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Abstract: Urban infrastructure is an important part of supporting the daily operation of a city.
The stability of infrastructure is subject to various deformations related to disasters, engineering
activities, and loadings. Regular monitoring of such deformations is critical to identify potential
risks to infrastructure and take timely remedial actions. Among the advanced geodetic technologies
available, radar interferometry has been widely used for infrastructure stability monitoring due to its
extensive coverage, high spatial resolution, and accurate deformation measurements. Specifically,
spaceborne InNSAR and ground-based radar interferometry have become increasingly utilized in
this field. This paper presents a comprehensive review of both technologies for monitoring urban
infrastructures. The review begins by introducing the principles and their technical development.
Then, a bibliometric analysis and the major advancements and applications of urban infrastructure
monitoring are introduced. Finally, the paper identifies several challenges associated with those
two radar interferometry technologies for monitoring urban infrastructure. These challenges include
the inconsistent in the distribution of selected measurements from different methods, obstacles arising
from rapid urbanization and geometric distortion, specialized monitoring techniques for distinct
urban features, long-term deformation monitoring, and accurate interpretation of deformation. It is
important to carry out further research to tackle these challenges effectively.

Keywords: infrastructure stability monitoring; deformation monitoring; radar interferometry; In-
SAR; GBRI

1. Introduction

Urban infrastructures, including buildings, transit systems, power lines, and water
systems are a vital part of a city that supports the daily operation of the city. These
infrastructures can become vulnerable due to issues such as construction flaws [1], wear
and tear [2], disturbance from nearby construction projects, and various geohazards such
as earthquakes, landslides, floods, and ground subsidence [3]. These issues may lead
to various forms of structural deformations and incidents such as building collapses [4],
sinkholes [5], and dam failures [6]. It is essential to regularly monitor the stability conditions
of urban infrastructures to identify any potential risks and take timely remedial actions.

Monitoring the deformation of urban infrastructures is a key part of structural stability
monitoring [7]. Various technologies have been developed for monitoring deformations
of infrastructures, including in situ sensor-based technologies such as displacement trans-
ducers, accelerometers, and fibber sensors; and geodetic technologies such as robotic total
stations and global navigation satellite systems (GNSS) [8]. However, due to the high cost
involved and operational constraints, these technologies can only collect data from small
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portions of an infrastructure or a very limited number of sample points. The advances
in remote sensing technology over recent decades, particularly in radar interferometry,
have substantially improved the capability of the technology in detecting deformations of
ground and infrastructures [9-12]. Radar interferometry technology, especially the space-
borne INSAR (interferometric synthetic aperture radar), has been extensively employed
to detect deformations with unprecedented high spatial resolution and measurement ac-
curacy [13-15]. With the advent of the new generation of high spatial resolution and of
shorter revisit time spaceborne SAR sensors, the technology has gained even more attention
in recent years for infrastructure monitoring at both regional and individual infrastructure
levels [16-19]. Furthermore, ground-based radar interferometry (GBRI) has also proven to
be very useful for studying infrastructure deformations and has been applied to investigate
a range of urban structures such as urban slopes [20,21] and individual structures [22].
Along with the advances in both the sensors and techniques, radar interferometry poses
to offer more and wider applications in infrastructure stability monitoring albeit still with
some stiff technical challenges [23,24].

This paper aims to provide a comprehensive review of the applications of radar
interferometry technology in urban infrastructure stability monitoring, with a focus on
spaceborne INSAR and GBRL Section 2 briefly introduces the principal of radar interferom-
etry and their developments. Section 3 presents a bibliometric analysis. Section 4 analyses
the recent advances and applications. The limitations of the technology in such applications
and opportunities for future research are discussed in Section 5. Finally, Section 6 provides
some conclusions from this study.

2. Radar Interferometry
2.1. Principle

Radar is an active remote sensing technology, as shown in Figure 1, that transmits
radio pulses along the line-of-sight (LOS) to detect and measure the range of targets through
analyzing the reflected signal [25].
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Figure 1. A radar sensor measures the ranges to a target at different times.

The synthetic aperture radar (SAR) is an imaging technique using a moving platform
with a radar antenna to capture high-resolution radar images. SAR images, S, are recorded
as complex values that can be expressed as Equation (1), represented by amplitude and
phase components. For further details, refer to the literature [26-28].

§ = Aexp(—jg) 1)

where A and ¢ are the amplitude and phase, respectively, corresponding to one pixel.
Figure 2 illustrates a spaceborne SAR image. The amplitude in Figure 2a indicates radar
signal strength of the ground features and the phase in Figure 2b records the distance
between the antenna and ground target. The phase information is particularly valuable for
radar interferometry-based deformation monitoring techniques.
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Figure 2. The amplitude (a) and phase (b) components of an SAR image covering part of Hong Kong.

Radar interferometry detects deformation by analyzing the range difference between
two (or more) acquisitions to the same target, known as differential distance (AR), as shown
in Figure 1. Generally, the differential phase can be achieved by complex conjugation of
two SAR images (e.g., S and Sy) to generate an interferogram (IFG) as shown in Equation (2)
as follows:

IFG = 5153 = AlAzexp(—j((m — q)z)) = Allzexp(—jA(pLz) (2)

where * indicates the complex conjugate operation. Ideally, by calculating the phase differ-
ence, A 5, the deformation of the ground surface can be obtained by phase unwrapping
of Ay . However, in practical applications, it is not easy to achieve accurate deformation
measurement in this way because the phase difference may be subject to various distur-
bances during the transmissions, such as atmospheric turbulence, surface reflection, signal
multiple reflections, etc.

2.2. Development of Radar Interferometry Techniques
2.2.1. Spaceborne InSAR

As introduced in Section 2.1, radar interferometry measures distance changes between
the ground target and the satellite. However, acquiring SAR images using a spaceborne
SAR sensor at different times leads to varying positions of the satellite, as illustrated in
Figure 3 [29-31]. This complicates precise deformation retrieval [32,33]. After the complex
conjugate operation to achieve the phase difference, the interferometric phase mainly has
five phase components [31].

lat £ d i
Mgz = wigr— g2} = w{Agly + Ag1} + 0011  + Mgl +AGIS L )

where w{-} stands for the phase wrapping operation, which wraps the interferometric

phase into (—m, 7]; Ago{l; ! stands for the flat reference phase; A(picgj ° is the topographic

phase; Agv‘lif’zf ? is the ground deformation phase reflecting the displacement of the target

between the two SAR acquisitions; A(pff S is the atmospheric phase screen (APS) related to

the atmospheric delays; and A@}%¢ stands for the noise phase.
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Figure 3. Schematic diagram of InSAR.
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To retrieve the ground deformation, the unwanted signal in Equation (3) should be
compensated as much as possible. The first two items can be compensated with satellite
orbital information and a digital elevation model (DEM) [34]. Imperfections in orbital data
and DEM may result in phase errors, as shown in Equation (4) [31,35].

12
4 BY

4 )
Ap1p = w{Ago‘{ff X Rsin(d) A"+ == Adieso + AP + Aq)’fﬁgse} (4)

where R, 6, and A are the distance between the satellite and the ground target, incidence
angle, and radar wavelength; B is perpendicular baseline of the interferogram; and Aqo‘{,’f
and Az®"" are the orbital error and DEM errors, respectively. In urban areas, the height of
infrastructure is unrecorded in the used DEM products and often interpreted as the phase
component related to the DEM error in an interferogram.

In Equation (4), the ground deformation can be retrieved through phase unwrapping
when the deformation signal is the dominant interferometric phase, such as the deformation
related to earthquakes [36,37]. For small-scale/subtle ground deformation, the deformation
retrieval may be impaired by orbital error [38], DEM error [39], APS effect [40,41], and
decorrelation noise [42]. Therefore, time series analysis of stacking IFGs, called multi-
temporal INSAR (MT-InSAR), has been developed to minimize these effects since about
the year 2000 [43]. In particular, two pioneering MT-InSAR frameworks have been pro-
posed, namely Persistent Scatterers INSAR (PS-InSAR) [44,45] and Small Baseline Subset
(SBAS) [46], which are the most popular techniques used to detect the temporal evolution
of ground deformation.

The PS-InSAR framework employs a time series of SAR data to identify PS points
with high phase stability for ground deformation detection. This framework does not
take into account the impact of decorrelation caused by the length of the spatiotemporal
baselines between SAR images [45]. On the other hand, the SBAS framework considers
the decorrelation noise related to the baselines and suppresses the noise using points with
higher phase quality from a subset of the IFGs with small spatiotemporal baselines [46]. The
combination of PS-INSAR and SBAS have also been developed [47,48]. All these approaches
aim to address the main challenges, such as the decorrelation noise, atmospheric delay
effect, and the phase ambiguity issue.

One effective approach to minimize the decorrelation noise effect in the MT-InSAR
framework is to focus solely on analyzing the pixels with high phase quality. This can
be achieved through the application of various criteria, such as the amplitude dispersion
index [45], spectral diversity [49], offset deviation [50], phase stability [51], coherence
map [46], posterior coherence [48], and the integrated index [47]. It is important to highlight
that the use of each criterion may lead to the identification of different ground targets,
even when employing the same SAR dataset. The limitations associated with this issue are
thoroughly discussed in Section 5.

To address the phase ambiguity issue, PS-InSAR first estimates the unwrapped double
differential phase of point pairs, termed as arc, in the temporal domain, and then retrieves
the unwrapped phase in the spatial domain in which the double differential phase is
normally constructed by a spatial network by linking the selected point pairs, including
the Delaunay network [45], the hierarchal network [52], and the constrained network [53].
A temporal deformation model is assumed to detrend the phase ramp on an arc of the
network [54,55]. Multiple parameter estimators have been employed for retrieving the
signal of interest, including periodogram analysis [45,55], integer least squares [54], and
least squares with a phase ambiguity detector [56]. On the contrary, in the SBAS framework,
the interferometric phase is first unwrapped in the spatial domain and then the unwrapped
phase is integrated in the temporal domain. This strategy employs various spatial unwrap-
ping methods, such as the path-tracking-based approach [36,57] that integrates the phase
gradient field along optimized paths to obtain the unwrapped phase. Another type of
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method is the global optimization-based approach [37,58], which minimizes the global
difference between the unwrapped phase and the wrapped phase.

In addition to addressing these challenges, many new MT-InSAR methods or ap-
proaches also focus on precise parameter estimation or postprocessing [59,60]. For example,
to enhance the quality of MT-InSAR results, much effort have been invested into mod-
elling and mitigating, e.g., satellite orbital errors [61-64], atmospheric delays [65-69],
ionospheric effects [70-73], DEM errors [59,74,75], co-registration errors [76—79], unwrap-
ping errors [80-82], and errors in geocoding the measurements [83,84]. Several variations
of MT-InSAR have been developed and implemented in software packages to address these
problems and issues, including IPTA [49], STUN-PS [54], StaMPS [85], EMCF-SBAS [55],
SqueeSAR [48], CPT [86], PSP [87], TCP-InSAR [56,88], CAESAR [89], CSI [90], LiCSAR [91],
and D-TomoSAR [92]. Table 1 presents a brief overview of some of these MT-InSAR ap-
proaches and packages, while Figure 4 summarizes the SAR satellites that have provided
SAR images.

Table 1. Examples of MT-InSAR methods/packages and their characteristics.

Baseline Observation Target
MT-InSAR Configuration Phase Selection Solver Parameters
PS-InSAR [45] Single-Master Wrapped ADI Periodogram Ah, Av
SBAS [46] Multi-Master Unwrapped Coherence Least squares h,
: : Signal-to-clutter Conjugate
CPT [86] Single/Multiple-Master Wrapped ratio gradient method Ah, Av
F‘ig SqueeSAR [48] Single-Master Wrapped Homogeneity test Periodogram Ah, Av
4:: .
g CEASAR [89] Single /Multiple-Master Wrapped ADL/ H?élslto geneity  pcy Periodogram Ah, Av
TC[I;;)IEE?R Multi-Master Wrapped Offset deviation Least squares Ah, Av
D-TomoSAR . C d
[92] Single-Master Wrapped ADI Osrgrfl);fr?gse Ah, Av
STUN-PS [54] Single-Master Wrapped ADI Integer least Ah, Av
squares
StaMPS [85] Single/Multiple-Master Wrapped Phase stability ur:iv[\)/rg}};fiig -
IPTA [49] Single/Multiple-Master Wrapped ADI Periodogram Ah, Av
: Target-dependent . .
quJD QPS-InSAR [93] interferogram subset Wrapped Quasi-PS Periodogram Ah, Av
< . .
E’ EMC[Eé?BAS Multi-Master Wrapped Coherence Mmlrgg‘fvn cost Ah, Av
PSP_[EF;]SAR Single/Multiple-Master Wrapped ADI Minirg(t)l‘fvn cost Ah, Av
CSI [90] Single/Multiple-Master Wrapped Homogeneity test Periodogram Ah, Av
LiCSAR [91] Single/Multiple-Master Unwrapped Coherence - -

ADI: amplitude dispersion index; PCA: principal component analysis.

2.2.2. GBRI Technique

GBRI works on a similar principle as spaceborne InNSAR technology but utilizes a
radar system located on the ground. As ground radar is superior in its portability, it
can be flexibly configured in different locations according to specific needs, as shown in

Figure 5. When the system is placed in a fixed position, it generally enables the acquisition

of radar images with a zero baseline, and the first two phase terms in Equation (3), Aq){ 12a !

and Aq)iof ?, will not exist. The interferometric phase therefore can be written as depicted

in [94,95] as the following equation:

d |
A2 = wipr — g2} = w{ag]" +ag{5 + Mgty ®)
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Figure 4. Past, currently operating, and upcoming SAR satellites.

GBRI
Position-2

Figure 5. Observational geometry of the GBRI system in various configuration positions.

In Equation (5), deriving deformation from GBRI observations is still not a straight-
forward task. The accuracy of a GBRI remains susceptible to the decorrelation noise, the
atmospheric delay, and the ambiguous nature of the interferometric phase. Numerous
investigations have been conducted to alleviate the effects of decorrelation and APS on
ground-based radar observations [96]. In particular, to mitigate the decorrelation effect,
artificial corner reflectors and stable point analysis approaches are often employed [97,98].
To address the APS effect, various numerical models have been developed, such as the
polynomial model [99,100]. In addition, techniques borrowed from spaceborne InSAR tech-
niques, such as PS-InSAR, have also been implemented in GBRI applications to counteract
the APS effect and decorrelation noise [101-104].
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Although utilizing a fixed station for a ground-based radar can effectively mitigate
the baseline errors, resetting up the instrument in the case of using a tripod may still result
in baseline errors [105,106]. To address this issue, various studies have been conducted to
model the errors in a solution [107,108]. It has demonstrated that the precision of a GBRI
system can reach up to a sub-millimeter level when artificial targets are measured [109-112].
Due to the high precision and adjustable observational geometry of a GBRI system, it has
been widely used in urban infrastructure stability monitoring, including both large-scale
and individual-target monitoring [24].

Radar bands ranging from C-band to Ku-band have been used to enhance the sen-
sitivity of ground-based radars to high-frequency deformation such as the vibration of
bridges. Radar types have been updated from the Stepped Frequency Continuous Wave-
form (SFCW) to the Frequency Modulated Continuous Wave (FMCW) to minimize the
duration of data collection [24,95]. Figure 6 gives some types of existing ground-based
radar systems with diverse features [94,95]. Figure 6a shows the GPRI-II system equipped
with a slotted waveguide antenna. This antenna enables the generation of radar datasets
using both a real aperture imaging mode in the LOS direction and the SAR imaging mode
through the rotation of the antenna in the azimuth direction. Figure 6b shows a synthetic
aperture system with a horn-shaped antenna, whereas the real aperture antenna produces
a relatively wider cone-shaped beam as shown in Figure 6e. A dish antenna is used in
the radar system in Figure 6c¢ that can produce a narrow pencil-shaped beam. Figure 6d
shows the radar system that can improve the horizontal coverage (i.e., full 360°) of the
measurements with a new design. Table 2 provides a concise overview of the commonly
used GBRI systems and their distinctive features. Detailed technical specifications can be
accessed in [94,95].

Figure 6. Examples of different ground-based radar systems. GPRI-II (a), IBIS-FM (b), MSR400 (c),
IBIS-ArcSAR (d), and IBIS-FS (e).
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Table 2. Summary of the commonly used GBRI systems.

Name Lisa RiskSAR GPRI-II IBIS-L/M Melissa SSR FastGBSAR
Technical IDS spa :
: : GAMMA MetaSensin:
Developer JRC Umversﬁy of remote sensing Tohoku JRC (EC) GROUNDPROBE (NL) &
Catalonia University
Radar type VNA FMCW FMCW SFCW MIMO Né‘z;}r‘l;rl‘;‘?l FMCW
Antenna type - ny;?rlldal was‘llc:gti(ij de - Horn/Vivaldi Linear/Disc -
Wavelength
C (VV,HH Ku (VV, HH,
and Ku((VH, H\}) X (VV, HH) ‘\1,1({ ) Ku (VV) Ku (VV) Ku (VV) Ku (NA)
polarization
Mears;rfgeg‘e“t 3 km 10 km 0.05-10 km 0.2-4 km 4 km 5.6 km 4 km
Range 05m 125m 0.75m 0.5/0.75 m - 0.75 m 0.5/0.75m
resolution
Azimuth 3m 4m 68m 44m ; 9m 45m
resolution
Maximum
sampling - 50 MHz 4000 Hz - 25 MHz - 4000 Hz
frequency
Radar image 2D 2D 1D and 2D 2D 2D 2D and 3D 2D
product
Displacement 0.02~4 mm 1.6 mm 0.02~4 mm 0.03~4 mm - 0.03~3.5 mm 0.1 mm
accuracy

VNA: vector network analyzer; MIMO: multiple-input multiple-output.

2.3. Characteristics

This section will introduce the unique characteristics of radar interferometry.

2.3.1. LOS Observation

The radar antenna is usually mounted on a platform and measures deformation
along the LOS direction. This generates an incident angle between the LOS direction
and the normal line of the ground surface, determining the observation geometry of the
radar. For convenience, we will introduce it to a spaceborne INSAR. Figure 7a illustrates
the geometry of the spaceborne SAR system for observing deformation. The detectable
deformation along the LOS relies on both the direction of the actual deformation and the
radar observational geometry. The incident angle (f) and heading angle (8) determine
the portion of the deformation projected onto the LOS direction, which can be expressed
as [113] the following equation.

Djys = Dy sinfsin B — D, sinf cos B+ D, cos 6 (6)

where D, D;, and D, are the elements of the deformation vector along the up—down,
north—south, and east-west directions, respectively. The near-polar orbits of the current
SAR satellites lead to either the ascending (8 ~ —12°) or descending (8 ~ 191°) of or-
bital geometry. The top view of the geometry is illustrated in Figure 7b,c. According
to Equation (6), Figure 8 demonstrates the sensitivity of the LOS deformation for these
two geometries to the incident angles. The contributions of the deformation in the eastern
direction to the radar LOS direction are opposite in the ascending and descending orbits.
This problem will be discussed in Section 5.
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Figure 8. Sensibility of the radar LOS deformation to the SAR incident angles [114].

2.3.2. Geometrical Distortions

Geometrical distortion is another unique characteristic of spaceborne InSAR that can
cause errors in the measured deformation due to the LOS observational geometry [31].
Figure 9 illustrates geometric distortions in SAR images due to the radar’s ranging na-
ture and the interplay between terrain slope and angle of incidence. Distortions include
foreshortening, layover, and shadows. The perspective foreshortening happens when the
local inclination angle facing the SAR sensor and the terrain slope angle is smaller than
the local incidence angle, resulting in a shorter slope length in an SAR image than in flat
terrain [115]. When the local terrain slope angle equals the local incidence angle, the slope
is recorded as one pixel in the SAR image. If the local terrain slope angle surpasses the
local incidence angle, cascading effects can occur, causing inverted images at the top and
bottom of a slope. The radar sensor cannot receive signals from a steep slope beyond the
local incident angle, resulting in a shadow effect that makes the slope appear darker in the
SAR image. It is worth noting that geometrical distortion is more severe in urban areas

due to the variation in the heights of the infrastructures, which will be discussed further in
Section 5.
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Figure 9. Geometrical distortions of a spaceborne INSAR system.

2.3.3. Reference Datum

Radar interferometry relies on the interferometric phase to determine the deformation
between at least two radar images, which provides only the relative deformation values.
To obtain accurate deformation results, a reference datum must be established in both the
spatial and temporal domains [31]. To establish a spatial reference point, a stable physical
feature on the ground is usually selected, and the interferogram will subtract the phase
value of this reference point, making the deformation of all the other pixels refer to this
point. Similarly, in the temporal domain, a specific radar acquisition is chosen as the
reference for all the other radar images. Typically, the first acquisition of the radar image
is selected as the temporal reference datum. Furthermore, when multiple radar datasets
covering different observation periods are used, establishing a long-term time reference
frame is crucial.

3. Bibliometric Analysis

Radar interferometric techniques, including those based on both spaceborne INSAR
and GBRI systems, have been extensively studied in the scientific literature. These tech-
niques have a wide range of applications, including monitoring the stability conditions of
urban infrastructures and detecting urban ground deformation [116-128]. To gain more
insight into the current status of the use of radar interferometric techniques in urban infras-
tructure stability monitoring, we conducted a bibliometric analysis based on the data of
Web of Science with relevant keywords and identified approximately 4785 journal papers
published between 1990 and 2022, as shown in Figure 10a. The data in Figure 10a indicate
that the use of radar interferometric techniques in urban infrastructure monitoring has been
of significant interest for approximately three decades. The applications are summarized in
Figure 10b.

As shown in Figure 10a, spaceborne InNSAR techniques have been more commonly
used for urban infrastructure monitoring. The development process of the techniques can
be divided into four main stages. Gabriel was credited as the first to use INSAR to measure
ground deformation related to soil swelling using SAR images from Seasat [129]. Since then,
numerous applications showed the ability of the techniques to measure ground deformation
at a centimeter level [130,131]. A small number of studies conducted between 1990 and 1999
qualitatively analyzed the effects of ground deformation on urban infrastructures [132-136].
Since 2000, the interferogram stacking technique, also known as multi-temporal InSAR,
has been developed as a way to measure subtle ground deformation over time through
the analysis of a series of SAR datasets [13,43—46]. This technique marks the second stage
of the techniques and allows for the evaluation of time series of deformation. Time series
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InSAR processing was used to detect ground deformation in various applications and
assess the potential risks of urban infrastructures caused by the deformation (Figure 10b)
due to groundwater withdrawal [137], soil consolidation [132], tunnel construction [138],
land reclamation and underground construction [139], and slope instability [140].

700 1 1 1 1 1 1 1 1 1
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Figure 10. Annual number of journal papers on radar interferometric techniques and monitoring of
urban infrastructures (a) and types of the infrastructures (b).

In recent decades, the rapid development and widespread availability of SAR data
have significantly contributed to the advancements in radar interferometric techniques
for monitoring the stability conditions of urban infrastructures. As shown in Figure 4, the
increased availability of SAR data from various satellites, such as TerreSAR-X and COSMO-
SkyMed, with high spatial resolution up to about one meter [141,142], has propelled the
InSAR technique into its third stage of development. This stage has enabled researchers to
investigate the deformation and stability of urban infrastructures of various sizes, including
a wide range of buildings [143], and constructions such as bridges [144], railways [145,146],
road networks [147], and dams [11,148]. The significant increase in the number of publi-
cations related to the monitoring of the stability conditions of urban infrastructures since
2007 is illustrated in Figure 10a. The launch of the Sentinel-1A /B (51A/B) constellation in
2014/2016 marked the beginning of the fourth stage of INSAR technique development. This
stage has witnessed significant advancements in the monitoring of urban infrastructures
using InSAR, thanks to the cost-effectiveness and near real-time capabilities offered by the
Sentinel-1 satellites. With short revisit time intervals of six days (despite the failure of the
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S1B, which will soon be replaced by S1C) and free accessibility [149], the Sentinel-1 constel-
lation has revolutionized the field of urban infrastructure monitoring. The use of InNSAR for
monitoring urban infrastructures has grown beyond local and regional coverages, enabling
researchers to monitor urban infrastructures on a national scale [150,151]. The literature in
Figure 10a clearly reflects the accelerated pace of research in the field of monitoring urban
infrastructures since 2015.

Ground-based radar interferometry known as GBRI has emerged as a valuable and
increasingly utilized technique for monitoring urban infrastructure deformation in recent
decades [152]. The pioneering introduction of the outdoor portable SAR system called
LISA (Linear SAR) in 1997 marked the inception of possibilities for studying concrete
girder deformation [22]. As illustrated in Figure 10a, initially, few GBRI applications have
been conducted for urban infrastructure monitoring, primarily finding use in various
geohazard-related applications such as monitoring landslides [21], glaciers [153], and open-
pit mining [154]. For further details, refer to [24,155]. However, over the recent decade, the
use of GBSAR-based techniques has significantly grown, mainly due to their unique char-
acteristics, notably portability and high spatial, and temporal sampling capabilities [156].

In the context of urban infrastructure monitoring, GBRI has demonstrated remark-
able performance in monitoring the stability of civil infrastructures such as man-made
slopes [157] and dams [158]. Its high spatial and temporal sampling capability further
enhances its effectiveness in monitoring the stability of the infrastructures, including high-
rise buildings and bridges [159-161]. Recent studies have carried out the application
using the GBSAR in monitoring high-frequency structural vibrations [162] and assessing
the stability of underground tunnels and pipelines during construction activities [163].
Additionally, GBSAR has been used as a supplement to existing deformation monitor-
ing techniques, strengthening its application for urban infrastructure monitoring [164].
To ensure precise interpretation of GBSAR results, accurate geocoding techniques have
been employed, utilizing external DEM products [165] and terrestrial laser scanners [166].
Furthermore, the integration of GBSAR with other advanced technologies, such as GPS
measurements [167] and artificial intelligence [168], has extended its capabilities during
the deformation monitoring.

4. Recent Advances and Applications

This section will introduce the major advances and applications of the spaceborne
InSAR- and GBRI-based techniques over the recent decade for monitoring stability condi-
tions of urban infrastructures.

4.1. Monitoring of Multi-Dimensional Deformation of Infrastructure

The main objective of radar interferometry technology, when used for urban infras-
tructure monitoring, is to detect actual deformation of the infrastructures and identify
potential risks from anomalous deformation. In ground subsidence monitoring related
to, e.g., groundwater withdrawal and soil consolidation, the focus has been to convert
the LOS deformation measurements to the vertical direction (see Section 3) [169]. In the
recent decade, many studies have shown that it is not enough to accurately capture the
motion of infrastructure in the LOS direction in practical applications. Urban infrastructure
may experience both vertical and horizontal deformation, which cannot be reflected in a
single LOS direction (see Section 2.3.1). Figure 11 gives an example of the deformation
of a subway station under construction in Hong Kong, which has been verified to suffer
both vertical and horizontal deformations [170]. Two SAR datasets, one from the ascending
orbit direction and one from the descending orbit direction, were utilized to detect the LOS
deformations (Figure 11a,b). The deforming locations were identified on the opposite sides
of the street by different datasets due to the different sensitivities of the deformation to the
LOS direction, as shown in Figure 11.
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Figure 11. Deformation maps obtained using ascending TerraSSAR—X dataset (a) and descending
COSMO-SkyMed dataset (b). The decomposed deformation in vertical (c) and horizontal (d) direc-
tions. Background image is a Google Map image.

To obtain a more accurate representation of true deformation, joint analysis of SAR
images from different orbital geometries has been carried out in recent decades by applying
formulations of Equation (6) to decompose the LOS deformation estimates into two dimen-
sions, i.e., the horizontal (east and west) and vertical directions (up and down) [114,171].
Figure 11c,d show the deformation rate by spaceborne InNSAR over the subway station
after decomposing the LOS deformation into the vertical and horizontal directions, indi-
cating that this station suffered deformation in both directions. A GBRI system benefits
from its portability and flexibility to adjust to an optimal observation geometry. The LOS
observations are generally less affected by geometric issues during an application. For
example, positioning a GBRI with the LOS parallel to the direction of the displacement
provides the most favorable configuration. However, when the LOS is inevitably set at
an angle in the direction of the displacement, the LOS deformation does not reflect the
true deformation. To solve this problem, joint analysis of data from multiple ground-based
radar systems have been conducted in many applications to achieve more realistic 2D [172]
and 3D [173-175] deformations of urban infrastructures.

4.2. Detection of Anomalous Deformation of Infrastructures

When evaluating the stability conditions of urban infrastructures, engineers may be
more interested in the anomalous deformation that poses a risk to structural safety. Radar
interferometry techniques can detect any deformation that causes distance change along
the LOS direction (see Section 2.1), including the normal behaviors of an infrastructure
such as structural vibrations, thermal dilation [176,177], concrete shrinkage [178], and
various errors. It is important to separate the errors from the deformation, and (often)
also the anomalous structural deformation from the normal structural deformation. Ad-
vanced methods and models have been developed for this purpose. For example, APS
compensation [179] and reference point correction [12] have been developed to mitigate
the errors. Some studies have combined the finite element model [180], engineering
knowledge [10], and radar deformation results for a joint analysis to detect the anomalous
deformation [181]. Figure 12 illustrates the deformation rate (Figure 12a) and deformation
time series (Figure 12b) observed over a subway line construction area in Shenzhen, China.
To isolate the effects of thermal dilation on the infrastructure, the deformation attributed
to this factor has been removed. Figure 12¢ highlights the specific period of anomalous
deformation that occurred during the underground construction activities.
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Figure 12. (a) Ground deformation rate map. (b) Observed deformation time series at selected points
(black) and the temperature time series (red). (c) Anomalous deformation after separation of the
deformation related to the thermal dilation. Background image is a Google Map image.

4.3. Accurate 3D Geolocation of Radar Measurements

Accurate geolocation of radar measurements in a three-dimensional (3D) reference
frame is crucial in engineering, especially in the maintenance operations where precise
identification of deformation locations is necessary. However, in radar interferometry, the
interferometric phase not only records the deformation but also includes the DEM errors
(Equation (4)). Such errors can have an impact on the accuracy of both the deformation
measurements and the 3D geographic coordinates, particularly in urban infrastructure
monitoring, where the infrastructures can introduce significant DEM errors. Therefore, the
accuracy of the height estimation is crucial in radar interferometry to ensure precise 3D
measurement positioning and accurate deformation interpretation in urban infrastructure
monitoring [182]. Figure 13a—d shows how the variation in building height estimation
can result in different levels of positioning accuracy when matched with the 3D model of
Google Earth. To address these issues, several studies have developed advanced methods
to enhance the accuracy of DEM error estimation and geolocation refinement [74,83,183].
By estimating the precise DEM error for calculating the geographic coordinates, even if
two different SAR datasets are used, the geographical distribution of radar measurements
from two datasets can still be consistent, as displayed in Figure 14. Furthermore, the Tomo-
graphic SAR (TomoSAR) technique has been utilized to retrieve point clouds for 4D urban
models, whereas the 3D stands for the urban model, and 1D for the deformation [184-187].
In GBRI, terrestrial laser scanners and DEM generated through GBRI have been used to
enhance the accuracy of geolocation [97,188-190].

(d) Accurate DEM error estimation

Figure 13. Reconstructed geolocation of INSAR measurements using estimated building height with
different accuracies. The white box in (a—c) indicate the significant error in geolocation.
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Figure 14. Estimated building height with Sentinel-1A (a) and TSX SAR datasets (b). (c) Top view of
the distribution map of the coherent points. (d) Google image of the studied area.

4.4. Utilization of Multi-Platform Radar Interferometric Datasets

Over the recent decade, several studies have combined multiple datasets of SAR
images to analyze long-term (e.g., decades) ground deformation in urban areas [191-193].
These studies have also carried out the thematic classification of urban hazards [194,195].
By employing multi-platform spaceborne SAR datasets, they have showcased the potential
of long-term monitoring for mapping ground deformation and hazards in urban areas. For
example, Figure 15 illustrates the ground deformation associated with the land reclamation,
which was observed at Hong Kong International Airport (HKIA) through the employment
of Envisat ASAR, CSK, and Sentinel-1A SAR datasets. The points density varies according
to the spatial resolution of the SAR datasets employed. Following the resampling of
deformation data, Figure 15d presents the cumulative ground deformation observed over
decades [170]. It can be seen that the application of different SAR datasets to monitor
ground deformation has different characteristics. A more detailed comparison discussion
on the impact of SAR datasets with different spatial resolutions and wavelengths on
deformation extraction can be found in [196-198]. Furthermore, studies have also been
conducted to join the analysis of spaceborne InNSAR and GBRI datasets to fully explore
infrastructural damage [199].

L

-20 -10 0 10 20

Figure 15. Estimated LOS ground deformation rate of the HKIA with (a) ASAR, (b) CSK, and
(c) Sentinel-1A SAR datasets [170]. (d) Long-term ground deformation over the common points.
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4.5. General Survey of Urban Surface Deformation

The radar interferometry technique has proven to be valuable for conducting general
surveys of urban surface deformation. Its ability to cover large ground areas allows for
comprehensive monitoring and analysis of ground movements. An example of such a
survey took place in Nantong, China, where a Sentinel-1A dataset from 2015 to 2020 was
utilized. This analysis unveiled significant deformations in the city, primarily attributed
to groundwater withdrawal and the construction of a high-speed rail (refer to Figure 16).
Additionally, this technology is useful for tracking ground deformation during urban
construction projects. Figure 17 provides an illustration of the deformations caused by
underground tunnel construction using high-resolution data from CSK satellites. In recent
times, spaceborne InNSAR has advanced to cover even larger scales. A famous example is
the European Ground Motion Service (EGMS), which can provide a general survey of the
ground deformation across national borders with millimeter accuracy [200].

LOS deformation

Figure 16. Estimated ground deformation rate with Sentinel-1A dataset in LOS direction over
Nantong, China. Background image is a Google Map Image.

Figure 17. Estimated ground deformation rate with CSK dataset in LOS direction relating to the
underground construction.
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4.6. Fine Surveillance of Infrastructure Stability

Radar interferometry has become increasingly effective in monitoring the deformation
of buildings and structures with fine resolutions. A number of studies have resulted in fine
results showing the stability of infrastructures, including building cavity migration [201],
deformation of dam structures [202,203], and stability of bridges [204]. Figure 18 demon-
strates an example the use of INSAR and CSK data to detect fine building deformation
signals overlaid on a Google Earth map. Figure 18b,c indicate thermal expansion and
deformation anomalies of the buildings, respectively. It shows the ability of the space-
borne InSAR to precisely detect cumulative deformation, such as the thermal dilation
that is greater at the top of a building than at the bottom [88]. Although the capability
of spaceborne INSAR can be affected by geometric distortion, particularly in urban envi-
ronments (see Section 2.3.2), the GBRI has been used as a complementary technique for
individual structure deformation monitoring, allowing the capture of fine details and high-
frequency deformations [167]. Figure 19 presents an application with the GPRI-II system
for monitoring the high-frequency deformation of bridges using the real aperture imaging
mode [159]. Figure 19a shows the natural vibration of the bridge, while Figure 19b,c depict
the deformation caused by the crossing of one and two subway trains, respectively.
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Figure 18. (a) Estimated LOS deformation rate of buildings with CSK dataset. (b) Thermal dilation of
the buildings. (¢) Building deformation time series after compensating the thermal dilation [88].
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Figure 19. LOS deformation of a bridge in Hong Kong observed with a GPRI-II system [159].
(a) Bridge vibration without train crossing the bridge. (b) Bridge vibration when one train was
crossing. (c) Bridge vibration when two trains were traveling opposite each other.

5. Challenges and Future Work

In this discussion, we will explore the challenges that may impede the effective use of
spaceborne INSAR and GBRI for monitoring the stability of urban infrastructures. We will
also outline some potential research questions that require further investigation.

5.1. Challenges
5.1.1. Inconsistent Spatial Distributions of Selected Measurements

As introduced in Section 2.2, selecting observable points with high phase quality in
time series radar interferometric data processing is crucial to minimize decorrelation noise
when determining deformation. Despite several proposed criteria for identifying such
points, finding the most appropriate selection method remains a significant challenge, often
relying on the operator’s experience [205]. The impact of different selection criteria in
spaceborne INSAR is evident in Figure 20, where varying results are observed. Furthermore,
a steady stream of research proposing innovative point selection methods has demonstrated
the existence of this phenomenon [206-208]. These research outcomes can be taken as an
emphasis on the need for standardized and robust criteria to ensure consistent and reliable
measurements in radar interferometric analysis.

In addition, the geometry of radar observation can also affect the observable points,
particularly in urban areas where the infrastructures can have very different heights and
orientations, affecting the distributions of the observable points. As a result, obtaining
enough measurable points to monitor the deformation of specific infrastructures at the
desired locations will be problematic. This is especially true when monitoring the highway
distributed along the LOS direction, as shown in Figure 21; the targets of interest may not
have enough measurable points, leading to an incomplete deformation map. On the other
hand, the shadowing effect (see Section 2.3.2), which is more severe in dense urban areas
such as Hong Kong, is another factor that affects the completeness of the distribution of
radar measurements. Despite the ability to easily change the observation station, similar
challenges can also arise when using a GBRI system. Therefore, careful consideration must
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be given to these challenges and limitations when using radar interferometry for measuring
deformation, particularly in the context of monitoring infrastructures with linear features.

(a) ADI<0.15

Figure 20. Coherent point identification with different criteria over the same area and the same SAR
dataset.

Figure 21. Example of point detection with InNSAR. The background image is a Google Map image.

5.1.2. Difficulties in Phase Unwrapping

Phase unwrapping is one of the key steps in radar interferometric data processing,
and its accuracy determines the accuracy of the final deformation results. As mentioned in
Section 2.2, phase unwrapping is used to transform the wrapped phase into a continuous
phase map. However, the complex urban surface features can generate a discontinuous
phase, which reduces the accuracy of phase unwrapping [82]. Although studies have
proposed some methods for advanced phase unwrapping and for unwrapping error cor-
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rection [81,82,209,210], further work is still needed to improve the stability and accuracy of
phase unwrapping in urban areas.

5.1.3. Areas of Rapid Urbanization

Urbanization can give rise to swift surface changes in urban regions, leading to rapid
decorrelation and significant deformation gradients. Although GBRI proves effective for
real-time deformation monitoring, achieving sufficient radar observations in certain urban
areas remains a challenge. This is particularly evident in reclaimed areas where deformation
and ground surface exhibit high variability. An illustration of this issue is provided in
Figure 22, showcasing the deformation measurement results in a rapidly decorrelating
land reclamation area in Macau, where both GBRI and spaceborne INSAR were utilized.
Despite the use of GBRI, numerous regions appear blank and unobservable (refer to
Figure 22a), which leads to the generation of incomplete deformation maps. To address
these challenges, researchers have made effort on the aspects such as the distribution
scatterer exploration [48,211-213], multi-satellite INSAR approach [214], and integration of
radar interferometry with optical remote sensing [215] to retrieve the deformation over the
rapid decorrelation areas in urban.

2016/12/24-2017/01/03

a) Stacking time-series by GBRI b) Stacking time-series by InNSAR with CSK

Figure 22. Deformation rate maps of a land reclamation area in Macau observed with (a) GBRI and
(b) spaceborne InSAR. A, B, and C indicate the deformation area. The dot red line in (b) indicates a
similar region to (a).

5.1.4. Geometric Distortions Caused by Urban Canyons

Geometry distortions, as introduced in Section 2.3.2, pose a significant challenge to
radar interferometry in monitoring the stability conditions of urban infrastructures. This
is particularly true in cities such as Hong Kong where dense tall buildings can easily
create shadows in the radar images. Figure 23 gives an example of spaceborne InNSAR
measurements from a TSX ascending dataset covering a part of the Kowloon Peninsula
in Hong Kong, as superimposed on a Google Earth map. Figure 23b shows a zoomed-
in image where several ground areas and lower buildings are unobservable due to the
obstructions of some tall buildings. As explained in Section 2.3.1, it is possible to obtain
more information in such areas by combining ascending and descending SAR images. Thus,
Figure 23c—e provide top-view maps of INSAR measurements for this region obtained from
both ascending (TSX data) and descending orbits (CSK data). It is worth noting that some
measurements of both sides of the buildings were obtained, but the roads between the
buildings still remain unobservable. Therefore, it is crucial to have a clear understanding of
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the targets being observed during the process of urban infrastructure stability monitoring.
Focusing only on tall buildings could lead to misleading information, especially if the
targets are the roads crossing the denser building regions.

R
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Figure 23. (a) The InSAR observable points of ascending TSX dataset overlaid on the Google Earth
map. (b) Enlarged figure with different viewing angle. Parts (c-e) are top-view distributions of
observable points in the ascending TSX and a descending CSK.

5.1.5. Appropriate Technology Selection for Structural Deformation Monitoring

Spaceborne InSAR and GBRI are valuable tools for monitoring various infrastructures.
While spaceborne InSAR is effective for stable targets and offers wide coverage for large-
scale structures, its long revisiting time limits its ability to capture rapid and dynamic
movements. On the other hand, GBRI, specifically using the RAR mode, provides near
real-time monitoring and detects dynamic behaviors with higher temporal resolution
compared to spaceborne InNSAR, which is generally used to monitor stable targets such
as bridge piers and towers. It is particularly useful for monitoring structures with highly
frequent motion, such as bridges under traffic loads or moving trains [162,216]. In the
provided example of the Tsing Ma Bridge in Hong Kong (Figure 24), Figure 24b shows the
deformation rate map obtained using spaceborne InNSAR with a TSX dataset. It indicates
a line-of-sight deformation rate of —30 mm/year in the central section of the bridge.
However, interpreting this measurement directly may lead to a misunderstanding of the
stability status of the bridge. In contrast, Figure 24c demonstrates the dynamic movements
of the bridge captured with GBRI-II and GPS systems. It reveals displacements of over
40 cm and 70 cm in the vertical direction when one or two trains passed through the
bridge, respectively. Figure 25 depicts the LOS deformation dynamics of tall buildings
in Hong Kong, detected with the GPRI-II system using the RAR mode. The time series
of deformation clearly demonstrates that GBRI offers distinct advantages in capturing
highly dynamic deformations of infrastructures, enabling easy acquisition of structural
vibration deformations at various frequencies. Consequently, it becomes paramount to
thoroughly assess the strengths and weaknesses of each technology while conducting
infrastructure security monitoring in order to monitor the corresponding characteristic
deformations accurately.
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Figure 24. (a) Tsing Ma Bridge in Hong Kong. (b) The deformation rate of the bridge determined with
spaceborne InNSAR and a TSX dataset (background image is a Google Map). (¢) Dynamic structural
behaviors of the bridge measured with GPRI-II system [159]. The bar figures on the positions of L, J,
and H represent the maximum vertical motion recorded with GPS when different trains were passing.
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Figure 25. LOS deformation of a high-rise building in Hong Kong (a). The time series of selected
points with different positions (b). The enlarged display of part of time series (c).

5.2. Future Work

According to the previous discussion, the radar interferometric techniques of both
spaceborne INSAR and GBRI can be further enhanced by utilizing the following aspects to
monitor urban infrastructures more effectively:

e  Optimized strategy for radar measurements selection: To enhance the distribution of
radar measurements and mitigate the reliance on specific thresholds (see Section 5.1.1),
it is advisable to connect the final deformation product requirements with detectable
measurement points. For example, monitoring ground deformation caused by activ-
ities such as groundwater pumping or engineering construction requires different
monitoring accuracy requirements. Therefore, the distribution of usable or detectable
measurements points in terms of radar observation quality will change accordingly. In
addition, the combined use of multiple radar systems, spaceborne or ground-based,
presents an opportunity to improve the integrity of radar measurements in dense ur-
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ban built-up areas. The integration helps overcome geometric distortions and ensures
more complete coverage of the target area.

e  Deformation in a rapid urbanization area: The rapid processes of urbanization and
urban renewal bring about substantial changes to ground features, resulting in fast
decorrelation effects in radar interferometry techniques. It is difficult to maintain
the radar interferometry coherence over time, and obtaining ground deformation
over a long time in such areas presents significant challenges. It is crucial to develop
techniques that can effectively capture ground deformations during the rapid decorre-
lation periods, as this would provide valuable information. Initial research has been
carried out on the exploration of the temporary PS points in [217].

e  Development of advanced models and methods: Developing advanced methods is
crucial to accurately detect deformation characteristics in urban areas. Tailored tech-
niques such as advanced phase unwrapping can improve measurement quality while
compensating for atmospheric effects enhances deformation accuracy. Additionally,
different infrastructures in urban areas have varying deformation characteristics. By
combining engineering models, we can differentiate between normal deformation
and anomalous deformation, leading to improved detection accuracy. Furthermore,
integrating engineering models to interpret measurement results, such as establishing
the normal range of deformation for a structure, is crucial.

e  Efficient data processing strategies: Efficient data processing is crucial for long-term
urban infrastructure monitoring. To achieve this, more efficient processing methods
for both spaceborne and ground-based systems should be investigated and adopted,
e.g., sequential estimators [211,218]. These methods should facilitate timely updates
of interferometric measurements as new data become available. This is especially
vital when dealing with extensive study areas with large SAR datasets. In addition,
precise repositioning of the GBRI system is also essential for long-term deformation
monitoring as discussed in Section 2 [105,106,219]. If the instrument pillar cannot
be built to maintain a stable observation position, it is very important to develop
repositioning error correction methods to ensure accuracy.

e Improved interpretation of deformation products: Radar interferometry provides valu-
able information about infrastructure deformation, but the interpretation of results
can be nonintuitive, hindering its proper utilization, especially among non-experts.
Enhancing the interpretation and data mining of deformation results with multi-
disciplinary knowledge can improve understanding. The development of artificial
intelligence (Al) techniques for the automatic interpretation of deformation data can
make them more accessible to a wider audience and facilitate effective utilization;
similar research has been carried out in geohazard monitoring [220,221].

6. Conclusions

Urban infrastructures play a critical role in supporting the lives of urban dwellers.
Regular monitoring of the deformation and dynamic behaviors of urban infrastructures is
necessary to identify potential risks such as structural failures. Radar interferometry, as a
powerful geodetic technique, has been widely used in monitoring the stability conditions
of urban infrastructures due to its wide coverage, high spatial resolution, and accurate
deformation measurements. In this paper, we have provided a comprehensive review of
radar interferometric techniques (including both spaceborne InNSAR and GBRI techniques)
and their recent advancements with a special emphasis on the applications in urban
infrastructure deformation monitoring. The following are the main contributions from
this review:

(1) Both spaceborne INSAR and GBRI have been widely used for the urban infrastructure
deformation monitoring. The applications have been increasing over the recent
decades, in particular over the recent 10 years.

(2) Recent advances and applications of both spaceborne InNSAR and GBRI techniques in
urban infrastructure deformation monitoring were discussed. These include multi-
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dimensional deformation monitoring, multi-platform SAR datasets, anomalous defor-
mation detection, accurate 3D geolocation of measurements, general survey of urban
surface deformation, and surveillance of infrastructure stability.

(3) Several challenges in monitoring urban infrastructure deformation using radar in-
terferometry were identified. These include the inconsistence in the distribution of
selected measurements from different methods, difficulties in phase unwrapping in
urban areas, rapid decorrelation, geometric distortions, and technology selection in
monitoring highly dynamic infrastructures. The potential future research directions
in both spaceborne INSAR and GBRI for infrastructure deformation monitoring were
also discussed, including an optimization strategy for radar measurements selec-
tion, long-term deformation monitoring, monitoring deformation in areas of rapid
urbanization and geometric distortions, efficient data processing strategies, and better
interpretation of deformation measurement results.
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