phase error of
π [10]. Compared to space-borne or airborne SAR systems,
car-borne SAR systems represent a complementary tool in
terms of the geometry and the flexibility regarding the choice
of location and the temporal baseline [19]. Furthermore,
the size of the synthetic aperture is not constrained by the
length of a rail, which allows for the use of lower-frequency
electromagnetic signals, and are better suited to monitor
natural surfaces [19]. Apart from space-borne, airborne, and
car-borne radar systems, ground-based radar systems have
also been used [20]–[25]. A terrestrial radar interferometer
can be used to perform in-situ monitoring of landslides,
small glaciers, volcanoes, rock falls, and infrastructure [24].
Moreover, this configuration has several advantages, such as
timely measurements that can be obtained from a suitable
viewpoint and the repeatability of measurements in both time
and space. Terrestrial radar interferometer systems are not
limited by the mission design or orbital configuration, and
the measurements can be obtained in custom intervals.

Space-borne SAR systems are well suited to illuminate
large areas. However, the technological challenge is the
implementation of advanced acquisition modes, such as
ScanSAR [26]–[29], TOPS [26], [29]–[30], and/or advanced
optimization strategies. An example is digital beamforming
on receive [31], which is designed to expand the cross-track
coverage of the conventional stripmap mode [26]. In contrast,
aerial systems, car-borne systems, and ground-based systems
are suitable for fast and flexible monitoring to acquire
high-resolution data in small areas.

In this paper, a first assessment of the imaging and inter-
ferometric capabilities of a shipborne DInSAR system is pre-
sented. We describe the acquisition campaign on the Lancang

River in Southwest China in 2019. Twelve corner reflectors
were deployed in the area illuminated by the radar during the
campaign, and very accurate measurements of the induced
vertical displacements of the corner reflectors were obtained
to acquire a set of reference ground points. The measured
deformation of the reference points was compared with the
calculated deformation obtained from the shipborne DInSAR
system to assess the quality of the SAR imagery and the inter-
ferometric products. This study provides references for future
research and operational activities with shipborne DInSAR
systems.

II. SYSTEM AND DATA
A. SHIPBORNE INSAR SYSTEM
The shipborne InSAR system consists of a dual-polarized
active antenna array, power supply unit, display and control
unit, high-precision inertial guidance system, stabilization
platform, and other components. The system is equipped
with three L-band antennas, one of which is transmitting, and
the other two are receiving. The one-transmit-dual-receive
configuration allows for the simultaneous acquisition of two
SAR data sets in a single pass. Three antennas aligned in the
cross-track direction allow for the generation of single-pass
interferometric products that are not affected by the residual
differential errors typical of repeat-pass systems. A stabiliza-
tion platform with six adjustable axes is used to keep the
system at the same level. The axis is raised automatically
when it is connected with the power supply. Meanwhile,
a three-axis stabilizer is included to prevent the SAR system
from rotating horizontally due to wind resistance during
operation. Owing to the stabilization platform and three-
axis stabilizer, the shipborne InSAR system does not shake
violently when the ship sways with the waves, which is
crucial for data acquisition using a shipboard SAR system.
The system is mounted on the right side of the ship, as shown
in Fig. 1c. The rear and side views of the system are shown
in Fig. 1a and Fig. 1b, respectively.

The shipborne InSAR system is equipped with a high-
precision Differential Global Positioning System/Inertial
Measurement Unit (DGPS/IMU) which is connected rigidly
to the radar module and is located on the top of stabi-
lization platform, resulting in high stability of the ship’s
position while recording a track. The main parameters of the
DGPS/IMU and the L-band shipborne SAR system are listed
in Table 1 and Table 2, respectively. In Table 1, ’Real-time
measurement accuracy’ means the accuracy of data recorded
by the navigation system, and ‘Post-processing accuracy’
indicates the accuracy after processing by using relative
software.

B. DATA ACQUISITION
A section of slope in the Lancang River basin, which is
located in Southwest China, was chosen as the monitoring
area to evaluate the imaging and interferometric capabilities
of the shipborne system, as shown in Fig. 2. The gradient
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FIGURE 1. The shipborne InSAR system and the platform. The system consists of the SAR host,
POS system, radar antenna, control equipment, stable platform, and power supply. (a) Rear
view of the system. (b) side view of the system. (c) The system is mounted on a 1 m × 2 m
platform on the right side of the stern.

TABLE 1. Main parameters of the DGPS/IMU navigation system.

TABLE 2. Main Parameters of the L-band SAR system.

of the area changes slowly, which reduces the overlap and
shadow areas in the SAR imagery. The slant range is about
500m, and the heading of the ship is perpendicular to the
beam. Small rocks and the trihedral corner reflectors in
the monitored area exhibit strong scattering in the SAR
imagery and can be used as reference points for deformation
calculation.

Figure 3 shows the design diagram of the ship’s trajectory.
The InSAR system operates in Section AB. A single track
is 1.5 km long, which is also the azimuth length of the SAR

FIGURE 2. The monitoring area (1.5 km long and 0.5 km wide) in Lanping
County, Nujiang Autonomous Prefecture, Yunnan Province, China. The
dominant classes in the area are bare soil, grassland, and small rocks.
(a) Location of the monitoring area on the Google Maps. (b) The location
of the monitoring area on a small scale map.

imagery. The beam center angle of the antenna is 40◦, and
the lowest and highest radar waves hit the water and slope,
respectively. Corner reflectors are used to assess the accuracy
of the proposed method. The corner reflectors layout and the
SAR imaging area are shown in Fig. 3. Twelve three-sided
corner reflectors with a side length of 0.4 m are deployed
in the monitored area; all reflectors face the route direction,
as shown in Fig. 3b. Moreover, vertical displacement cor-
responding to different ratios of the wavelength in the slant
range direction is manually induced on each corner reflector
before the start of the image acquisition. The measurement
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FIGURE 3. Design diagram of the shipborne SAR data acquisition
campaign. (a) Point O is the point where the ship starts to move, and
section AB is where the SAR system is operating. The length of the single
track is about 1.5 km, and the speed of the ship is about 7.5 m/s. (b) The
area where the corner reflectors are deployed. (c) A corner reflector
deployed in the monitored area. (d) Photo of the monitored area taken
on the day of the campaign.

of the vertical displacement of the corner reflectors allows
us to evaluate the accuracy of the deformation obtained from
the differential interferograms. One corner reflector is placed
near the river, and shows whether the SAR imagery is focused
well. Fig. 3c shows a photo of a corner reflector deployed
in the monitored area, and Fig. 3d shows a photo of the
monitored area taken on the day of the campaign.

The interferometry baseline of the repeat track should be
as small as possible to obtain highly accurate differential
interferometry results. An experienced captain was able to
ensure that the baselines between different tracks will not
change sharply. Figure 4 shows the tracks recorded by GPS;
Fig. 4a shows the records for the entire path and Fig. 4b
shows a magnification of parts of Fig. 4a (the red rectangle
in Fig. 4a), denoting the ship’s trajectory during the working
hours of the SAR system. The distance between the different
trajectories is controlled within 1∼2 m, and the ship’s track
is in a straight line.

FIGURE 4. The tracks of the ship recorded by GPS for (a) the entire
trajectory of the ship and (b) for the portion shown in the red rectangle in
(a). The ship’s trajectory is shown during the working hours of the InSAR
system.

Figure 5 shows the SAR imagery obtained from a single
pass. Fig. 5a and Fig. 5b show the data acquired by the

FIGURE 5. (a)(b) Single look SAR imagery obtained from a single pass.
Both images are 2 km in range and 1.5 km in the azimuth. The black area
on the left of the imagery is water, and the grey area on the right is the
monitored area. (c) Enlarged view of the white square area in Fig. 5a.
The point in the red square represents the corner reflector deployed near
the Lancang River. The smaller white squares are the reference points,
which show strong scattering. (d) The enlarged area of the largest white
square in Fig. 5c shows that the imagery acquired by the shipborne
system is well focused. (e)(f) A range and cross-range cut of the isolated
corner reflector (in the red square) shows the focusing quality of
shipborne SAR images.

receiving antennas in Fig. 1. Both images are 2 km in range
and 1.5 km in the azimuth. The texture of the monitored area
is visible in the imagery, and the gradient can be observed.
Fig. 5c is the enlarged view of the square area in Fig. 5a.
The red square in Fig. 5c is the corner reflector deployed
near the Lancang River. The smaller white squares are the
reference points, which exhibit strong scattering. The red
square in Fig. 5d is the same corner reflector that is shown
in Fig. 5c, demonstrating that the imagery acquired by the
shipborne system is well focused. Figure 5 shows only one
of the seven SAR imagery pairs that were acquired in this
case. All images were well- focused. A range and cross-range
cut of a corner reflector is shown in the Figure 5e and 5f.
To evaluate the focusing quality, we picked one of the CRs
and showed the range and cross-range cut of the scatter.
These figures are the SAR image and corresponding range
cut and cross-range cut of the isolated point-like scatter. The
Figure 5e and 5f show that the shipborne-InSAR system is
capable of acquiring well-focused SAR images.

III. METHODOLOGY
The baselines of the multi-pass data should be as small
as possible to obtain high-precision deformation results.
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FIGURE 6. Geometric model of the interferometry of the shipborne InSAR system.

Therefore, we used the data of two passes with a short base-
line as an interferometric pair and the single pass as another
interferometric pair.

The complex signal can be written as:

u = |u| ejϕ = uej2π(ct−2r)ϕ/λejϕscat (1)

where the ϕ is the phase value of the complex signal, t is the
time variable, u is the amplitude, r is the distance from the
ground target to the SAR sensor, c is the velocity of electro-
magnetic waves, λ is the wavelength and ϕscat represents the
contribution from the scattering phase of the target. Assuming
that the electromagnetic-wave scattering mechanism on the
ground has not changed between the two acquisitions and a
SAR interferogram can be obtained by complex conjugate
multiplication of two co-registrated SAR images u1, u2. The
obtained intimal Interferometric phase ϕ is the composite of
topographic phase ϕtopo, flat-earth phase ϕref , displacement
phase ϕdisp and noise ϕnoise, which includes atmospheric
noise and electronic noise.

ϕ = (u1u∗2) = ϕ1 − ϕ2 = −
4π
λ
δr

= ϕtopo + ϕatm + ϕref + ϕdisp + ϕnoise (2)

δr = r1 − r2 (3)

where ∗ denotes complex conjugate, ϕ1 and ϕ2 is the phase
value of the complex signal on SAR images, δr is the range
change of the ground target to the SAR sensor of the two
acquisitions.

The geometric model of the shipborne SAR system is
shown in Fig.6. S and M represent two receiving antennas’
positions, b is defined as baseline, α represents the angle
between baseline and horizontal surface, ϑ is the look angle,
r1 and r2 are the slant distance between the antenna and
ground target. Taking into account the imaging geometry
illustrated in Fig.6 and the application of the cosine’s rule to
the MST triangle depicted in Fig.6, it is straightforward to
demonstrate that:

r2 =
√
b2 + r21 − 2br1 sin(α − ϑ) ' r1 − b sin(α − ϑ) (4)

The interferometric phase can be written as:

ϕ = −
4π
λ
δr ' −

4π
λ
b sin(α − ϑ) = −

4π
λ
b// (5)

where b// is the parallel baseline component.
Let us refer to the geometry of the problem sketched

in Fig.6 and we expand Equation (4) around the angular
position ϑ = ϑ0, which represents the side looking angle
that corresponds to the case when Earth’s surface is flat (i.e.
z=0).Since the monitored area in this study is quite small,
we believe that the assumption of the flat Earth’s surface is
reasonable.

sin(α − ϑ) = sin [(α − ϑ0)+ (ϑ0 − ϑ)] = sin(α − ϑ0)

+ (ϑ0 − ϑ) cos(α − ϑ0) (6)

The target height, namely z, is related to the side-looking
angle ϑ and to the antenna height h as

z = h+ r1 cosϑ (7)

Hence:
∂z
∂ϑ
= −r1 sinϑ →

∂ϑ

∂z

= −
1

r1 sinϑ
→ (ϑ0 − ϑ) = −

z
r1 sinϑ

(8)

Finally, the interferometric phase can be seen as composed
three distinctive terms, as follows:

ϕ ' −
4π
λ
b sin(α − ϑ0)︸ ︷︷ ︸
ϕref

+
4π
λ

b⊥
r1 sinϑ

z︸ ︷︷ ︸
ϕtopo

+
4π
λ
D︸ ︷︷ ︸

ϕdisp

(9)

where D is the displacement along the line of sight (LOS),
and the mathematical relation b⊥ = b cos(α − ϑ0) has been
used.

DInSAR requires the removal of the phase signatures of the
flat-earth and topography to isolate the ground displacement
component. After removing the flat earth phase ϕref [31],
the flattened interferogram ϕf can be obtained and expressed
as:

ϕf =
4π
λ

b⊥
r1 sinϑ

z+
4π
λ
D (10)
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Equation (10) is the basic equation for measuring ground
movement using the DInSAR technique. In this study,
repeat-pass SAR images were used to obtain two flattened
interferograms with respect to the reference SAR image. One
interferogram is called the deformation pair (defo-pair) and
the other is called the topographic pair (topo-pair):

ϕ
dp
f =

4π
λ

bdp
⊥

rdp sinϑdp
z+

4π
λ
Ddp

ϕ
tp
f =

4π
λ

btp
⊥

r tp sinϑ tp
z+

4π
λ
Dtp

(11)

where dp means deformation pair and tp means topographic
pair. From Equation (11), the term representing displacement
can be written as:

Ddp =
λ

4π
ϕ
dp
f −

λ

4π
bdp
⊥
r tp sinϑ tp

btp
⊥
rdp sinϑdp

(ϕtpf −
4π
λ
Dtp) (12)

In this study, we assume that there is no displacement
during the acquisition time of the topo-pair SAR images; that
is to say that the displacement term Dtp in Equation (12)
is zero. Since in this paper, we use two-antenna shipborne
InSAR system, and the monitored area does not have any
deformation during the acquiring time, so we assume that the
Dtp in this study is 0, and then we could get the deformation
information in the defo-pair images.

IV. RESULTS AND ANALYSIS
A. RESULTS
Differential interferometry requires two interferometric pairs,
i.e., one pair at the same time and one pair at different times.
Six interferometric pairs are used in this study, and we use
the results of one pair as an example. The baselines of all
six pairs are within 2 m, and some are within 1 m. The
single-pass and multi-pass results are shown in Fig. 7 and
Fig. 8. Figure 7a and b show the interferogram and coher-
ence map of the single-pass SAR imagery. The interferogram
shows the results of the single-pass SAR imagery pairs. The
coherence map reflects the data quality, and Fig. 7b shows
that the single-pass data have good coherence. However, sev-
eral linear regions in Fig. 7b have low coherence. Combined
with the analysis of Fig. 3, we believe that shrub areas and
the edges of the gradients are the low-coherence areas.

FIGURE 7. Processing results of the single-pass SAR imagery,
(a) and (b) are the interferogram and coherence map, respectively. The
phase of the water area in (a) is meaningless, and the corresponding area
in (b) has low coherence. Most of the monitored area has good
coherence, which facilitates differential interferometry processing.

FIGURE 8. There are total 25 points chosen to analysis the accuracy of
the result, and 14 of them (No. 2, No.3, No.5, No.6, No.7, No.8, No.10,
No.11, No.14, No.16, No.17, No.19, No.24, No.25) are natural permanent
scatterers and 11 of them (No.1, No.4, No.9, No.12, No.13, No.15, No.18,
No.20, No.21, No.22, No.23) are CRs. Coherence coefficients of the
permanent scatterers were used to calculate the deformation data. All six
interferometric pairs are chosen based on the principle that a smaller
baseline is preferred. Almost all points have high coherence, and the
coherence coefficients fluctuate around 0.85. Eight coherence coefficients
are relatively low (between 0.6 and 0.7).

The single-pass data shows that the L-band shipborne
InSAR system can acquire imagery with high coherence.
High-quality single-pass and multi-pass data are required
to obtain deformation information. Instead of showing the
coherence map, we present the coherence coefficients of
the 25 reference points (12 are corner reflectors placed in the
monitored area, and 13 are objects with stable scattering char-
acteristics, such as rocks and stone piers). As shown in Fig. 8,
all 25 points of the 6 interferometric pairs have coherence
coefficients higher than 0.65. Most of the coherence coeffi-
cients fluctuate around 0.85. In this study, the deformation
is calculated based on these points. The above analysis
shows that these points have high-quality coherence, which
improves the reliability of the deformation results.

Based on the phase of the single-pass and multi-pass data,
we obtain the deformation values of 25 points using the
model described in Section 3. However, the phase of the
interferogram is not the real phase that represents the slant
distance between the target and the antenna but is the wrapped
phase. The wrapped phase has to be unwrapped to calculate
the deformation. In this study, we use the ‘branch cut’ algo-
rithm [32] to unwrap the phase of all the permanent scatterers.
First, we determine whether a point is a residual point. If it
is a residual point, we remove this point and find a new one
in its neighborhood. We repeat the first step until no more
residual points exist. Then we unwrap the phase based on
the principle that the phase of two adjacent pixels should not
exceed π . If it exceeds π , we subtract π , and if it exceeds−π ,
we add π . After unwrapping, we obtain the relative phase
value, which means that the phase is continuous in the image
space but does not represent the real distance between the
target and the antenna. However, the deformation (line of
sight) of all points in this study is within half a wavelength
(the deformation of the 12 corner reflectors is adjusted to
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within 5 cm, and the deformation of the 13 permanent scatters
is 0), which means that phase used to obtain the deforma-
tion is within π . Therefore, the phase after unwrapping can
be used to calculate the deformation. The baseline of each
interferometric pair is estimated with orbital trajectories with
decimeter accuracy. Finally, the deformation of the 25 points
is determined using the proposed model. The details of this
procedure are illustrated in Fig. 9.

FIGURE 9. Flow diagram of the DInSAR processing chain.

The processing results of the single-pass and multi-pass
SAR imagery and the analysis of the data indicate that the
phase and baseline used to obtain the deformation are reliable.
A set of 6 imagery pairs with the spatial baseline is selected to
produce the interferograms and create different interferomet-
ric pairs with the single-pass data. We compare the results
with the deformation obtained from the ground measure-
ments to determine the accuracy of the proposed method. The
differences of the deformation values obtained from the two
methods are presented in Fig. 10. Both values represent line-
of-sight deformations. We refer to the results as measured
deformation and calculated deformation. As shown in the dia-
gram, the deformation obtained from the two methods differs
at different points. The difference of deformation is relatively
large (4 cm) at some points, such as No. 4 and No. 9 in the
first group and No. 9 in the third group. The deformation
difference of No. 4 in the 6th group exceeds 4 cm. On the
other hand, some points have relatively small differences (less
than 0.1 cm), for example, No. 16 andNo. 24 in the first group
and No. 12 and No. 13 in the third group. The differences at
most of the points range from 0.5 cm to 1.5 cm. The root mean
square error (RMSE) of the groups is listed in Tab. 3. The 4th
group has the lowest RMSE (0.865), and the 3rd group has the
highest RMSE (1.846). The baseline of the interferometric
pairs and average coherence coefficients are also listed to
show their influence on the deformation results. The 3rd
group has the lowest baseline (0.067 m), but its RMSE is the
highest. The average coherence coefficient of the 2nd group

TABLE 3. Statistics of the deformation results.

is the highest, but its RMSE is not. We provide a detailed
analysis of the influence of the baseline and coherence on the
deformation results in Section B.

B. ANALYSIS
In this section, we describe a detailed analysis of the defor-
mation results to determine the factors contributing to errors
during the entire process from data acquisition to deformation
calculation. We also discuss potential methods to reduce the
error. First, after acquiring the data with the L-band shipborne
InSAR system, we used the raw data and base station GPS
data combined with the trajectory data recorded by the POS
system prior to image analysis. Although the images shown
in Fig. 5 indicate that the SAR data are well focused, the data
are affected by thermal noise, which introduces errors in
the phase. Second, the accuracy of the registration must be
within 0.1 pixel [34] to avoid a phase error due to regis-
tration. In this study, the coherence coefficient algorithm is
used for registration, and bilinear interpolation is performed.
The results in section A show that both the single-pass
and multi-pass data have high coherence. However, at some
points of low coherence, phase errors due to registration are
inevitable. Moreover, the estimation of the horizontal com-
ponent of the spatial baseline in the model (Section III) will
result in errors. A small deviation exists in the data recorded
by the POS system, which is used to calculate the spatial
baseline, and some deviation in the incident angles of the
points cannot be avoided. Both deviations cause spatial base-
line errors, which further result in deformation errors. Finally,
since we did not have an accurate value of the distance,
the phase obtained by phase unwrapping is only continuous in
the imagery space, and it is not an absolute value but a relative
value. Although the absolute phase value is not required to
calculate the deformation (a detailed analysis is given in
Section A), if the starting point of unwrapping has an error,
the error will propagate to the imagery, causing a global error.
All points that were used to calculate the deformation has
some deviation. In summary, a high-precision POS system
is needed to calculate the baseline to reduce the errors. The
incident angle should be chosen to avoid overlap and shadow
areas in the SAR imagery to prevent the creation of residual
points in the unwrapping phase.

V. DISCUSSION
In this study, data acquisition and analysis of a novel
shipborne InSAR system are described. Single-pass and
multi-pass SAR imagery is used to produce interferometric
pairs. The deformation obtained from the proposed model is
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FIGURE 10. Deformation of 25 points obtained from ground measurements (black squares) and from the proposed method (red diamonds). The
differences between the two deformation values are indicated. The longer the vertical line, the greater the difference is. There are total 25 points
chosen to analyze the accuracy of the results, and 14 of them are natural permanent scatterers and 11 of them are CRs (same as fig. 8).

compared with the measured deformation. Here, we discuss
the problems we encountered in this process. Since the ship-
borne system operates on an unstable water surface, it is chal-
lenging to maintain the stability of the system. We analyze
the trajectories recorded by the GPS to evaluate the stability
of the shipborne SAR system during the operation.

Figure 11 shows the tracks depicted in Fig. 4a from
a different perspective. The red rectangle in Fig. 11a is
the operating area of the InSAR system. This area is the
most stable area during the entire data collection process.
Figure 11b shows the magnification of the red rectangle.

The maximum fluctuation does not exceed 0.1 m, and most
values are within 0.05 m. Since the vertical accuracy of the
GPS is 0.05 m, we conclude that the shipborne InSAR system
has relatively high stability on the water, which is important
to acquire well-focused SAR imagery.

Most SAR images mentioned above were well focused;
however, we provide an example of a badly-focused image
(Fig. 12). Figure 12a shows the HH polarization amplitude
imagery; the texture of the objects is not clear. The coherence
map (Fig. 12b) shows that most of the pixels do not have
high coherence. Even though the trajectory (Fig. 11a) shows

5756 VOLUME 9, 2021



T. Luo et al.: Deformation Monitoring of Slopes With a Shipborne InSAR System: A Case Study of the Lancang River Gorge

FIGURE 11. Trajectories recorded by GPS. (a) The entire trajectory of the ship during data acquisition. The red rectangle marks the area where the
InSAR system was operated. (b) Magnification of one of the trajectories in the red rectangle area in (a). Both fig. 3 and fig. 11 are plotted with POS
data, and fig.11 shows the elevation information to show the stability of the shipborne InSAR system during the working time.

FIGURE 12. Example of a badly-focused HH polarization amplitude image
(a) and its coherence map (b). The SAR amplitude imagery shows that the
texture of the objects is not clear. Most of the pixels have low coherence.

that the system operates stably, bad-focused imagery does
occur. Small differences between the trajectories may lead
to images with different qualities. A higher-precision POS
is needed to compare the trajectory differences of images
with different qualities. The results indicate that the shipborne
InSAR system operates stably, although a higher-precision
POS is needed to determine the small differences between
the trajectories.

VI. CONCLUSION
In this work, we presented the imaging and interferometric
capabilities of a shipborne single-pass L-band InSAR system.
The long wavelength and high coherence of the L-band allow
for the analysis of long-term processes in vegetated areas.
In addition, the capabilities for monitoring short-term pro-
cesses are improved by the greater flexibility of shipborne
sensors.

We conducted an image acquisition campaign on the Lan-
cang River in Southwest China in 2019. Interferometric pairs
were obtained from single-pass and multi-pass imagery to
calculate the deformation using the proposed model. Corner
reflectors deployed in the area and other strong scattering
targets were used as reference points. We assessed the quality
of the SAR imagery and InSAR products by comparing the
measured and calculated deformation values. A line-of-sight

mean error within 2 cmwas obtained. An analysis of the error
source was presented, and methods to reduce the error were
provided.

The results provide a reference for future research and
operational activities with this system and demonstrate the
imaging and interferometric capabilities of the shipborne
L-band InSAR system. The shipboard system is well adapted
to the water environment and provides a flexible and fast
data acquisition method. More generally, the results show
that the shipborne infrastructure system (which consists of
the radar system and the complete data processing chain
from raw data acquisition to the generation of deformation
products) may represent an appealing monitoring solution for
applications that require operating on the water for obtaining
high-resolution InSAR products.
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