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Abstract: Ground-based radar interferometry, which can be specifically classified as ground-based
synthetic aperture radar (GB-SAR) and ground-based real aperture radar (GB-RAR), was applied
to monitor the Liusha Peninsula landslide and Baishazhou Yangtze River Bridge. The GB-SAR
technique enabled us to obtain the daily displacement evolution of the landslide, with a maximum
cumulative displacement of 20 mm in the 13-day observation period. The virtual reality-based
panoramic technology (VRP) was introduced to illustrate the displacement evolutions intuitively and
facilitate the following web-based panoramic image browsing. We applied GB-RAR to extract the
operational modes of the large bridge and compared them with the global positioning system (GPS)
measurement. Through full-scale test and time-frequency result analysis from two totally different
monitoring methods, this paper emphasized the 3-D display potentiality by combining the GB-SAR
results with VRP, and focused on the detection of multi-order resonance frequencies, as well as the
configure improvement of ground-based radars in bridge health monitoring.
Keywords: GB-SAR; GB-RAR; VRP; displacement evolution; operational modes

1. Introduction
Spaceborne synthetic aperture radar (SAR) systems, from the pioneer SEASAT to the present
Sentinel-1 satellite, provide a powerful tool for deformation measurement with millimeter accuracy
by adopting differential interferometry or multi-temporal interferometry [1,2]. Thus, SAR systems
have been used in many application fields, e.g., surface subsidence [3–5], earthquakes [6–8], and
landslides [9,10]. Where the long-term and large-scale with slow deformation areas are characterized,
the use of spaceborne sensors has been shown to be successful and effective. Meanwhile, in some
complimentary, cases, e.g., individual structures, local landslides, steep slopes, and scenes with fast
deformation rates involving temporal decorrelation, an alternative strategy arises from the use of
ground-based radar interferometry [11].
Ground-based radar interferometry system (GBRI) is the realization and effective complementarity
of spaceborne radar system on the ground. It emits and receives a burst of microwaves to remotely detect
small displacements of targets through phase differentials [4,12]. Based on the image resolution/antenna
physical dimension, a specific class of ground-based radar interferometry systems can be classified into:
(1) Real aperture radars (SARs), such as GAMMA’s Portable Radar Interferometer (GPRI) and Image
By Interferometric Survey-Structure (IBIS-S); and (2) Synthetic aperture radar (SARs), such as the
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linear synthetic aperture radar (LISA) and Image By Interferometric Survey-Landslide (IBIS-L). For the
ground-based synthetic aperture radar (GB-SAR), its antenna is synthetically elongated by moving the
radar along a rail track perpendicular to the look direction. In the range direction, it uses the stepped
frequency continuous wave (SFCW) or frequency modulated continuous wave (FMCW) technique to
implement sampling in frequency domain, which can realize the two-dimensional imaging capability
with range and cross-range resolution of a large scene [12–14]. Thus, GB-SAR, as a supplementary
of spaceborne satellite, is widely used in landslides [15,16], mines [17], sinkhole subsidence [18],
glaciers [19], and volcanoes [20]. Unlike GB-SAR, the ground-based real aperture radar (GB-RAR),
with a radar sensor mounted on a tripod transmitting and receiving pulses of energy, can only obtain
the range resolution but with a higher sampling rate [13,21]. Thus, the applications of GB-RAR are
mainly in manmade structures, such as bridges [22,23], buildings [24,25], dams [26], towers [27], and
chimneys [20].
Although existing literatures have shown GB-SARs and GB-RARs as powerful tools for extracting
the two-dimensional displacement evolution of a large scene or dynamic vibration parameters of a
manmade structure, there is still room for improvement in the interpretation and exhibition of these
GBRI-derived results, on-surveying, and mapping professionals. For those modal shape parameters
extracted from frequency or time domain methods, most studies have emphasized the methods of
modal-parameter identification and validation using different sensors dataset, but have neglected
further discussion of the modal assurance criterion diagrams (MAC) between multiple mode shapes
that is sensitive to damage scenarios examination, e.g., Gentile et al. [21], Stabile et al. [22], Hu et al. [24],
Luzi et al. [25], and Xi et al. [28]. In view of the first issue, the virtual reality-based panoramic technology
(VRP) is implemented to the panorama images generation and spherical projection of the study area
images collected by an unmanned aerial vehicle (UAV). Subsequently, the spherical panoramic images
are embedded into the web to realize the panoramic roaming and map navigation. Most of the scene
deformation results were shown in a displacement color bar-adhered two-dimensional bitmap with
or without scene geomorphology superposition, e.g., Tarchi et al. [15], and Luzi et al. [29], Leva et
al. [30]. Thus, it is difficult to match them with the specific scene location. The in-situ measurement
of high-frequency GPS (10 Hz) and the no-contact remote sensing method of GB-RAR (17 Hz) were
conducted on the Wuhan Baishazhou Yangtze River Bridge, and the dynamic vibration parameters
were extracted using the enhanced frequency domain decomposition technique (EFFD) and sequential
quadratic programming-based venetic algorithm (SQP-GA). Through these damage-sensitive features,
ambient vibration testing (AVT)-based damage examination features of the bridge were presented.
The paper is organized as follows: Section 2 briefly recalls the working principle of GB-SAR,
GB-RAR, VRP, and the adopted method for modal parameters identification. Section 3 provides
a description of the two experimental campaigns, underlining the data acquisition strategy and
preliminary results. Section 4 presents the results from VRP and Web-based panoramic image browsing
and identifies modal parameters and MAC results, followed by several concluding remarks related to the
integration of multi-sensor and interdisciplinary disciplines on large-scene and individual structures.
2. Working Principle of GBRI, VRP, and Method for Modal Parameters Identification
and Discrimination
Although there are many kinds of ground-based radar interferometry systems on the market, e.g.,
linear SAR [23], rotary SAR [31], ArcSAR [32], multiple input multiple output SAR [33], and moving
slot [34], they are different in instrument volumes and measurement ways. The principle of acquiring
target displacement is essentially realized by the stepped frequency(SF)/frequency modulation (FM)
continuous wave (CW) and interferometry technique. In this paper, we only focused on the linear SAR
system and used the IBIS-L and IBIS-S developed by Ingegneria dei Sistemi S.p.A. (IDS) in collaboration
with the Department of Electronics and Telecommunication of the Florence University as an example
for illustrations.
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where ∆ϕ is the sum phase of three parts: Displacement, with which are are concerned;
atmosphere, which, for a small area, can be eliminated from surrounding stable points; and the
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thermal/environmental noise practically, which is removed by selected points with high signal to noise
ratio (SNR) [11,15,35].
Except for the lack of SAR capability, GB-RAR, like IBIS-S, shares the same range imaging and
interferometry techniques with the above-mentioned GB-SAR. The tripod replaces the rail, while the
range sampling rates are up to 200 Hz with a displacement detection accuracy of 0.01 mm [24], which
is especially
suitable
the dynamic vibration of structures.
Remote
Sens. 2019,for
11, xmonitoring
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2.3. Modalexploring
Parameters
and Identification
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Enhanced frequency domain decomposition (EFFD) is an improved method proposed by Brincker
et al. [40] on the basis of frequency domain decomposition, which is widely applied to modal
identification of large structures under environmental excitation. Unlike the frequency domain
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decomposition method, in this technique, the decomposed single-degree-of-freedom power spectral
density (PSD) function is inversely Fourier transformed to obtain the time-domain correlation function.
Then, the logarithmic attenuation method is used to calculate the frequency and damping ratio [41,42].
The principle in the EFFD technique is easily understood by recalling that any response can be expressed
with unknown input signal and output signal in modal coordinates:
G yy ( jw) = H∗ ( jw)Gxx ( jw)HT ( jw)

(7)

G yy ( jw) ∈ Rm×m PSD matrix of responses, where m is the number of responses; Gxx ( jw) ∈ Rl×l PSD
matrix of the input, where l is the number of inputs; H ( jw) ∈ Rm×l matrix of frequency response
function (FRF); ∗ and superscript T denote complex conjugate and transpose.
In a multi-degree-of-freedom system, the frequency response function can be written in the
following partial fractions and forms:
H ( jw) =

n "
X
i=1

Ri ∗
Ri
+
( jw − λi ) ( jw − λi ∗ )

#
(8)

where i is the order of mode shape, Ri is the i−th matrix of FRF, λi is the eigenvalues of discrete systems,
and w is the natural frequency. Their relation with λi can be expressed as:
p
λi = −ξwi + j 1 − ξ2 wi

(9)

Thus, the estimation of the output Ĝ yy ( jw), known at discrete frequencies wi , is then decomposed
by taking the singular value decomposition (SVD) of the PSD matrix,
Ĝ yy ( jw) = Ui Si Ui H

(10)

where Si denotes the diagonal matrix holding the scalar singular values, and Ui is the unitary matrix
holding the singular vectors, which indicates the mode shape of structure.
Furthermore, a hybrid optimization method (SQP-GA) that combines the genetic algorithm with
sequential quadratic programming was also adopted in this study to make a cross-comparison with
the EFFD-derived results. Detail explication can be found in the study by Hu J.Y et al [24], in which
the SQP-GA method was successfully used to extract the modal parameters of a high-rise building.
3. The Experimental Campaigns
Two case studies, where the IBIS systems (IBIS-L and IBIS-S) were characterized by the GB-SAR
and GB-RAR technique mentioned above, were used to study the deformation evolution of the Liusha
Peninsula landslide and the dynamical behavior of the Baishazhou Yangtze River Bridge. The two
case studies are reported in this section. In this section, we focused on the outstanding results derived
from IBIS for each case. The discussion involved validation, comparison with multi-sensors, and MAC
calculation. Detailed operational parameters can be found in the studies by Rödelsperger et al. [13]
and Monserrat Hernández [37].
3.1. The Liusha Peninsula Landslide
3.1.1. IBIS-L Configuration
The Liusha Peninsula landslide occurred on the Liusha peninsula on the north bank of the Yong
River in Nanning, China, with Yinghua Road on the south and Peninsula Community on the east.
It first happened on 12 July 2014, due to building loads and heavy rainfall, causing the soil mass
migration of an area with width of 100 m, thickness of 15 m, and accumulated soil body of 40,000 cubic
meters. Such a large amount of soil mass migration directly led to cracks and tilt in some pillars, beams,
and walls of the A6 residential building and its podium near the Yong River (Figure 3).
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Figure 6 shows that the landslide had a nonlinear deformation during the 13-day monitoring
period. As local landslide activity would be expected to cause positive changes in the LOS
displacement, this was exactly the case of the lower part of the Liusha Peninsula landslide, where the
positive displacement has increased. The maximum positive deformation value was 20.68 mm as of
6 October 2017. Unlike the lower part, the upper part of the landslide body was relatively stable.
Furthermore, there was no evident deformation of the bridge during the whole period, which was
basically in a stable state. Moreover, no obvious deformations of the buildings near the landslide
were observed.

Remote Sens. 2019, 11, 2887

8 of 17

Figure 6 shows that the landslide had a nonlinear deformation during the 13-day monitoring period.
As local landslide activity would be expected to cause positive changes in the LOS displacement,
this was exactly the case of the lower part of the Liusha Peninsula landslide, where the positive
displacement has increased. The maximum positive deformation value was 20.68 mm as of 6 October
2017. Unlike the lower part, the upper part of the landslide body was relatively stable. Furthermore,
there was no evident deformation of the bridge during the whole period, which was basically in a
stable state. Moreover, no obvious deformations of the buildings near the landslide were observed.
3.2. The Baishazhou Bridge
3.2.1. Description of the Bridge and Experimental Setup
The Baishazhou Yangtze River Bridge is a double-tower and double-cable plane welded steel
box girder cable-stayed bridge. The main beam adopts the mixed beam scheme: The steel box girder
is used for the middle span and some side spans, and the concrete box girder is used for the two
side spans. The beam is 3.0-m high and 30.2-m wide. It is basically a longitudinal floating system.
A group of "elastic cables" are arranged from the lower crossbeam of each main tower to the left and
right to anchor on the main beam 63-m away from the tower, so as to partially limit the longitudinal
displacement of the main beam. Each cable surface is composed of 24 cables on the left and right, of
which the cable spacing of concrete main beam is 24 m. The main tower is of diamond type with a
height of 174.75 m, of which the part above the bridge deck is 145.0-m high, and the upper and lower
beams are set. The following part of the bridge is mainly composed of six columns standing in the
water, and the water depth is between 6–22 m. The geological column chart shows that the overburden
of the riverbed is sand gravel layer, with a depth of 30–40 m.
Construction began on the bridge in in March 1997 and the bridge was opened to traffic in
September 2000. The total length of the bridge is 3585 m, of which the length of main bridge is
2458 m and the main span is 1078 m (50 m+180 m+618 m+180 m+50 m). It has six double-directional
driveways with a total width of 26.5 m and a capacity of 50,000 vehicles a day. Since its open to traffic in
2000, the bridge has undergone 24 repairs within 10 years. Therefore, dynamic monitoring campaigns
of this bridge have been carried out since 2005 [45].
In this paper, high-frequency (10 Hz) GPS observations, lasting one hour, were conducted on
27 September 2016. In this campaign, two GPS receivers were set up upstream and downstream of the
middle span (S012, S035), two GPS receivers were installed on the top of the double-tower (S035,S029),
and the reference station was delineated, with the red triangle approximately 2-km northeast of the
middle span (see Figure 7a,b). In addition, a GB-RAR monitoring of this bridge, lasting five hours,
was also implemented using the IBIS-S system on 2 October 2017. The instrument was installed under
the downstream deck with a sampling rate of 17 Hz. Moreover, two corner reflectors were fixed on
the downstream bridge edge within the illuminated area of radar (Figure 7c), and one was mounted
on a stable tripod 15 m in front of the radar, which was used to eliminate the atmosphere/noise effect
(Figure 8).
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spans. The beam is 3.0-m high and 30.2-m wide. It is basically a longitudinal floating system. A group
of "elastic cables" are arranged from the lower crossbeam of each main tower to the left and right to
anchor on the main beam 63-m away from the tower, so as to partially limit the longitudinal
displacement of the main beam. Each cable surface is composed of 24 cables on the left and right, of
which the cable spacing of concrete main beam is 24 m. The main tower is of diamond type with a
height of 174.75 m, of which the part above the bridge deck is 145.0-m high, and the upper and lower
beams are set. The following part of the bridge is mainly composed of six columns standing in the
water, and the water depth is between 6–22 m. The geological column chart shows that the
overburden of the riverbed is sand gravel layer, with a depth of 30–40 m.
Construction began on the bridge in in March 1997 and the bridge was opened to traffic in
September 2000. The total length of the bridge is 3585 m, of which the length of main bridge is 2458
m and the main span is 1078 m (50 m+180 m+618 m+180 m+50 m). It has six double-directional
driveways with a total width of 26.5 m and a capacity of 50,000 vehicles a day. Since its open to traffic
in 2000, the bridge has undergone 24 repairs within 10 years. Therefore, dynamic monitoring
campaigns of this bridge have been carried out since 2005 [45].
In this paper, high-frequency (10 Hz) GPS observations, lasting one hour, were conducted on 27
September 2016. In this campaign, two GPS receivers were set up upstream and downstream of the
middle span (S012, S035), two GPS receivers were installed on the top of the double-tower
(S035,S029), and the reference station was delineated, with the red triangle approximately 2-km
northeast of the middle span (see Figure 8a,b). In addition, a GB-RAR monitoring of this bridge,
lasting five hours, was also implemented using the IBIS-S system on 2 October 2017. The instrument
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3.2.1. Deflections of the Bridge

The operational test was carried out under the ambient excitation (usually due to micro-tremors,
traffic loads, and wind) on the bridge. After acquiring a range profile of the deck bridge, we selected
a set of radar bins with high TSNR from near to far along the deck and projected their LOS
displacements to the vertical direction of the bridge according to their configure geometry. Due to
the 17-Hz sampling rate and huge dataset, only 2000 s (34,000 records) displacement series of nine
selected bins located at different distance along the deck were processed to extract the vertical
vibration frequencies (Figure 8a). Meanwhile, the deflection sequences of the four GPS receivers in
lateral (X), longitudinal (Y), and vertical (Z) directions under the Bridge Coordinate System (BCS)
were transformed from the WGS84 coordinate system (N,E,U) by 2D similarity transformation [30].
Their corresponding vibration frequencies are shown in Figure 9 and Figure 10, respectively.

Figure 7. Field test of the ground-based real aperture radar (GB-RAR) to monitor the operational
Figure
8. Field test of the ground-based real aperture radar (GB-RAR) to monitor the operational
modes of the Wuhan Baishazhou Yangtze River Bridge.
modes of the Wuhan Baishazhou Yangtze River Bridge.
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The analysis of the vertical deflections time histories retrieved from the GPS (Figure 10) and GBRAR (Figure 9) indicates that the maximum deflections were more inclined to occur at the center of
the bridge (e.g., Rbin689, S012). The downward deflection exhibited intermittent surge and rapid
recovery characteristics. Meanwhile, the antisymmetric deformation characteristics of bridges
(vertical direction anisotropic vibration at different positions) were also observed (e.g., Rbin496 and
Rbin689 at 1200 s), which were expected as the excitation result triggered by the trucks rapidly
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The analysis of the vertical deflections time histories retrieved from the GPS (Figure 10) and
GB-RAR (Figure 9) indicates that the maximum deflections were more inclined to occur at the center
of the bridge (e.g., Rbin689, S012). The downward deflection exhibited intermittent surge and rapid
recovery characteristics. Meanwhile, the antisymmetric deformation characteristics of bridges (vertical
direction anisotropic vibration at different positions) were also observed (e.g., Rbin496 and Rbin689 at
1200 s), which were expected as the excitation result triggered by the trucks rapidly approaching away
from the middle deck. Although the GPS and GB-RAR measurements did not coincide with each other
in time domain, it was impossible to make deflection cross-vibration of these two sets of measurements.
However, for natural frequencies reflecting the inherent characteristics of the structure, dominant
frequencies around 0.23 Hz and 0.29 Hz were derived from both vertical deflections of the GPS and
GB-RAR (see Figures 9 and 10). Similar vibration frequencies were also retrieved by Zhang et al. [46]
and Huang et al. [45]. The analysis involving the combination of multi-position and multi-direction
(X, Y, and Z) deflection information of different sensors to implement the bridge modal parameters
extraction and cross-validation are described in the Section 4.2.
4. Visualization, Cross-Validation, and Damage Detection
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the bottom of the slope reached 20 mm. Note that the bridge and the peninsula community located
in the center and at the top of the slope, respectively, remained relatively stable during the whole
observation period.
Furthermore, T2 and T3, with good quality of GPS observation data from 10:00 to 16:50, and 71
corresponding GB-SAR images were selected to compare their vertical displacement time series from
the view of an individual point (Figure 12). The two stations were 50 m apart. Therefore, they showed
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the bottom of the slope reached 20 mm. Note that the bridge and the peninsula community located
in the center and at the top of the slope, respectively, remained relatively stable during the whole
observation period.
Furthermore, T2 and T3, with good quality of GPS observation data from 10:00 to 16:50, and 71
corresponding GB-SAR images were selected to compare their vertical displacement time series from
the view of an individual point (Figure 12). The two stations were 50 m apart. Therefore, they showed
the same trend of deformation in the six-hour observation and their cumulative displacements were less
than 4 mm. However, due to the limitation of centimeter-level processing accuracy of high-frequency
GPS, the displacements of the two stations were mostly constrained between 15 mm and –15 mm,
which made it difficult to quantitatively compare the two types of displacements one by one, especially
forRemote
the slowly
deformed area around the Liusha Peninsula landslide.
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Table 1. Full-test results of the multi-frequency extraction of the two sensors based on the EFFD and
SQP-GA methods.

Direction

Sensor

Method
EFFD

GPS
vertical

SQP-GA
EFFD

Main Frequency (Hz)
0.380
–
0.2927
1
0.372
–
0.2927
4
0.23 0.2925 4.382

–
–
7.644
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Table 1. Full-test results of the multi-frequency extraction of the two sensors based on the EFFD and
SQP-GA methods.
Direction

Sensor
GPS

vertical
GB-RAR
Lateral

GPS

Longitudinal

GPS

Method
EFFD
SQP-GA
EFFD
SQP-GA
EFFD
SQP-GA
EFFD
SQP-GA

Main Frequency (Hz)
–
–
0.23
0.2293
0.2293
0.2291
–
–

0.2927
0.2927
0.2925
0.2921
–
–
0.2927
0.2927

0.3801
0.3724
4.382
4.212
–
0.35
0.3561
0.3721

–
–
7.644
7.402
–
–
–
–

In order to distinguish among bending and torsion modes during the frequency analysis of
the recorded data, there must be a phase reference between the data recorded on the upstream and
downstream side of the bridge. To this end, the radar must be installed on a platform that can
simultaneously illuminate the upstream and downstream decks of the bridge. However, it is not
always the case that this solution can be applied to all bridges, since the visibility of the objects located
on two sides is limited by the angular resolution of IBIS-S and the thickness and width of the bridge
deck. This is the exact case of the Wuhan Baishazhou Yangtze River Bridge. Therefore, we usde the
one-hour records with 12 channels of four GPS receivers (S012, S035, S029, and S023) to extract its
dynamic vibration parameters.
Figure 13 shows the identified vibration modes. The first lateral flexural mode shape was
symmetric, with a frequency of 0.217 Hz (Figure 13a), while the second and third recognition modes
(0.287 Hz and 0.38 Hz) involved the vertical bending of bridge decks constrained by the east and
west bridge towers. In this case, the third mode shape presented the same vibration characteristics
as the second mode but with low amplitude. Therefore, only the second mode shape (0.287 Hz) was
sketched here (Figure 13b). Figure 13c,d show the MAC correlation of the first three modes, in which
the self-power-spectrum correlations of each modes were strong but the cross-spectral correlation
were weak. However, affected by sampling rate (10 Hz) and kinematic processing accuracy (cm) of
GPS measurements, the higher modes involved torsional mode shape were not identified. However,
they were detected by IBIS-S with high sampling rate (17 Hz, and even more) and submillimeter
measurement accuracy (e.g., 1.791 Hz, 2.681 Hz, 4.382 Hz, and 7.644 Hz). In order to take full use
of these advantages of the GB-RAR technique—and therefore, in order to make full use of these
advantages of GB-RAR measurement to capture the vibration modes of bridges globally—we need to
consider the following problems in the next work: (1) By installing multiple corner reflectors on the
upstream and downstream of bridges, the deflection at different positions on both sides of the bridge
can be accurately recorded; (2) By setting up two IBIS-S systems underneath different positions of the
bridge, the true three-dimensional vibration characteristics of the bridge are extracted. Subsequently, it
is possible to extract multi-order mode shapes of bridge accurately and comprehensively based on the
high-precision three-dimensional deflection time series of a large amount of measuring bins located at
different positions of upstream and downstream bridge deck.
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Hz,Hz,
4.38
Hz,
and
7.64that
Hz),
thatinvolve
may involve
torsional
not detected
Hz,
2.68
4.38
and
7.64
Hz),
may
torsional
modes modes
not detected
by the by
GPSthe
GPS technique.
The consistencies
of frequency
results derived
from SVD-based
EFFD and
method
and
technique.
The consistencies
of frequency
results derived
from SVD-based
EFFD method
global
global optimization-based
algorithm
indicate
the potentiality
of using
noncontact
GB-RAR
optimization-based
SQP-GASQP-GA
algorithm
indicate
the potentiality
of using
noncontact
GB-RAR
technology
to
obtain
accurate
deflections
and
modal
parameters
of
bridge
under
the
operation
state.
technology to obtain accurate deflections and modal parameters of bridge under the operation state.
However,
the
GB-RAR
technique
only
provided
a
1-D
LOS
displacement
and
failed
to
capture
However, the GB-RAR technique only provided a 1-D LOS displacement and failed to capturethe
To overcome
overcome this
thisproblem
problemin
infuture
futurework,
work,multiple
multiple
corner
reflectors
thelateral
lateralvibration
vibrationof
ofthe
thebridge.
bridge. To
corner
reflectors
should
be
properly
installed
on
the
upstream
and
downstream
decks
of
bridges.
At
least
two
GB-RAR
should be properly installed on the upstream and downstream decks of bridges. At least two
GBsystems
should
be set
at a at
place
where
they they
can simultaneously
illuminate
the corner
RAR
systems
should
be up
set properly
up properly
a place
where
can simultaneously
illuminate
the
reflectors
mounted
on theonupstream
and downstream
decks decks
of the of
bridge.
Subsequently,
it is possible
corner
reflectors
mounted
the upstream
and downstream
the bridge.
Subsequently,
it is

possible to obtain precise 3-D deformation of different points located on the upstream and
downstream deck and implement the health monitoring of the bridge comprehensively.
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to obtain precise 3-D deformation of different points located on the upstream and downstream deck
and implement the health monitoring of the bridge comprehensively.
Author Contributions: This paper is a collaborative work by all the authors. J.H. conducted the experiments,
programmed the algorithm, and wrote the manuscript. J.G. contributed the idea and organized the projects, L.Z.,
Y.X. and K.F. participated the experiments and processed the data; S.Z. assisted with certain experiments, and all
authors proof-read the paper.
Funding: This research was sponsored by the National Natural Science Foundation of China (No. 41474004,
41704002), the Open Fund of Guangxi Key Laboratory of Spatial Information and Geomatics (Grant No.
17-259-16-03) and Fund of Nanning Natural Resources Information Center.
Acknowledgments: This work has also been greatly helped by Xinpeng Wang and Ruijie Xi from Wuhan
University. We would like to thank the editor and the anonymous reviewers for their valuable comments, which
greatly improved the quality of this manuscript.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.

3.

4.

5.

6.
7.
8.
9.

10.
11.
12.
13.
14.

15.

Casu, F.; Manzo, M.; Lanari, R. A quantitative assessment of the SBAS algorithm performance for surface
deformation retrieval from DInSAR data. Remote Sens. Environ. 2006, 102, 195–210. [CrossRef]
Nicodemo, G.; Peduto, D.; Ferlisi, S.; Maccabiani, J. Investigating building settlements via very high resolution
SAR sensors. In Life-Cycle of Engineering Systems: Emphasis on Sustainable Civil Infrastructure; Bakker, J.,
Frangopol, D.M., van Breugel, K., Eds.; Taylor & Francis Group: Delft, The Netherlands, 2017; pp. 2256–2263.
Ma, P.; Wang, W.; Zhang, B.; Wang, J.; Shi, G.; Huang, G.; Chen, F.; Jiang, L.; Lin, H. Remotely sensing
large-and small-scale ground subsidence: A case study of the Guangdong–Hong Kong–Macao Greater Bay
Area of China. Remote Sens. Environ. 2019, 232, 111282. [CrossRef]
Cigna, F.; Osmanoglu, B.; Dixon THDe Mets, C.; Wdowinski, S. Monitoring land subsidence and its induced
geological hazard with synthetic aperture radar interferometry: A case study in Morelia, Mexico. Remote
Sens. Environ 2012, 117, 46–161. [CrossRef]
Peduto, D.; Nicodemo, G.; Ferlisi, S.; Maccabiani, J. Multi-scale analysis of settlement-induced building
damage using damage surveys and DInSAR data: A case study in The Netherlands. Eng. Geol. 2017, 218,
117–133. [CrossRef]
Fialko, Y.; Sandwell, D.; Simons, M.; Rosen, P. Three-dimensional deformation caused by the Bam, Iran,
earthquake and the origin of shallow slip deficit. Nature 2005, 435, 295. [CrossRef]
Prati, C.; Ferretti, A.; Perissin, D. Recent advances on surface ground deformation measurement by means of
repeated space-borne SAR observations. J. Geodyn. 2010, 49, 161–170. [CrossRef]
Reale, D.; Fornaro, G.; Pauciullo, A.; Zhu, X.; Bamler, R. Tomographic imaging and monitoring of buildings
with very high resolution SAR data. IEEE Geosci. Remote Sens. Lett. 2011, 8, 661–665. [CrossRef]
Dai, K.; Li, Z.; Tomás, R.; Liu, G.; Yu, B.; Wang, X.; Cheng, H.; Chen, J.; Stockamp, J. Monitoring activity
at the Daguangbao mega-landslide (China) using Sentinel-1 TOPS time series interferometry. Remote Sens.
Environ. 2016, 186, 501–513. [CrossRef]
Wasowski, J.; Bovenga, F. Investigating landslides and unstable slopes with satellite multi temporal
interferometry: Current issues and future perspectives. Eng. Geol. 2014, 174, 103–138. [CrossRef]
Pieraccini, M.; Miccinesi, L. Ground-based radar interferometry: A bibliographic review. Remote Sens. 2019,
11, 1029. [CrossRef]
Monserrat, O.; Crosetto, M.; Luzi, G. A review of ground-based SAR interferometry for deformation
measurement. ISPRS J. Photogramm. Remote Sens. 2014, 93, 40–48. [CrossRef]
Rödelsperger, S. Real-Time Processing of Ground Based Synthetic Aperture Radar (GB-SAR) Measurements.
Ph.D. Thesis, Technische Universität Darmstadt, Darmstadt, Germany, 2011.
Iglesias, R.; Aguasca, A.; Fabregas, X.; Mallorqui, J.J.; Monells, D.; López-Martínez, C.; Pipia, L. Ground-based
polarimetric SAR interferometry for the monitoring of terrain displacement phenomena–Part II: Applications.
IEEE J. Sel. Top. Appl. Earth Obs. Remote Sens. 2014, 8, 994–1007. [CrossRef]
Tarchi, D.; Casagli, N.; Fanti, R.; Leva, D.D.; Luzi, G.; Pasuto, A.; Pieraccini, M.; Silvano, S. Landslide
monitoring by using ground-based SAR interferometry: An example of application to the Tessina landslide
in Italy. Eng. Geol. 2003, 68, 15–30. [CrossRef]

Remote Sens. 2019, 11, 2887

16.

17.

18.

19.

20.

21.
22.

23.
24.

25.
26.

27.
28.
29.

30.
31.

32.
33.
34.
35.
36.

16 of 17

Bardi, F.; Frodella, W.; Ciampalini, A.; Bianchini, S.; Del Ventisette, C.; Gigli, G.; Fanti, R.; Moretti, S.; Basile, G.;
Casagli, N. Integration between ground based and satellite SAR data in landslide mapping: The San Fratello
case study. Geomorphology 2014, 223, 45–60. [CrossRef]
Mecatti, D.; Macaluso, G.; Barucci, A.; Noferini, L.; Pieraccini, M.; Atzeni, C. Monitoring open-pit quarries
by interferometric radar for safety purposes. In Proceedings of the 7th European Radar Conference, Paris,
France, 30 September–1 October 2010; pp. 37–40.
Intrieri, E.; Gigli, G.; Nocentini, M.; Lombardi, L.; Mugnai, F.; Fidolini, F.; Casagli, N. Sinkhole monitoringand
early warning: An experimental and successful GB-InSAR application. Geomorphology 2015, 241, 304–314.
[CrossRef]
Luzi, G.; Pieraccini, M.; Mecatti, D.; Noferini, L.; Macaluso, G.; Tamburini, A.; Atzeni, C. Monitoring of
an Alpine Glacier by Means of Ground-Based SAR Interferometry. IEEE Geosci. Remote Sens. Lett. 2007, 4,
495–499. [CrossRef]
Rödelsperger, S.; Becker, M.; Gerstenecker, C.; Läufer, G.; Schilling, K.; Steineck, D. Digital elevation model
with the ground-based SAR IBIS-L as basis for volcanic deformation monitoring. J. Geodyn. 2010, 49, 241–246.
[CrossRef]
Gentile, C.; Bernardini, G. An interferometric radar for non-contact measurement of deflections on civil
engineering structures: Laboratory and full-scale tests. Struct. Infrastruct. Eng. 2010, 6, 521–534. [CrossRef]
Stabile, T.A.; Perrone, A.; Gallipoli, M.R.; Ditommaso, R.; Ponzo, F.C. Dynamic survey of the Musmeci bridge
by joint application of ground-based microwave radar interferometry and ambient noise standard spectral
ratio techniques. IEEE Geosci. Remote Sensing Lett. 2013, 10, 870–874. [CrossRef]
Pieraccini, M.; Tarchi, D.; Rudolf, H.; Leva, D.; Luzi, G.; Bartoli, G.; Atzeni, C. Structural static testing by
interferometric synthetic radar. NDT E Int. 2000, 33, 565–570. [CrossRef]
Hu, J.; Guo, J.; Zhou, L.; Zhang, S.; Chen, M.; Huang, C. Dynamic vibration characteristics monitoring
of high-rise buildings by interferometric real-aperture radar technique: Laboratory and full-scale tests.
IEEE Sens. J. 2018, 18, 6423–6431. [CrossRef]
Luzi, G.; Crosetto, M.; Fernández, E. Radar interferometry for monitoring the vibration characteristics of
buildings and civil structures: Recent case studies in Spain. Sensors 2017, 17, 669. [CrossRef] [PubMed]
Di Pasquale, A.; Nico, G.; Pitullo, A.; Prezioso, G. Monitoring Strategies of Earth Dams by Ground-Based
Radar Interferometry: How to Extract Useful Information for Seismic Risk Assessment. Sensors 2018, 18, 244.
[CrossRef] [PubMed]
Atzeni, C.; Bicci, A.; Dei, D.; Fratini, M.; Pieraccini, M. Remote survey of the Leaning Tower of Pisa by
Interferometric Sensing. IEEE Geosci. Remote Sens. Lett. 2010, 7, 185–189. [CrossRef]
Xi, R.; Jiang, W.; Meng, X.; Chen, H.; Chen, Q. Bridge monitoring using BDS-RTK and GPS-RTK techniques.
Measurement 2018, 120, 128–139. [CrossRef]
Luzi, G.; Pieraccini, M.; Mecatti, D.; Noferini, L.; Guidi, G.; Moia, F.; Atzeni, C. Ground-based radar
interferometry for landslides monitoring: Atmospheric and instrumental decorrelation sources on
experimental data. IEEE Trans. Geosci. Remote Sens. 2004, 42, 2454–2466. [CrossRef]
Leva, D.; Nico, G.; Tarchi, D.; Fortuny-Guasch, J.; Sieber, A. Temporal analysis of a landslide by means of a
ground-based SAR interferometer. IEEE Trans. Geosci. Remote Sens. 2003, 41, 745–752. [CrossRef]
Reeves, B.; Stickley, G.; Noon, D.; Longsta, I. Developments in monitoring mine slope stability using radar
interferometry. In Proceedings of the IGARSS IEEE 2000 International Geoscience and Remote Sensing
Symposium, Taking the Pulse of the Planet: The Role of Remote Sensing in Managing the Environment.
Proceedings (Cat. No.00CH37120), Honolulu, HI, USA, 24–28 July 2000; Volume 5, pp. 2325–2327.
Lee, H.; Lee, J.; Kim, K.; Sung, N.; Cho, S. Development of a Truck-Mounted Arc-Scanning Synthetic Aperture
Radar. IEEE Trans. Geosci. Remote Sens. 2014, 52, 2773–2779. [CrossRef]
Tarchi, D.; Oliveri, F.; Sammartino, P.F. MIMO Radar and Ground-Based SAR Imaging Systems: Equivalent
Approaches for Remote Sensing. IEEE Trans. Geosci. Remote Sens. 2013, 51, 425–435. [CrossRef]
Lukin, K.; Mogila, A.; Vyplavin, P.; Galati, G.; Pavan, G. Novel concepts for surface movement radar design.
Int. J. Microw. Wirel. Technol. 2009, 1, 163. [CrossRef]
Pieraccini, M.; Luzi, G.; Atzeni, C. Terrain mapping by ground-based interferometric radar. IEEE Trans.
Geosci. Remote Sens. 2001, 39, 2176–2181. [CrossRef]
Taylor, J.D. Ultra-Wideband Radar Technology; CRC Press: Boca Raton, FL, USA, 2011; pp. 10–19.

Remote Sens. 2019, 11, 2887

37.
38.
39.

40.

41.

42.

43.
44.
45.
46.
47.
48.

17 of 17

Monserrat Hernández, O. Deformation Measurement and Monitoring with Ground-Based SAR. Ph.D. Thesis,
Universitat Politècnica de Catalunya, Castelldefels, Spain, 2012.
Doyle, S.; Dodge, M.; Smith, A. The potential of web-based mapping and virtual reality technologies for
modelling urban environments. Comput. Environ. Urban Syst. 1998, 22, 137–155. [CrossRef]
Deng, C.; Xue, L.; Zhou, Z. Integration of Web2. 0, Panorama Virtual Reality and Geological Information
System. In Proceedings of the 2009 Fourth International Conference on Computer Sciences and Convergence
Information Technology, Seoul, Korea, 24–26 November 2009; pp. 1625–1628.
Brincker, R.; Ventura, C.; Andersen, P. Damping estimation by frequency domain decomposition.
In Proceedings of the IMAC 19: A Conference on Structural Dynamics, Kissimmee, FL, USA, 5–8 February 2001;
pp. 5–8.
Jacobsen, N.; Andersen, P.; Brincker, R. Using enhanced frequency domain decomposition as a robust
technique to harmonic excitation in operational modal analysis. In Proceedings of the ISMA2006: International
Conference on Noise & Vibration Engineering, Leuven, Belgium, 18–20 September 2006; pp. 18–20.
Sevim, B.; Bayraktar, A.; Altunişik, A.; Adanur, S.; Akköse, M. Modal parameter identification of a prototype
arch dam using enhanced frequency domain decomposition and stochastic subspace identification techniques.
J. Test. Eval. 2010, 38, 588–597.
Pipia, L.; Fabregas, X.; Aguasca, A.; Lopez-Martinez, C. Atmospheric artifact compensation in ground-based
dinsar applications. IEEE Geosci. Remote Sens. Lett. 2008, 5, 88–92. [CrossRef]
Zebker, H.A.; Rosen, P.A.; Hensley, S. Atmospheric effects in interferometric synthetic aperture radar surface
deformation and topographic maps. J. Geophys. Res. Solid Earth 1997, 102, 7547–7563. [CrossRef]
Huang, S.; Wu, W.; Li, P. GPS dynamic monitoring experiment and analysis of long-span cable-stayed bridge.
Geo Spat. Inf. Sci. 2006, 9, 1–5.
Zhang, J.; Li, L. Aseismic and wind-resistant analysis for Wuhan Baishazhou Yangtze River Bridge. Bridge
Construct. 1998, 3, 8–12.
He, H.; Li, J.; Yang, Y.; Xu, J.; Guo, H.; Wang, A. Performance assessment of single-and dual-frequency
BeiDou/GPS single-epoch kinematic positioning. GPS Solut. 2014, 18, 393–403. [CrossRef]
Askari, H.; Saadatnia, Z.; Esmailzadeh, E.; Younesian, D. Multi-frequency excitation of stiffened triangular
plates for large amplitude oscillations. J. Sound Vib. 2014, 333, 5817–5835. [CrossRef]
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

