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This paper provides a review of ground-based SAR (GBSAR) interferometry for deformation measure-
ment. In the first part of the paper the fundamentals of this technique are provided. Then the main data
processing and analysis stages needed to estimate deformations starting from the GBSAR observations
are described. This section introduces the two types of GBSAR acquisition modes, i.e., continuous and dis-
continuous GBSAR, and reviews the different GBSAR processing and analysis methods published in the
literature. This is followed by a discussion of the specific technical aspects of GBSAR deformation mea-

gﬁwoms" surement. A section then summarizes the pros and cons of GBSAR for deformation monitoring. The last
Interferometry part of the paper includes two reviews: one concerning the GBSAR systems described in the literature,
Terrestrial including non-strictly SAR systems and a second one addresses the main GBSAR applications.
Deformation © 2014 International Society for Photogrammetry and Remote Sensing, Inc. (ISPRS) Published by Elsevier
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1. Introduction

This paper provides a review of ground-based SAR (GBSAR)
interferometry for deformation measurement. In the last decade
this technique has gained an increasing interest as a deformation
measurement and monitoring tool. This is due to its specific char-
acteristics, which make it complementary to many other existing
deformation monitoring techniques.

The GBSAR is a radar-based terrestrial remote sensing imaging
system (Tarchi et al., 1999). It consists of a radar sensor that emits
and receives a burst of microwaves, repeating this operation while
the sensor is moving along a rail track (Noferini, 2004; Bernardini
et al., 2007). The imaging capability is achieved by exploiting the
Synthetic Aperture Radar (SAR) technique, e.g., see Hanssen
(2001). The length of the rail determines the cross-range resolution
of the acquired images: the longer the rail, the higher the cross-
range resolution. The GBSAR is based on a coherent radar system,
which measures not only the amplitude but also the phase of the
received radar signal. The phase measurements can be exploited,
by using interferometric techniques, to derive information on the
deformation and topography of the measured scene. The main
GBSAR application is deformation monitoring. Its high sensitivity
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to small deformations, the long range of its measurements (up to
several kilometres) and its imaging capability, which allows the
system to perform simultaneously a vast number of measure-
ments, are interesting characteristics that make the GBSAR system
complementary to other deformation measurement techniques.

This paper is focused on the interferometric use of GBSAR. How-
ever, it is worth mentioning that a non-interferometric GBSAR
approach to derive deformation estimates has been recently pub-
lished (Crosetto et al., 2014; Monserrat et al., 2013). This approach
exploits the geometric content of GBSAR amplitude imagery and
estimates deformation through image matching. It is less sensitive
to deformation but it offers the advantages of yielding aliasing-free
deformation estimates, which, in addition, are insensitive to atmo-
spheric effects.

This paper is organized as follows. Section 2 recalls the funda-
mentals of GBSAR interferometry for deformation measurement.
Section 3 discusses the main GBSAR data processing and analysis
aspects and the technical issues related to GBSAR deformation
measurement. Section 4 discusses the pros and cons of GBSAR for
deformation measurement and monitoring. Section 5 reviews the
GBSAR systems described in the literature including also non-
strictly SAR systems. Section 6 treats the main GBSAR deformation
measurement applications. Conclusions follow.

2. GBSAR interferometry

This section recalls the working principle and some related
aspects of GBSAR interferometry for deformation measurement.
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The GBSAR is an imaging sensor. In this paper the SAR techniques
used to provide the complex radar image are not discussed and
readers are relegated to literature, see for instance: Fortuny and
Sieber (1994), Tarchi et al. (2003a), Fortuny-Guasch (2009) and
Reale et al. (2009). For each image pixel a GBSAR provides a com-
plex number, which consists of the In-phase and Quadrature (I and
Q) components of the received echo, from which the signal phase ¢
and amplitude A can be derived.

The amplitude is mainly used to interpret the image scene and
to study the backscattering characteristics of the monitored area,
e.g., see Ulaby et al. (1986). The phase can be exploited for defor-
mation measurement, which is the subject of this paper, or for dig-
ital elevation model generation (Pieraccini et al., 2001; Nico et al.,
2004; Nico et al., 2005; Noferini et al., 2007; Rodelsperger et al.,
2010). Note that, with respect to spaceborne interferometry, in
ground based observations the deformation measurement is usu-
ally performed using a zero-baseline configuration, i.e., all images
are taken from the same position. By contrast, when GBSAR mea-
surements are aimed at DEM generation, a non-zero baseline con-
figuration is needed (Noferini et al., 2007). Let’s consider a
deformation measurement scenario, observed twice by a GBSAR
system. Let’s take the phases ¢ and ¢, of two homologous pixels
(i.e., pixels that correspond to the same target) from two images
acquired at different times:

_ _ 4nRy
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(1)

where R; and R, are the sensor to target distances at each acquisi-
tion, @scare i the phase shift generated during the interaction
between the microwaves and the target, 1 the wavelength of the
emitted signal, and the factor 47 is related to the two way path,
radar-target-radar. Neglecting the signal propagation effects, the
interferometric phase A¢-,;, which is the main GBSAR observation,
is given by:

4~TC~(R2—R1)

AqDZI =@, — 01 = 7 + (q)scatt—Z - q’scatt—]) (2)

If the phase shift components @scqr2 and @gcqrr-1 remain con-
stant between the two acquisitions (i.e., its variation over time is
negligible), Ag,; is directly related to the distance difference
(R»-R;) and hence to the target displacement. In practice, there
are at least four other terms:

APy =@ — ¢4
= (pdefo + (q)atmoZ - (patrnol) + (pgeom + Poise T 2-k-m (3)

where g is the component related to the displacement,
(®atmo2—Parmo1) is the phase component due to the atmospheric
effects during image acquisition; @gem contains the geometric
phase component due to repositioning errors between the two
image acquisitions; @i 1S the phase component related to the
term (Qscatr-2—Pscarr-1) and other noise sources, like instrumental
noise; finally the term 2-k-7 is due to the fact that A, is wrapped,
i.e., bounded in the range [, 7], where k is an integer value. Eq. (3)
is the main observation equation of GBSAR for deformation
measurement. It is similar to the equation used for satellite SAR
interferometry observations, e.g., see Crosetto et al. (2005), where
the @geom term corresponds to the orbital phase component. In
addition, as already mentioned above, Eq. (3) does not contain the
topographic phase component because GBSAR acquisitions are
usually performed using a zero-baseline configuration.

3. GBSAR data processing and analysis

Deriving deformation estimates from the GBSAR interferomet-
ric phases is often not a trivial task. In the following section we
describe the main data processing and analysis stages needed to
estimate deformations. This is followed by a section that describes
the specific technical aspects of GBSAR deformation measurement,
which are essential to properly understand the pros and cons of
this technique.

Before considering the main GBSAR processing stages, it is
worth mentioning that GBSAR data can be acquired using two
types of acquisition modes: the continuous (C-GBSAR) and the dis-
continuous (D-GBSAR). In the former one, which represents the
most commonly used configuration, the instrument is left installed
in situ, acquiring data on a regular base, e.g., every a few minutes.
In the latter one the instrument is installed at each campaign,
revisiting a given site periodically, e.g., weekly, monthly or yearly,
depending on the kinematics of the deformation event at hand, e.g.,
see Noferini et al. (2008) and Luzi et al. (2010a). C-GBSAR allows
the user to have a “near real-time” monitoring of the site of inter-
est, e.g., see Tarchi et al. (2005): it is appropriate to measure fast
deformation phenomena, e.g., with displacements ranging from
some mmy/day to m/day, providing a monitoring tool that can sup-
port the management of emergency scenarios, e.g., see Casagli et al.
(2003), Tarchi et al. (2003a) and Tarchi et al. (2005). By contrast, D-
GBSAR can be adequate to monitor slow deformation phenomena,
where C-GBSAR cannot be used due to either logistic or cost rea-
sons. As it is discussed later in this paper, there are substantial
technical differences between C-GBSAR and D-GBSAR.

3.1. Main GBSAR processing stages

This section describes the main processing and analysis stages
needed to derive GBSAR deformation measurements. Even though
there are differences between the processing chains used by differ-
ent authors, they use most of the stages described below.

3.1.1. Image co-registration

GBSAR interferometry requires properly co-registered SAR
images, i.e., pixels with equivalent location in the images have to
match the same footprint on the ground. This stage can usually
be highly automated, unless there are significant changes between
the analysed images. Different algorithms can be found in the liter-
ature, e.g., see Lin et al. (1992) and Hanssen (2001). Co-registration
is mandatory with D-GBSAR, especially if “light positioning” is per-
formed, e.g., by simply materializing the GBSAR location using
some marks. Note that this is necessary in many practical cases,
e.g., where a concrete base or any other precise mechanical posi-
tioning structure cannot be employed. In principle, the co-registra-
tion can be avoided using C-GBSAR. However, measuring at long
distances and with long data acquisition times, the co-registration
can be useful to compensate, at least partially, the image distor-
tions due to atmospheric variations occurring during the acquisi-
tion of single images (Martinez-Vazquez, 2008).

3.1.2. Interferogram and coherence image generation

From the stack of N co-registered GBSAR images, the interfero-
grams and the associated coherence images are generated. This is
preceded by the design of the interferogram network, which
defines how the N images are connected through a set of M inter-
ferograms. Often zero-redundancy networks are used, e.g., N—1
interferograms that connect consecutive images, e.g., see Noferini
et al. (2005a). More complex and redundant networks can be used
to reduce error propagation due to 2D-phase unwrapping errors
(Crosetto et al., 2011).
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3.1.3. Pixel selection

The goal of pixel selection is identifying the pixels characterized
by low @noise, Where the interferometric phase can be exploited.
The most used selection criteria are the coherence-based, e.g., see
Berardino et al. (2002), and the amplitude-based selection
(Ferretti et al., 2001). Both criteria make use of an appropriate
threshold, which is usually fixed by adjusting the trade-off
between phase quality and density of the selected pixels. An
empirical way to check the goodness of this threshold is to assess
the results of phase unwrapping (Monserrat, 2012).

3.1.4. 2D phase unwrapping

In this step the wrapped interferometric phases of the gener-
ated interferograms are unwrapped. This operation is usually per-
formed interferogram by interferogram, without exploiting the
time component and involving a 2D phase unwrapping, e.g., see
Ghiglia and Pritt (1998). An alternative approach is to make 1D
phase unwrapping over time, which is made after performing
phase integration (Noferini et al., 2005a; IDS, 2013).

3.1.5. Phase integration

In this step, starting from the set of interferograms, the phases
in correspondence to each acquired image are estimated. They are
the accumulated phases with respect to the first image which con-
tains three main components: deformation, Quimo and Qgeom. The
direct integration is the simplest way to reconstruct the N phases,
which requires the minimum set of interferograms to connect all
the images (Noferini et al., 2005a; IDS, 2013). As mentioned above,
more advanced strategies can be implemented to detect and cor-
rect for 2D phase unwrapping errors during phase integration
(Crosetto et al., 2011).

3.1.6. Estimation of the atmospheric phase component

In this stage @qumo and @geom are estimated and separated from
the deformation component. Note that these two phase compo-
nents are usually estimated together as they have similar statistical
characteristics: both vary smoothly in space. Different approaches
have been proposed in the literature. Luzi et al. (2004) and Noferini
et al. (2005a) assume 4o to be a function of range and use one or
two points of the scene, which are known to be stable, to estimate
a linear or quadratic term, respectively. Rodelsperger (2011) and
lannini and Guarnieri (2011) estimate @qmo Using meteorological
observations (temperature, humidity and pressure). Luzi et al.
(2010a) make use of 2D-polynomials, whose coefficients are esti-
mated by least squares adjustment using stable areas of the mea-
sured scene, which have to be known a priori. It is worth noting
that the estimation of @4m, is not always trivial, especially in areas
that are topographically non-homogeneous (Monserrat, 2012). For
areas with steep topography Iglesias et al. (2013) propose a 2D
multiple regression model (height-dependent).

3.1.7. Displacement computation and geocoding

This stage is fundamental for GBSAR data interpretation and
exploitation, e.g., see Leva et al. (2005) and Noferini et al. (2008).
Firstly, the interferometric phases, which refer to the line between
the sensor and the measured object, the radar Line-of-Sight (LOS),
are transformed into LOS displacements. Then, the geocoding is
performed, which involves a transformation from the image space,
where each pixel is identified by its position in the image, to the
object space, by assigning cartographic coordinates (E, N) or geo-
graphic coordinates (¢, Z), plus an orthometric or ellipsoidal
height, or simply a local Cartesian system, X, Y, Z (Rodelsperger
et al., 2010).

3.2. Discussion of main technical issues

This section discusses some technical issues related to GBSAR
deformation measurement. They are fundamental to properly
understand and exploit this technique.

3.2.1. The role of phase noise

Even though GBSAR delivers raster products, only those pixels
that are characterized by small noise contribution @y can be
exploited to estimate deformations. ¢noise depends on the physical
and geometric characteristics of the measured objects and their
changes between the GBSAR image acquisitions. The interferomet-
ric phase quality is usually measured by the so-called coherence:
the lower @noise, the higher the coherence. Significant improve-
ments of the coherence can be obtained by using polarimetric
GBSAR data (Iglesias et al., 2013; Pipia et al., 2013). Obtaining a
sufficiently high coherence is a critical problem for D-GBSAR.
Fig. 1 illustrates an example related to a landslide: Fig. 1b shows
the coherent points (coherence above 0.9) from C-GBSAR with time
lapse between the two images of several hours, while Fig. 1c shows
D-GBSAR data over the same area, with time lapse of one month. In
the latter case, only the manmade rock wall remains coherent: this
shows how severe the coherence loss can be for D-GBSAR. This lim-
itation is similar to the one of satellite-based repeat-pass SAR
interferometry, e.g., see Hanssen (2001). The deformation monitor-
ing of low coherent areas can be achieved using artificial Corner
Reflectors (CRs), which guarantee observations characterized by
low @ppises €.8., S€e Luzi et al. (2010a).

3.2.2. Phase unwrapping

The correct deformation estimation implies the reconstruction
of the full phase value, by estimating the integer number of cycles
k to be added to the wrapped phase. This operation, named phase
unwrapping, has infinite solutions (Ghiglia and Pritt, 1998): this
represents an intrinsic limitation from the deformation measure-
ment viewpoint. Most of the phase unwrapping algorithms assume
that the full interferometric phases (i.e., the unwrapped phases) vary
smoothly over a given interferogram and satisfy this condition:

|Aq)12,unwr(i7j) - A(plz,unwr(k I)| <T (4)

where (i, j) and (k, I) represent two neighbouring coherent pixels. If
this requirement is not satisfied, phase unwrapping errors that are
multiple of 27 can occur and, as a consequence, severe errors can
affect the deformation estimates. Considering that 27 corresponds
to a displacement of half wavelength, the above condition can be
expressed in terms of displacements:

|Defo_At(i,j) — Defo_At(k,1)| < % (5)
where is the wavelength corresponding to the centre operating fre-
quency of the radar, and Defo_At is the deformation occurring
between two image acquisitions. This condition is particularly crit-
ical for D-GBSAR applications: it requires to properly adjust the
observation time interval At. It is worth noting that Egs. (4) and
(5) refer to phase or deformation differences, and not to absolute
values. Note that the same equations hold for satellite-based SAR
interferometry applications, e.g., see Crosetto et al. (2011).

3.2.3. 1D deformation measurements

The GBSAR deformation measurements refer to the LOS. This
represents an important limitation of the technique with respect
to other techniques able to estimate the full 3D deformation field.
It is worth mentioning that the amplitude-based approach pro-
posed by Crosetto et al. (2014) is in principle able to provide 2D
deformation estimates (in range and cross-range directions).
Considering the LOS, particular attention is needed in choosing
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Fig. 1. Role of coherence in C-GBSAR and D-GBSAR acquisition modes. Photograph of a landslide (a). Geocoded coherent points (in green) from C-GBSAR, with time lapse
between acquisitions of several hours (b). Geocoded coherent points (in green) from D-GBSAR, with 1-month time lapse (c).

the location of the GBSAR: the ideal case is to have the LOS direc-
tion parallel to the displacement direction, while the worst case
occurs when they are almost perpendicular. For instance, this
occurs in a flat area when a subsidence area is observed by a GBSAR
located at the same height.

3.2.4. Relative deformation measurements

GBSAR deformation measurements are relative to a given refer-
ence point located in the imaged scene. The need of a reference
point could in principle be avoided under this ideal condition:
the atmosphere between the GBSAR and the scene is perfectly sta-
ble over time or its physical properties (humidity, temperature and
pressure) are accurately monitored during image acquisitions so
that the term @, in Eq. (3) can be accurately estimated for each
interferogram pixel. This can hardly be accomplished in practice.
For this reason we usually need to identify a reference point in
the measured scene and refer all the deformations to it. This is usu-
ally done by choosing a point in a stable area; if this is unavailable,
any arbitrary pixel in the scene can be chosen bearing in mind that
all other measurements refer to this point.

4. Pros and cons of GBSAR for deformation monitoring

This section discusses the main pros and cons of the GBSAR
technique for deformation measurement. The main advantages of
GBSAR are briefly discussed below.

o The GBSAR technique offers a flexible and versatile tool suitable
to monitor deformation phenomena characterized by a wide
range of deformation rates, which roughly ranges from a few
millimetres per year up to one metre per hour (Leva et al. 2003).

e The precision of the GBSAR deformation estimates ranges from
sub-millimetres to a few millimetres: this depends on the char-
acteristics of the target (the stronger its response, the better is
the precision), the sensor to target distance, and the distance
from the reference point. A precision below 1 mm, which was
estimated on artificial targets, is described in Takahashi et al.
(2013).

e The technique has the capability of independently measuring
the atmospheric conditions at distances up to some kilometres.
This is a key advantage with respect to other sensors like terres-
trial laser scanners or topographic total stations, which are
strongly affected by meteorological phenomena like fog, wind
and rain.

A GBSAR image can typically cover an area of 1-2 km?, provid-
ing, over coherent areas, a dense measurement coverage of the
observed scene (Leva et al. 2003; Tarchi et al., 2005). The dense
sampling capability represents an advantage with respect to
point-like measurement techniques, like GPS, total stations,
etc. (Casagli et al., 2003).

The whole GBSAR deformation monitoring process can be
highly automated. It can be used as an operational monitoring
tool, even during emergencies (Casagli et al., 2003; Tarchi
et al., 2003a). It is worth noting that the instrumentation can
be installed outside the target area: this is an advantage
especially when dangerous deformation phenomena have to
be monitored.

Some of the main limitations of GBSAR are listed below.

GBSAR interferometry requires, as necessary condition, coher-
ent data. This is a critical issue in several application scenarios,
especially for D-GBSAR. For this reason, it is recommended to
carry out a feasibility study before planning any new D-GBSAR
survey. In some cases the lack of coherence can be overcome by
deploying artificial CRs, e.g., see Luzi et al. (2010a) or Iglesias
et al. (2013).

A critical limitation of the technique is related to the ambiguous
nature of the interferometric phases, which can cause biased
deformation estimates, especially in those areas that suffer
the largest displacements (Crosetto et al., 2014). This limitation
is especially problematic for D-GBSAR measurements. A non-
interferometric GBSAR approach has been recently proposed,
which is less sensitive to deformation but yields aliasing-free
deformation estimates (Crosetto et al., 2014; Monserrat et
al., 2013).
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Table 1

Available systems based on the radar technique that are described in literature. Characteristics have been taken from published papers cited in the table. In the lower part of the

table non-strictly SAR systems are listed.

Owner/customer Name Goal Radar type Band Pol. Acquisition Scan Range Azimuth resolution'®! Nominal
time geometry resolution (mrad)or (m) @ 1 km precision
for one image (m) (mm)
JRC (EC)M Lisa Research VNA based C  VV,HH 30 min Linear 0.5 3 0.02-4
Ku VH,HV
Ellegi srl, formerly Lisalab (I)!°! Lisa Market VNA based Ku VV 12 min Linear 0.5 3 0.01-3.2
UNIFI DET ()13 - Research VNA S,C W 25 min Linear 0.5 20-dic 2
based
Technical University of Catalonia RiskSAR Research FMCW X VV,HH 1 min Linear 1.25 4 1.6
(UPC)®! (single pol)
- VH, HV
IDS spa (I)!7! IBIS-L/M  Market SFCW Ku WV 8 min Linear 0.5/0.75 4.4 0.03-4
Tohoku University (J)14! - Research VNA based S, C VV,HH 2 min Linear 0.4 5 2.
X VH, HV
Centre for Earth Obs. Sci., Sheffield - Research VNA based C,X VV,HH NA Linear NA NA NA
Univ./Cranfield Univ. (UK)??!
VH, HV
KIGAM Korean Institute of - Research VNA based C VV,HH NA Arc 0.25 2 04
Geoscience
and Mineral Resources (KOR)®!
VH, HV
Institute for radiophysics and GB NW- Research Noise radar Ka ~ VV 20s Angular 1 12 NA
electronics (UA)!'0! SAR
MetaSensing (NL)I*! FastGBSAR Research/ FMCW Ku NA 5s Linear 0.5 4.5 0.1
market
Nonstrictly SAR GB systems
GAMMA remote sensing AG (CH)!'?!  GPRI Research/ FMCW Ku VWV 30 min Angular  0.75 7 0.02-4
market mechanical (90° scan)
scanning
JRC (EC)1'Y Melissa Research MIMO Ku VWV 0.36s No
motion
GROUNDPROBE SSR Market Mechanical Ku VvV 15 min Angular  0.75 9 0.03-3.5
(AUS)13] Scanning Non-SAR

o The applicability of the technique is limited by the LOS nature of
the GBSAR sensor: displacements perpendicular to the LOS
cannot be measured. In some scenarios, e.g., monitoring vertical
displacements in a completely flat area, this constraint can
strongly limit the usability of the technique. In addition, the
1D LOS nature of deformation measurements represents a
limitation with respect to other techniques that can provide
3D deformation measurements, like total stations, GPS, etc.

e The correct estimation of @4, requires the availability of sta-
ble areas in the surroundings of the deformation area of interest
(Monserrat, 2012). In some scenarios this requirement cannot
be fulfilled, e.g., this occurs when there is a cluster of coherent
pixels, which is isolated from the other coherent areas. In such
cases, it is often impossible to properly estimate ¢4¢m,0, and this
hampers considerably the deformation measurement capability
of the technique.

5. GBSAR system review

This section makes a short review of the GBSAR systems
described in the literature. A GBSAR is a microwave electronic sys-
tem basically composed of a radar sensor, an acquisition technique
and the related data processing, namely the focusing algorithms
(Luzi et al., 2010b). The core of the radar sensor, in the pioneer
GBSAR systems, was a Vectorial Network Analyzer (VNA) (Leva
et al, 2003"!": Brown et al, 20032 Luzi et al., 20043 Zhou
et al., 2004!41: Del Ventisette et al., 20111°): Lee et al., 2013[]), a lab-
oratory instrument purchasable from microwave instrumentation
companies, which is equivalent to powerful and versatile coherent

! The numbers in the square bracket used in this section refer to the references in
Table 1.

radar that is operating as Step Frequency Continuous Wave (SFCW)
radar. In the last ten years this option has been replaced by
specifically developed prototypes (Bernardini et al., 2007)!7), using
Frequency Modulation Continuous Radars (FMCW), see Iglesias
et al. (2013)!8], made directly by the companies and the research
teams developing their own GBSAR. This upgrade not only improves
the manageability of the instrument, but also reduces the acquisition
times, down to less than a minute (Meta and Trampuz, 2009)!°, and
costs as well. The recent development of very fast sensors based on
FMCW radar, Noise radar (Lukin et al., 20091"°); Tarchi et al., 2010)
and MIMO technology (Tarchi et al., 2013)!'"], drastically reduce
the coherence problem during image acquisitions. Nevertheless,
due to the high flexibility of the VNA based system, this kind of
approach still persists in many research systems. A short explanation
of the basic relationships between system characteristics and perfor-
mances of the provided SAR image, as spatial resolutions, operating
range, etc., can be found for example in Tarchi et al. (2003b) and Luzi
et al. (2004)3], SAR systems achieve the synthetic aperture through
the motion of the radar sensor. The linear scanning obtained moving
the sensor along a rail is the solution adopted for the majority of the
systems, except for some recent systems where angular scanning is
used, e.g., see Lee et al. (2013)!%1 and Lukin et al. (2009)°1, Strictly
linked to the radar type and the scanning mode is the applied
focusing algorithm. The focusing algorithm must transform the
acquired raw data, consisting of a matrix of complex numbers, into
a radar image; satellite and GBSAR are based on the same physical
principle but their respective acquisition geometries and temporal
characteristics require some differences in the focusing algorithms
and the available performances. For this reason, in the GBSAR case,
the azimuth resolution is non-optimal and depends on the target
to sensor distance. A discussion about this topic is out of the scope
of this paper, we only observe that since the first algorithms
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Fig. 2. Photographs of four GBSAR prototypes cited in Table 1, developed by research institutions. Prototype of Lisa developed by JRC-EC [1], upper left; GBSAR developed at
the University of Florence (Italy) [3], upper right; the RiskSAR system developed by the Technical University of Catalonia (UPC), Barcelona (Spain) [8], lower left; and the
GBSAR with angular scanning, developed by the Institute for Radiophysics and Electronics, Kharkov (Ukraine) [10] lower right.

specifically addressed GBSAR systems, e.g., Fortuny and Sieber
(1994), several algorithms have been developed; a summary can
be found in Ozdemir et al. (2011). Several aspects of the GBSAR
system are addressed by the MIT Lincoln laboratory web page
(http://www.ll.mit.edu/news/iapradarcourse.html), where interest-
ing educational material can be downloaded.

Table 1 resumes, to the authors’ knowledge, the main GBSAR
systems described in literature. The characteristics have been
taken from published papers cited in the table. In the lower part
of the table non-strictly SAR systems are listed (Strozzi et al.,
20121'2!: Noon and Harries, 2007!'31), which however can provide
complex radar images, which can be processed for deformation
monitoring through interferometry. A comparison between the
SAR and mechanical scanning performances is briefly discussed
in Pieraccini (2013). To conclude, in Fig. 2 are shown four of the
systems described in Table 1.

6. Review of deformation measurement applications

In this section, we briefly review the main GBSAR applications.
Since the first paper on GB-SAR for structure monitoring (Tarchi
et al, 19992 many deformation measurement applications of
this technique have been developed.

Table 2 shows a classification of the GBSAR applications grouped
by the type of application and type of monitoring: C-GBSAR or D-
GBSAR. The most consolidated application is the C-GBSAR slope
monitoring in open pit mines. Although it could be included in the
wider application field of landslide monitoring, it deserves to be
mentioned apart. In fact, in the open pit mine field, the GBSAR tech-
nique has experienced a strong development at both system and

2 The numbers in the square bracket used in this section refer to the references in
Table 2.

data processing levels providing an operational early warning tool,
e.g. see (Farina et al., 20111"); Farina et al.,, 2012['8); Mecatti et al.
2010171 and Severin et al., 2011*8]; Noon and Harries, 2007). The
capability of measuring several thousands of points every few min-
utes and detecting small and local changes is fundamental in this
application (Farina et al., 2013['%); Mecatti et al., 2010!171),

The monitoring of slope instability related to different phenom-
ena, like rockslides (Tarchi et al., 2005!2%)), landslides (Tarchi et al.,
2003b!21; Luzi et al., 2006; Herrera et al., 20091?%!; Corsini et al.,
201331 Barla et al., 2010[24); Schulz et al., 2012[2°!) or volcanoes
(Casagli et al. 2010[?%: Luzi et al., 2010b; Bozzano et al., 201137
Intrieri et al, 2013171 is another major GBSAR application.
Although this application is one of the most described in the liter-
ature and it has been successfully applied over different sites, it
still requires improvements related to technical and logistical
aspects. From the technical point of view, most of the systems
available nowadays work with Ku-band: this allows high resolu-
tion and high displacement sensitivity to be obtained with accept-
able hardware performances (Leva et al. 2003[28l; Rodelsperger,
2011[291), However, the Ku-band is very sensitive to small changes
in the observed scene, which are common in natural environments
and which can cause coherence loss (Leva et al., 2003/?81; Luzi et al,,
200431, Furthermore, the loss of coherence can increase the risk of
aliasing (Luzi et al., 2010a®°); Monserrat, 20123, Coherence loss
affects particularly D-GBSAR (Noferini et al., 2005b!'3l; Luzi et al.,
2010a*%%); however it can also appear for C-GBSAR. A possible
improvement could be obtained by using lower frequencies, at
the price of loosing precision and resolution, e.g., see (Herrera
et al., 2009!22); Iglesias et al., 2013[81), Another important issue to
be improved in landslide and slope monitoring, especially using
D-GBSAR, is atmospheric modelling. Although several authors have
proposed different approaches (Noferini et al., 20081321; Iglesias
et al, 2013 Jannini and Guarnieri, 201133l; Rodelsperger,
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Table 2
Classification of the main GBSAR applications grouped by the type of application and type of monitoring: C-GBSAR or D-GBSAR.
C-GBSAR D-GBSAR
State of the Pros Cons and aspects to State of Pros Cons and aspects to
art be improved the art be improved
Open pit slope stability Consolidated  Early warning system, [19] spatial Unhomogeneus Research  Spatial sampling, Loss of coherence,
monitoring and and temporal sampling, weather atmosphere effects, weather risk of aliasing,
operational independent, synoptic view [18] loss of coherence independent unhomogeneus
[15,16,17] atmosphere effects
Landslides Consolidated  Spatial and temporal sampling Loss of coherence Research Long range Loss of coherence
[20,26,37,24]  [20], long range [26], early [1,30], unhomogeneus [8,30,32, measurements [30,32], risk of
and warning system [21], weather atmosphere effects 23] [30,32], spatial aliasing [30,32],
operational independent [26] [29,33], phase sampling [30,32] unhomogeneus
[27] unwrapping atmosphere effects
(8]
Urban monitoring and Consolidated  Spatial and temporal sampling, Acquisition geometry, Research Spatial and Acquisition
single building [34,35,45] high sensitivity to small precise geocoding [35, [36] temporal geometry, precise
displacements [35], non-invasive 41], other disturbance sampling, high geocoding [35, 41],
[34] signals (e.g., thermal sensitivity to small  other disturbance
dilations [31]), cost displacements, signals (e.g., thermal
non-invasive dilations), costs
[30,36]
Structure monitoring Consolidated  Temporal sampling, high Precise geocoding Research High sensitivity to  Precise geocoding
[31,38-40] sensitivity to small displacements  [29,31], other [14,37,39] small [31,49], other
[29,31,40], non-invasive [29] disturbance signals displacements disturbance signals
[31], cost [14], non-invasive  [31], high costs
[14]
Glaciers Research Spatial and temporal sampling Phase unwrapping Early Ice height Low precision
[42-46] [42], long range measurements [42,43], stage difference, spatial  (metric order) [12]
[45] unhomogeneus research sampling, remote
atmosphere effects [12] sensing [12]
[43],
Snow covered slopes Early stage Under certain condition snow Wet snow [47,48, 50], Not
research [47- water equivalent can be estimated snow water applicable
50] from phase [47,48], avalanche equivalent only with

detection [47,35], snow depth
[47,49,50], snow avalanche
volume [49,50]

complementary data
(48]

2011191), there is not a reliable solution for slopes characterized by
non-homogeneous atmospheric effects.

Other important GBSAR applications are urban monitoring
(Pieraccini et al., 2004134l; Tapete et al., 20133>!; Pipia et al,
20130381, structure monitoring (Tarchi et al., 1997'41), dam moni-
toring (Tarchi et al., 1999'4l: Alba et al, 2008138); Luzi et al,
2010c**y and dike monitoring (Takahashi et al, 201340
Monserrat, 2012B31), In addition to the high spatial and temporal
sampling capability, a major GBSAR advantage for urban and struc-
tural monitoring is the capability to detect, remotely, small dis-
placements. An optimal GBSAR data exploitation in urban and
structural monitoring demands a precise geocoding of the mea-
sured points. The geocoding quality depends on the quality of
the used DEM (Rodelsperger, 201112°1; Monserrat, 20123, An
excellent solution can be provided by terrestrial laser scanners
(Tapete et al., 20133%]; Jungner, 2009!4'1). Another solution can
be the DEM generated by using GBSAR interferometry (Noferini
et al., 2007; Rodelsperger, 2011!2%1), even though the achievable
quality is much worse than that of laser scanners.

The use of GBSAR for studying glaciers has grown on the last
few years. Several papers present the potentialities of this tech-
nique for measuring changes on a glacier, e.g., (Luzi et al,
200721;  Noferini et al., 2009*3l; Hyangsun and Hoonyol,
20111441 Strozzi et al., 2012['2]; Voytenko et al., 201214%1). GBSAR
provides a reliable tool for measuring the relative displacements
occurred within the glacier body at long ranges and high resolution
(Riesen et al., 2011[461), However, in some cases, the time lapse
during consecutive acquisitions, few minutes in most of the avail-
able systems, can be too long with respect to the velocity of some
parts of the glaciers (Noferini et al., 2009[*3]). Although most of the
papers related to glacier applications concern C-GBSAR, D-GBSAR

has been used to derive the changes on the ice height computing
the differences of DEMs generated from different campaigns
(Strozzi et al., 20120121,

Finally, although it is not exactly related to deformations, there
is a group of applications related to snow covered slopes which are
based on the same principle of the GBSAR deformation measure-
ments but which are still on an early research stage. They include
the measurement of snow water equivalent (Schaffhauser et al.,
2008191; Luzi et al., 200948y and avalanche detection (Martinez-
Vazquez and Fortuny-Guasch, 2008°°: Martinez-Vazquez,
2008!>1,

7. Conclusions

This paper provides a review of GBSAR interferometry for defor-
mation measurement. In the last decade this technique has gained
an increasing interest due to its specific characteristics, which
make it complementary to many other existing deformation mon-
itoring techniques. The fundamentals of GBSAR interferometry for
deformation measurement have been outlined, discussing the
main observation equation of this technique. Deriving deformation
estimates from the GBSAR observations (i.e., the interferometric
phases) is not always straightforward: the main data processing
and analysis stages needed to estimate deformations from GBSAR
observations have been described. In the same section the two
types of GBSAR acquisition modes (continuous and discontinuous
GBSAR) have been described and the different GBSAR processing
and analysis methods published in the literature have been
reviewed. In a subsequent section the specific technical aspects
of GBSAR deformation measurement have been discussed,
which include the role of phase noise, the importance of phase
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unwrapping, the mono-dimensional characteristics of deformation
measurements and the fact that GBSAR provides relative deforma-
tion measurements. Based on the above sections, the pros and cons
of GBSAR for deformation monitoring have been summarized.

A short review of the GBSAR systems described in the literature
has then been provided. In this section, a comprehensive list of ref-
erences has been provided, including both SAR and non-strictly
SAR systems. This is complemented by a table that summarizes
the main characteristics, e.g., radar type, radar band, range and azi-
muth resolutions, operating range, etc., of these systems. Finally, a
brief review of the main GBSAR applications has been provided. Six
main classes of application have been identified, namely open pit
slope stability monitoring, landslides, urban monitoring, structure
monitoring, glaciers and snow applications, discussing, for each
GBSAR application, its degree of maturity, pros and cons.
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