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Abstract Deformation monitoring is a crucial matter to
avoid catastrophic failure due to extraction of resources.
Radar data, mainly synthetic apreture radar (SAR) data and
their diverse techniques are suitable for deformation
monitoring. This paper provides a review of SAR data and
their techniques for deformation monitoring. It also pro-
vides a brief description of Image acquisition, SAR
geometry, SAR development, satellite specifications, and
commercial software used for Interferometry and defor-
mation monitoring. In the end, it is concluded that the
existing SAR techniques are capable of accurate monitor-
ing of land deformation. It is also concluded that persistant
InSAR (PSInSAR) gives better results than differential
InSAR (DInSAR).

Keywords Deformation monitoring - SAR - InSAR -
DInSAR - PSInSAR

1 Introduction

Deformation is the alteration in shape or dimensions of an
object as a result of the application of stress to it. Distor-
tion, rotation, movement and shape change that occur in a
system are known as deformation [1]. It introduces due
compression, extensional and shear stress as demonstrated
in Fig. 1. Compression stress leads to the formation of
compacting rocks, extensional stress breaks rocks, by
pulling force and shear stress forces rocks to sling
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horizontally past another [1]. Deformation can be vertical
(90°) and horizontal (nearly 1°) along the dip line [1]. It
can occur immediately or can be delayed for a long period,
and it can occur over a small or a large area. Subsidence
may occur at low rates ranging from a fraction of an inch to
as much as 3 inches per year [2].

Land deformation may be caused by extraction [3] of
resources from the ground such as water, minerals, natural
gases, oil, construction defect, soil contraction, earthquake,
soil erosion, landslides, contraction of the root of tree and
shrub, etc [3]. It forms buoyancy, which fails to support
overburden or external pressure. If it is in the form of
subsidence, then it become a serious economic, engineer-
ing and environmental issue [4].

Mines are of two types- one is opencast and another is
underground. Mining inflicted deformation, which is a
major problem in the form of subsidence, is noticed
worldwide. It is a result of readjustment of collapsed mine
voids, because of overburden on the surface after extraction
of underground mineral [5] from the mines. If the move-
ment is lateral or vertical in the mine, then it is called mine
subsidence. Subsidence in mine is gentle and gradual set-
tling of the earth plane [6] or deformation or movement
(vertical or downward) of the earth. However, mine sub-
sidence cannot be induced by the earthquake, soil erosion,
volcanic explosion, contraction of roots of trees and shrubs,
soil settling, landslide, soil thawing and freezing, rapid
transit tunnels, faultily compacted soil, or collapse of the
storm and sewer drains [7]. Subsidence in coal mines can
be of three types, viz. (a) crack, fissures or step fracture
(b) pits or sinkhole or pothole and (c) sag or trough sub-
sidence [6] as shown in Fig. 2. Subsidence occurs mainly
in underground mines [7]. Cracks are primary indicators of
deformation in an area. Deformation can be slow or rapid,
but it is a gradual process in the context of the extracted
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Fig. 1 Each rectangle presents
the system or rock, which is

under deformation due to stress
(left) represent stress types, and
(right) distortions occur in rocks
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Fig. 2 An illustration represents type of subsidence in coal mine

resource. The deformation affected surface areas are gen-
erally larger than the resources extracted areas. Undue
aspirations to extract minerals beyond some threshold
depth have posed the problem of mine subsidence. Hence,
from the safety point of view, there is a significant demand
to monitor the mines routinely. Many complications occur
in mines due to mining activities, for example, gas and
water-related problems, mine surface deformation, subsi-
dence, instability of mine overburden (OB) dump [8], risk
of health and safety of miner, environmental issues, reform
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issues of mine land etc. The deformation not only impacts
living beings but also the surrounding environment [9] due
to the release of toxic gases [10], soil change, land
degradation, etc. Subsidence cannot be eliminated, how-
ever, it can be reduced significantly and the affected areas
can be condemned for residential use or for other engi-
neering constructions. The subsidence or deformation sur-
veys are expensive when they are carried out through the
traditional methods. These traditional surveys are per-
formed on the as-less-as-possible basis [6], only on selec-
tive sites [6] of important engineering construction [11],
and usually twice annually in the selected sites.

The subsidence measurements depend on the detection,
assessment, and evaluation of the past and future defor-
mation [12]. The traditional techniques used for mining
subsidence are GPS survey, levelling survey [13] and aerial
photographs [14] on localized areas. These techniques are
tedious and time-consuming, with small area coverage
[15]. Due to these limitations, the old methods are being
phased out and being replaced by the latest remote sensing
techniques. Today’s advanced remote sensing techniques
can measure minute subsidence with millimetre to cen-
timetre-level accuracy [16, 17], while for point bases the
level of accuracy varies within 0.1-5 mm [18].

Remote sensing is effectively implemented for solving
challenges in most scientific disciplines like climate
change, disaster monitoring, megacities monitoring,
resource management, subsidence monitoring, disaster
monitoring, traffic monitoring, target detection, etc.
[19, 20]. In this remotely sensed world, two different types
of instruments, namely imaging sensors and non-imaging
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sensors, are continuously monitoring the earth. In this
direction, RADAR is an invention that has changed the
human race by providing a fine-resolution image from
electromagnetic radiation [21]. In the case of imaging
sensors operating in the optical wavelength, cloud cover
is a major hindrance, but imaging radars are equally
capable under cloudy conditions because of their cloud-
penetrating wavelength. In the polar regions and regions
with perennial cloud cover, for example in the region
between 15° latitudes [21], radar plays a tremendous
role. It cuts all barriers of atmosphere and illumination
source (day-night data acquisition capability). Imag-
ing radar has two major functions—(a) mapping the
topographic feature present in the target area and
(b) measuring geodetic location in three dimensions
from the platform [21].

The World’s first synthetic aperture radar (SAR) satel-
lite for civilian applications with a resolution of 20-30 m
and swath 100 km was launched on 26 June 1978 [22] for
mapping and monitoring of agriculture, deforestation, sea
ice, ocean wave [23] etc. Today there are many satellites
through which it is possible to acquire radar data for var-
ious applications of earth observation and monitoring.
Some of the space missions have already completed their
life span, for example, SEASAT, ERS-1 (1991-2000),
ERS-2 (1995-2011), ENVISAT (2002-2012), ALOS-1,
etc.

SAR mission and techniques played a major role to
detect and monitor deformation. The basic techniques that
are being used for prediction and monitoring of the earth
are interferometry (InSAR) [11], differential interferometry
(D-InSAR) [24], persistent scattering interferometry
(PSInSAR) [5] and ground-based InSAR (GBInSAR)
[25, 26]. The two-wave radar interferometry technique
utilizes the coherence properties of electromagnetic radia-
tion. SAR interferometry is useful for regional-scale
monitoring and mapping. The short temporal interferogram
is used for vegetation change detection, while long-term
interferogram is used to detect surface deformation [27].
Today we have several options of radar satellites, which
are capable of coherent image acquisition. One can use
data from these satellites to carry out SAR interferometry
for deformation monitoring. Data from some of these
satellites are easily accessible, for example, (a) European
Remote Sensing satellites (ERS1/2)—launched on
1991/1995 [6], (b) Environmental Satellite (Envisat)—
Advance Synthetic Aperture Radar (ASAR) SAR sensor
operated in C-band, operational from 1 March 2002 to 8
April 2012, (c) TerraSAR-X (TSX)—operating in X band
[28], (d) Japanese Earth Resources Satellite 1 (JERS-1)—
Japan’s Advanced Land Observation Satellite (ALOS)
whose SAR sensor is phased array type L-band synthetic
aperture radar (PALSAR) [29, 30] (e) RADARSAT-2

[31, 32], and (f) Sentinel 1/2—operating in C band
[33, 34, 35, 36] etc.

2 Synthetic aperture radar (SAR) basics

To know the process of deformation monitoring, it is a
necessity to know what SAR is and how it works for
monitoring of deformation. During its initial days, micro-
wave remote sensing was used in the form of a non-
imaging radar system for detecting an object. During the
Second World War, radars were extensively used to track
enemy planes and remote sensing was used as much for
imaging [37]. Since 1950, SAR (synthetic aperture radar)
has become a major part of radar remote sensing [23] due
to its ability to capture high-resolution imageries over a
wide swath without much conflict with the atmospheric
conditions. Radar has played an important role in moni-
toring the changes on earth by acquiring imageries since
the 1970s. Radar remote sensing plays an important role in
the planetary study [38], for lunar topography [39],
topography mapping of the earth [21] and many other
applications.

Radar is a tool based on the principle of echolocation
[40], by measuring the backscattered echoes or signals
from the target to the sensor. SAR is an active imaging
sensor and a powerful instrument for monitoring the earth
remotely. It can be mounted on ground or aircraft or
satellite, and thus operate as a means of ground-based or
airborne or space-based remote sensing respectively. SAR
sensors operate in the microwave region of the electro-
magnetic spectrum, about 1 mm to 1 m in wavelength, as
shown in Tablel, though ranges of individual bands vary
from literature to literature. SAR captures the amplitude
and phase information of the electromagnetic radiation.
SAR sensor images provide information about the earth’s
surface, which is different from information acquired
through other regions (visible, thermal, etc.) of the elec-
tromagnetic spectrum. With the help of Doppler’s effect
principle, the real aperture radar (RAR) can be used to
synthesize a long antenna to form a high-resolution syn-
thetic aperture radar. High resolution airborne SAR data
are used for the purposes of military surveillance and
geophysical monitoring.

2.1 Image acquisition

The SAR antenna transmits microwave frequencies with
the help of the transmitter and captures the stream of
echoes coherently and separates these echoes into indi-
vidual echo with the help of the receiver [41]. In a standard
SAR sensor, the SAR antenna can image the earth by three
modes of acquisition (a) strip map, (b) scanSAR, and
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Table 1 Commonly used

wavelengths in a SAR sensor Frequency band Ka Ku X ¢ S L P
;V“h _re:P““VS frequency wavelength (1) (cm)  7.5-1.2 1.7-25 254 4-8 8-15 15-30  30-100
€SCI’ on
P Frequency (v) (GHz)  40-25  17.6-12 12-75 15375  3.75-2 2-1 0.5-0.25

(c) spot-light (high resolution) mode [41]. SAR antenna
acquires an image in the form of backscattered signals.
SAR backscattered image has the backscattered energy of
the terrain (scatterers) in the form of a complex number,
which carries information of phase and amplitude values
corresponding to each respective pixel of an image, i.e.
corresponding to each resolution cell on the ground [42].
Amplitude depends more on the backscattering property of
the scatterer on the ground, and not the chemical compo-
sition of the scatterer [42]. Radar waves propagate with the
speed of light (3 x 10® m/s) to impinge any target and
come back with the same speed. This speed provides the
measurement of distance (Atime x velocity) in terms of
half of the travel time. Radar measures any distance using
the delay of time between transmitting and receiving of the
radar pulse.

There are more backscattered informations from a rough
surface rather than a smooth surface, because the radiation
is mirrored away from smooth surface due to specular
reflection. High backscatter (from the urban area, exposed
rock, etc.) is represented by a bright pixel in an image,
while low backscatter is represented by dark colour pixel in
an image. In any coherent image, the presence of several
scattered returns generated from each resolution cell
appears like salt and pepper. This phenomenon, commonly
present in all SAR images, is called the speckle effect. The
speckle effect degrades the excellence and effectiveness of
SAR images and hence needs to be eliminated. It is
achieved by using multiple images or images from differ-
ent look angle, which are then averaged out to cancel the
inconsistencies, keeping the unvarying amplitude level
untouched [42].

Two independent observables, measured by SAR sensor,
are amplitude and phase of the backscattered echo. Most
SAR sensors are capable to acquire these data over a wide
swath of 10-400 km and pixel resolution of 1-100 m,
depending upon the mode of acquisition. The amplitude of
an image pixel is the terrain backscattered energy of cor-
responding ground cell, which has been sent back to the
antenna [43] to form the image. Amplitude information is
used for the study of the land cover classification, soil
moisture content, oil spill detection, etc. Phase data mea-
sure the wavefront that is a fraction of the backscattered
radar wavelength, at the time of capture by the antenna.
Phase information is used to monitor or detect changes in
the order of centimetre over the vast land surface [44]. The
interaction of radar signals with the ground surface is a
complex process because it depends on (a) physical
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properties of the constituent material such as dielectric
constant (depends on moisture content), (b) geometric
factors (slope, orientation, surface roughness, etc.),
(c) wavelength [45] and (d) slant range at which the
absorption and scattering are taking place [43].

2.2 SAR geometry

SAR data have two types of resolution of a pixel. The first
one is along the direction of flight, which is known as
azimuth resolution and the second one is across the
direction of flight, which is known as range resolu-
tion. Measurment of the slant range and azimuth range in a
resolution cell depends on features of the SAR system [42].
The angle between the range direction and the nadir is the
look angle, and the angle between the range direction and
the local perpendicular to the resolution cell is called the
incidence angle [35]. Each pixel has a different incidence
angle because of the range direction and local surface
undulation. The incidence angle for a perfectly smooth
surface is equal to the look angle. The angle between the
range direction and the horizontal line is called the
depression angle.

Due to angles and undulation (slope) in terrain, SAR
images have distortions known as layover (tall objects and
steep slopes appear laid on ground), foreshortening (slopes
facing toward the radar appear compressed and length
measurements are incorrect) and radar shadow (areas
occulted by other areas, which increase with the increment
in the incidence angle) [42, 35, 46]. Radar images, and in
turn interferograms generated from them, are distorted by
slant range distortions. So for interpretation of interfero-
grams, we must know the geometry of the general area of
study. These distortions can be corrected by ascending
(upward scanning, i.e. south to north) and descending
(downward scanning, i.e. north to south) image acquisition
by the SAR antenna (pointing towards the same side (say,
right) of the direction of movement) [42].

2.3 Development of SAR sensors

SAR sensors primarily operate in P, S, L, C, and X bands
[36]. X band data is mainly useful for forest volume
mapping [47] because leaves reflect shorter wavelengths, C
band data are used for land deformation [48], L band data
are used to study geology beneath the canopy and P band
data are mainly useful for flood water mapping [49]. SAR
satellites are operated by different agencies. For example,
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(a) European Space Agency operates the ERS-1 and 2,
Envisat and Sentinel-1 and 2, (b) Japan Aerospace Explo-
ration Agency (JAXA) operates JERS-1, ALOS-1 and
ALOS-2, (c) Canadian Space Agency (CSA) operates
Radarsat-1, Radarsat-2 and the upcoming Radarsat con-
stellation, (d) Deutsches Zentrumfiir Luft-und Raumfahrte.
V. (DLR) operates TerraSAR-X and TanDEM-X, (e) In-
dian Space Research Organization (ISRO) operates
RISAT-1 (fully polarised), NovaSAR-1, upcoming NISAR
(with NASA), (f) Comision Nacional de Actividades
Espaciales operates SAOCOM, (g) Italian Space Agency
(ASI) operates COSMO-Skymed, (h) Instituto National de
Técnica Aeroespacial (INTA) operates PAZKorea,
(i) Aerospace Research Institute (KARI) operates KOMP-
Sat-5. Apart from these, the National Aeronautics and
Space Administration (NASA) of USA operates several
satellite-based SAR sensors. NASA is also part of project
NISAR with Indian Space Research Organisation (ISRO),
for development of SAR sensors operating in L and S
bands.

3 SAR techniques used in deformation monitoring

SAR, in general, is based on the Doppler Effect theory. The
principal of SAR is to synthesize large aperture by storing
the successive echoes from moving radar to achieve the
high spatial resolution [23] in azimuth (along-track direc-
tion) and slant-range (cross-track direction) directions
[50]. The slant range resolution (ArSg) is c¢t/2, where ‘1’ is
the pulse width and c is the speed of light [51] Azimuth
resolution is AR /L where A is wavelength of the radar pulse
[46]. SAR data are broadly used for two techniques—po-
larimetry and interferometry. Polarimetry deals with the
full vector nature of the data or polarization of the
backscattered echo to retrieve a geophysical property of
scatterers. On the other hand, interferometry deals with the
phase information (slightly different position) to retrieve
the topographic three-dimensional feature [52]. SAR
interferometry is a well establish powerful tool in remote
sensing [53], which has been extensively applied to mea-
sure accurate geophysical parameters in the last 35 years
[54]. It gives high accuracy to measure the third-dimen-
sional (height or elevation) measurement for minute
transformation [55]. This paper mainly focuses on the
basics of InSAR and deformation monitoring techniques.
The contemporary techniques of interferometry used to
monitor deformation are DInSAR and PSInSAR. Interfer-
ometry was first introduced for mapping of the planetary
surface. Venus surface was mapped by Arecibo interfer-
ometer at 70 cm wavelength by Campbell and his co-
workers in 1970 [56], and then lunar topography was
mapped in 1972 by Irwin L. Shapiro and his co-workers by

using radar photography [39]. In 1974 Graham used RAR
antenna at slightly different positions to monitor the three-
dimensional topography using interferometry in slant range
direction [21, 44]. InSAR is a monitoring tool, introduced
in the late 1980s [57], which predicts remotely by sensing
small changes in the earth’s height at a record level of
spatial detail [58]. A detailed review of radar interferom-
etry has been explained nicely in [59-61].

3.1 Interferometric SAR (InSAR)

Interferometry is a technique that utilizes the principle of
interference of wave. By using two light waves from a
coherent source two images are aquired, which are super-
imposed to cause interference to take out information. The
principle of interferometry is accomplished by using a
coherent source of data. The interferogram is dependent on
the radar parameters and target properties. SAR interfer-
ometry can be achieved along-track and across-track [62].
Interferometry has been used for deformation and planetary
motion since 35 years. It is used to extract deformation
of earth due to volcanic eruption [63], landsliding [64],
surface subsidence [65], urbanization [66], mining [48], oil
extraction [67] etc. Mapping of surface geology [68] has
been done by using interferometry.

3.1.1 Basic process of interferogram formation

The deformation of an area is measured by acquiring two
coherent images, and then by detecting targets present in a
particular resolution cell in each image. The SAR source
observes a target area from slightly different look angles as
shown in Fig. 3. Using two SAR images (master and slave
images), suppose amplitude of target (point scatterer),
which is present in the first image resolution cell, is the
same as that in the respective resolution cell of the second
image. By observing the common target in the images,
having the same amplitude in both the images (not changed
over a period), the change between others can be easily
identified with the help of the common target within the
resolution cell. Interferograms are generated by the first
image pixel and the complex conjugate of the corre-
sponding pixel of another image, which means the images
are processed pixel by pixel [43, 44].

The coherence or interferometric correlation is the main
criterion for interferometry [62]. Two coherent SAR ima-
ges of the target or area (common in both images), used to
form interferogram, can be acquired during a single-pass
called simultaneous interferometry (both acquisitions at the
same pass with slightly different positions) or by the repeat
pass (different acquisition by the same SAR sensor at
different passes). Then these images are co-registered and
the phase difference (¢) pattern of the corresponding pixel
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Fig. 3 Geometric parameters of
the satellite interferometry SAR
system for deformation

monitoring (modified from [69])
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elements (which is a function of interferometric baseline,
orientation, wavelength and target height) is estimated at
the base for the fringe formation [23]. The interferometric
baseline can be calculated by two methods - single pass or
one-pass method (both the transmitting and receiving
antenna set on the same base) and two passes method (the
transmitting and receiving antenna set on altered bases)
[62].

The path difference is the variation in the length of
coupled waves, which have traveled from source to
impinge the coherent target, whereas phase difference is
the shift in wavefront from the origin. It is helpful when
there are two waves, in which one starts from zero and
another wave having some non-zero position at the same
time. Suppose, two different waves (S1 and S2), are
meeting at a single point (P), then the path difference will
be equal to S,P — S,P Fig. 4.

If a wave travels an extra length, then there will be a
difference in phase ¢ = 2m x path difference/wavelength.
The phase change of wave is proportional to the dis-
tance traveled (during transmission and reception). It can
be calculated [23] as

@ =2mnr/A (1)
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If the phase change is zero and total distance traveled is
R (transmitting) 4+ R (receiving) = 2R, then the phase is
equal to

@ =21 X 2R/\A=4nR/A (2)

where ¢ is the phase change between the two way traveling
and, R is the transmission or reception distance.

The path difference (Ar) can be calculate by using
geometric parameters such as perpendicular baseline (B,),
slant range distance between target and sensor (R) and the
perpendicular displacement of the resolution cells along
the slant range (qs). The interferometry phase varies with
path difference/wavelength (1) [42].

Ar = —2B,q,/R 3)
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Then phase difference is equal to
Ap = 2nAr/ A = 47B,q, /IR 4)

Any factor (land displacement, moisture content, etc.) or
condition (snowfall, land change, etc.), which disturbs the
backscattered signals, will also affect the fringe of the
interferogram. This can be calculated and measured by
InSAR technique [43]. The perpendicular baseline is
determined from orbital information.

The relative terrain proportional phase map generated by
interferogram flattening is computed by

Agp = (4nB,q//R) — (47nB,S/AR tan 0) (5)

where q is the altitude difference between point targets
from the horizontal plane.

Subsequent steps in a typical analysis are- Phase filter-
ing (for better visualization of results) and Phase unwrap-
ping (for accurate and unambiguous measurements from
the interferogram). Advanced InSAR techniques provide
better results for the evaluation of deformation over an
area.

3.2 DInSAR technique for deformation monitoring

In the case of DInSAR, an area is imaged at two different
points of time to monitor even the slightest of change on
the ground surface due to any cause. The interfero-
gram represents the phase difference of pixels of one
image from the corresponding pixels of another image
[43, 44]. The two SLC or raw images (master and slave
images) of a desirable area (area of interest) are used to
estimate the baseline. The co-registered images are then
used to generate an interferogram by calculating phase
difference pixel by pixel followed by flat earth correction,
phase unwrapping and then geocoding [70]. The interfer-
ogram obtained after flat earth correction is wrapped
(contains phase difference values 0 — 2w only), hence it
needs to be unwrapped (to reveal true phase difference
values beyond 2m). Phase unwrapping is an essential pro-
cedure for deformation analysis [62], where one has to
derive height displacement in the cross direction (slant
range) of the antenna [18]. The displacement phase
unwrapping is derived from 4mn/wavelength (A) x height
displacement [18].

The phase components information contributes to
the interferogram generation. The phase measurement
depends on how good the images are co-registered. The
phase change in the interferogram is the composite of
topographic information (¢ topo), surface dislocation
between the two acquisitions (¢ disp), atmospheric delay
(¢ atmo), and noise (¢ noise) [18], as shown below in the
equation.

@ = @topo + @disp + @atmo + @noise (6)

The formation of the interferogram depends on the line
of sight (LOS), the slope of the area, the angle of incidence,
the topographic difference from two slightly different
positions of radar, sensor configuration, etc. In an inter-
ferogram one fringe is equal to one half of the wavelength.
Narrow fringes clearly show the undulations in terrain [50].
Interferogram can be used to interpret many types of
deformations that occur in the area. If the surface changes
due to the growth of vegetation, snowfall, flood, geological
hazard, etc., then the interferogram also changes due to
phase disturbance.

Accuracy of interferometric analysis gets degraded due
to loss of coherence by temporal and geometric decorre-
lation, atmospheric artefacts, residual orbital components
and uncompensated topography affecting the phase of two
acquisitions. To remove these limitations advanced inter-
ferometric techniques are introduced. These techniques
work on stacks of images, and some designated permanent
points (PS points) in these images, to estimate the
deformation.

3.3 Persistent scatter interferometry (PSInSAR)

The PSInSAR technique was developed at the Politecnico
di Milano (Milan, Italy) [12]. In the last 20 years, it has
been used to detect and monitor small or minute surface
deformation. PSInSAR is a competent technique of remote
sensing [2, 73, 74], which utilizes the natural and anthro-
pogenic target properties to detect a coherent change over
a long time [16]. This is achieved through analysis of
amplitude-time series, after radiometric correction [75].

The PSInSAR method uses the temporal and spatial
characteristics of designated targets or so-called persistent
scatterers (PS) [75] and provides a precise estimation
of total phase difference in terms of deformation, atmo-
spheric, topographic and orbital phase [10]. PSInSAR has
three requirements in the area of interest- the maximum
number of images, slow target motion and a sufficient
number of PS points [75]. The designated PS points can be
building, bridge, coal mine site etc., which have not
changed in a while. To increase PS points artificial corner
reflectors can be used because they give high backscatter
[49].

3.3.1 Phase scatterer detection

Many attempts have been made to improve the selection
criterion for PS points. The PSInSAR method incorporates
three such criteria, namely, phase stability, correlation and
normalized amplitude dispersion [74].

Amplitude dispersion D, can be written as [74].
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DA:O'A/I’I’IA (7)

where, g4 and m, are standard deviation and mean of the
backscattering intensity. In this method, Ferretti [74]
pointed out that a pixel with a D-value between 0.25 and
0.4 can be selected as PS point. In this criterion phase
information is not required. Hence it is easy to imple-
ment, it has excellent efficiency and there is no relation-
ship among adjacent pixels. So it is useful to detect the
singleton PS point.

Amplitude stability index (ASI) for detection of PS
point is defined by using Eq. (8) [76].

ASI=1— (GA/mA) (8)

PS points are selected based on some threshold value.
Atmospheric phase screen (APS) introduces phase ambi-
guity due to delay caused by atmospheric disturbance. This
is estimated and then removed from the generated image.
DEM is used to remove the topographic phase signature
from interferogram. For high coherence, PS points create a
network with the neighboring PS points. These PS points
are then used to calculate deformation in the LOS.

The main limitation of PSInSAR is that it
sures cumulative ground movement in the LOS, and does
not measure the non-linear movements which occur due to
geological processes [65].

PSInSAR is an advanced interferometry technique,
which has been used for the deformation monitoring
in areas in the USA using ERS1/2 [77] and in China [10].
In litrature, the PSInSAR technique has been used for some
novel findings. Subsidence, at a rate of 44 mm/year, was
detected in the Zonguldak province of Turkey using 18
ascending SAR images (January 2007 to June 2010) of
ALOS data [68], the Karadon and Uzulmez mine galleries
were located by PSInSAR technique [78], and coal mining
areas of India were found to experience subsidence, at a
rate of 20 mm/year, using 17 C-band Sentinel-1 images
[48].

mea-

4 Software for interferometry

Radar remote sensing provides a new platform for earth
science research that increases the productivity and lowers
the risk. However, suitable digital data sets and appropriate
software remain the pre-requisites for any remote sensing
project. InSAR analysis can be performed on freely avail-
able SAR data sets and open source or commercial soft-
ware. The freely available software packages are mostly
used for academics.

Much open source software is
described in Table 2 below.

available now, as
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Repeat orbit interferometry PACkage (ROI_PAC) is a
powerful open-source software developed and maintained
by Jet Propulsion Laboratory (JPL/Cal tech) [79],
Delft Object-Oriented Radar Interferometric Software
(DORIS) is developed by the Delft Institute of Earth
Observation and Space Systems of Delft University of
Technology which can handle data from ERS, ENVISAT,
JERS, etc.

DInSAR technique can be performed by the SUBSOFT
software, developed by the remote sensing laboratory
(RSLab) group from the Universitat Politecnicade Catalu-
nya (UPC). This software is based on the use of Coherent
Pixels Technique (CPT) algorithm [80].

Generic mapping tools synthetic aperture radar
(GMTSAR), is written in C programming language ANSI
C standard, which can perform pre and post-processing
operations on ERS-1/2, JERS-1, SIR-C/X-SAR, RADAR-
SAT, ENVISAT ASAR, ALOS-1, TerraSAR-X, COS-
MOS-SkyMed, Radarsat-2, Sentinel-1A/B, and ALOS-2
data. The results are shown or displayed as postscript files
and KML images for Google Earth [81].

The three Sentinel toolboxes Sentinel-1, 2 and 3 are on
the common platform SNAP, which is a community
developed by ESA to access the software and share the
knowledge for promoting the results and achievements.
The ESA toolboxes provide support for the ERS-ENVI-
SAT missions, the Sentinel 1/2/3 missions and a range of
other missions for the scientific exploitation [82].

Gamma SAR interferometry software is a user-friendly,
full functionality, command-based software having com-
patibility with UNIX operating system, PC/LINUX, and
PC/NT [83, 84]. It is a bundle of packages like Modular
SAR Processor (MSP), interferometric SAR processor
(ISP), differential interferometry and Geocoding Software
(DIFF and GEO), Land Application Tools (LAT),
Geocoding and Image Registration software (GEO), and
interferometric point target analysis (IPTA). It supports the
entire process flow from raw data to final product to be
generated from any of the sensors like ERS-1/2, ENVISAT
ASAR, Radarsat-1/2, Sentinel-1A/1B, JERS, ALOS PAL-
SAR-1/2, SIR-C, TerraSAR-X, Tandem-X, Cosmo-Sky-
med, KOMPSAT 5, RISAT and NASA-JPL UAVSAR
[85].

PolSARpro is developed by the IETR (Institute of
Electronics and Telecommunications of Rennes—UMR
CNRS 6164) of the University of Rennes, France. IETR is
in charge of the development of the PolSARpro software,
under ESA since 2003. It aims to facilitate research
by providing the processing capability of all type of data
from Sentinel-1, ALOS-1 PALSAR, ALOS-2 PALSAR,
COSMO-SkyMed, RADARSAT-2, RISAT, TerraSAR-X
and Tandem-X [86].



A review on surface deformation evaluation using multitemporal SAR interferometry techniques 275

Table 2 Description of open source and commercial software

Software Developer/company Package

Gamma Gamma remote sensing Commercial
ENVI SARScape Exelis Commercial
DIAPASON Altamira Commercial
IMAGINE radar mapping suite Erdas Commercial
ISCE Caltech/JPL and Stanford (UNAVCO manages licensing and distribution on behalf of Open source

WInSAR)

ROI_PAC Caltech/JPL Open source
GMTSAR SIO and SDSU Open source
DORIS TU-Delft Open source
Sentinel-1 toolbox European Space Agency Open source
OSARIS Loibl and his coworkers Open source
LiCSBAS Morishita and his coworkers Open source

LiCSBAS is an open-source SAR interferometry time
series analysis package that integrates with the automated
Sentinel-1 InSAR processor LiICSAR. It utilizes liberally
available LiCSAR products, and thereby saves user pro-
cessing time and disk space while obtaining the results of
InSAR time series analysis [87].

Two more commercial software, namely the SARscape
and Sarproz, are used for interferometry these days.
SARscape is a commercial software, which was developed
by Sarmap (a Swiss company). It interfaces with the ENVI
image analysis software. ENVI SARscape software pro-
cesses all types of airborne and spaceborne SAR data.

The Sarproz software was developed by Dr. Perissin
[88]. It is a powerful, multifaceted software, based on the
Matlab. It is user-friendly (no requirement of coding
knowledge), can run on multiple CPU cores or computer
clusters automatically, and can support data from most of
the radar satellites like TerraSAR-X [28], ALOS [89],
etc. It can process all interferometric modules (InSAR,
DInSAR, PSInSAR, etc.) [90] and can be used for moni-
toring subsidence [88]. For more details about SAR soft-
ware, utility, materials, and libraries refer links available
on geospatial warehouse [91].

5 InSAR advantages and limitations

The InSAR technique is fast and economically good as
compared to traditional techniques. It is a software-based
method, which consumes less manpower. High precision
(less then centimeter) in deformation monitoring and high
accuracy in target georeferencing can be achieved using
PSInSAR technique [29]. The results provide information,

which is continuous and reuseable for further study over
the same area.

One of the limitations of InSAR techniques for accurate
deformation measurment lies in the availability of data
with suitable coherence, atmospheric stability and orbit
information. These are required for the procedure to return
a good interferogram as shown in Eq. (6). The loss of
coherence occurs due to geometric and temporal decorre-
lation of two acquisitions. As a result, the reflectivity also
changes, which affects the phase difference for generation
of interferogram [12]. Data sets having good coherence are
trustworthy for interferogram. Coherence maps are also
used as an indicator for LOS deformation monitoring. To
overcome the problem of decorrelation, short temporal
baseline and short perpendicular baseline images should be
taken to minimize temporal and geometric deccorelation
respectively [12]. Besides, care should be taken to mini-
mize atmospheric artifacts, which occur due to presence of
different meteorological conditions [12]. Orbital informa-
tion plays a vital role in the estimation of flat earth phase.
So all the processing steps depend on the geometry and
acquisition period of images.

Another limitation of InSAR techniques is data archive,
as more data sets are required for better accuracy. Avail-
ability of suitable interferometric data can not be assured
only by temporal resolution over some time. ALOS Palsar
L band data are available with 35 days repeativity. Sen-
tinel-1 A data are available with 12 days repeativity, and in
conjunction with the Sentinel-1 B data temporal resolution
reduces to 6 days. The data sets are used as per the
topography of the area of interest, for example, L band data
can penetrate vegetation canopy, but C band data cannot.
So it is not always possible to get archival data over an
area with the required baseline measurement and
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wavelength. To reduce these drawbacks, different approa-
ches have been proposed to detect the deformation over an
area.

6 InSAR application in deformation monitoring

In this section, a concise review of InSAR techniques is
furnished for application in deformation monitoring.
Deformation is the change of the earth’s surface. It can
occur due to loss of elevation, gradual change due to
shrinkage or movement of earth’s surface material caused
by the motion of the surface or loss of the subsurface
support. The deformation of the earth’s surface is a uni-
versal problem in the form of subsidence. Primarly radar
interferometry was used to monitor the deformation in
the 1980s [92] for the detecton of small changes.

According to the geological survey of the US in 1991,
sustainable development of land and water depends on
improved scientific understanding and detection of subsi-
dence of our land and water resources [3]. Scientific lit-
erature conveys that InSAR is important for many
applications like the production of the DEM [93].
With advancement or extension of InSAR, DInSAR and
PSInSAR have been used to [94] monitor the surface
deformation caused by natural [64] and anthropogenic
activity. InSAR techniques are widely used to measure the
topographic profile, surface deformations, or dielectric
properties of the ground surface [2, 4, 23, 72], and subsi-
dence monitoring [16, 88]. InSAR is capable to measure
the elevation change or deformation due to mining activity
[11]. It is not possible to measure the full displacement
vector along the LOS since radar sensors are only sensitive
to vertical surface deformation (away or towards) from the
satellite [44, 54]. The ‘away’ case represents surface sub-
sidence and ‘towards’ case represents surface upliftment
[95]. The measurement of deformation/subsidence is very
fast in this method due to the availability of radar data and
monitoring techniques. Sentinel-1 C band data, due to its
availability, has shown great potential to monitor the de-
formation of the earth’s surface worldwide
[29, 48, 96-100].

InSAR technique has been used worldwide for detection
of mass movement by using ground-based InSAR (GBIn-
SAR) [101], subsidence detection in wetland [102], sub-
sidence monitoring near intercity railways with multi-
temporal InSAR (MTSAR) technique [28], subsidence
induced by coal mining [11, 16, 17, 19, 26, 34, 63], etc.
The interferogram fringes provide qualitative (shape and
extent of subsidence) and quantitative (rate of subsidence
between two passes of the satellite) details of the area
under study [6]. A detailed review of mine surface defor-
mation monitoring using InSAR techniques is specified in
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[103]. Urban deformation due to waterlogging has been
monitored by C band Sentinel data using the DInSAR
technique [66]. Naturally occurring deformation such as
landslide has also been detected in Lower Austria (Aus-
tria), Kaohsiung County (Taiwan), South Tyrol and
Abruzzo (Italy) and the Lubietova (Slovakia) by using
InSAR techniques [64].

In the United States, more than 80% of subsidence
occurs due to the shrinking of the earth by extraction and
drainage of groundwater or human activities. Surface dis-
placement affects 45 states and more than 17,000 sq. miles
[3], Subsidence is presently dangerous due to the increas-
ing development of land and water [3]. Five areas of
California have been studied for subsidence or change in
earth surface due to water extraction, the Santa Clara
Valley in northern California for subsidence due to agri-
culture use, Houston—Galveston area in Texas for subsi-
dence due to extraction of oil and gas, and south-central
Arizona for subsidence and fissuring of earth surface due to
the mining of water [3]. In 1998, with the help of the In-
SAR technique, subsidence measuring approximately 2
inches was found in Antelope Valley, the Mojave Desert,
California for the period October 20, 1993, to December
22, 1995. Subsidence also affects railway tracks, which
has been detected by using InSAR techniques [28]. In
India, the deformation of land occurs mainly due to the
extraction of water [104], mining activities [48], and
the development of land [48]. Subsidence has been moni-
tored by C and L band data in the case of coal
mines [17, 48] and in case of an urban area [66]. Over-
all, C and L band SAR data and associated InSAR tech-
niques show great capability in deformation monitoring.

7 Conclusions

Earth monitoring through space based visible data has
shown its capability in different applications. The visible
bands fail to deliver desired results in adverse meteoro-
logical conditions like rain, cloud, storms, etc. To over-
come these conditions, radar data became a
favorable choice for different applications. Radar data are
available at different wavelengths. During the initial day-
s radar data were used for monitoring planetary motions.
Today, with their present capability and availability, radar
data have been converted into an essential tool for moni-
toring planets and their surface.

With the availability of SAR data, the golden time has
started for monitoring of deformation in a more effective
and less time-consuming manner as compared to tradi-
tional techniques. This paper presents the importance of
SAR data and its techniques for an accurate evaluation of
deformation.
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Using different space-born data and techniques, it is
easy to monitor even the smallest of change (less than a
centimeter) on earth’s surface along the LOS of the radar.

The data is acquired through different agencies as per
the availability and application. In SAR images, the peni-
tration becomes deeper while image contrast and noise
becomes less with increase in wavelength, and vice versa.
C band data is useful for small change detection over less
vegetated area and L band data is useful for the highly
vegetated area, because L band wavelength can provide
earth information underneath the canopy by penetrating it.
Using different InSAR data and techniques, it is easy to
extract deformation measurements over a large area in less
time.

By using appropriate knowledge of different software
and techniques, deformation can be monitored accurately.
DInSAR technique is suitable where fewer data are avail-
able and PSInSAR is suitable where heaps of data are
available. PSInSAR technique provides higher accuracy
[105] over a wide area than DInSAR. PSInSAR technique
helps to predict pointwise deformation over an area, where
large number of SAR data are available. Good coherence,
smaller temporal baseline and shorter perpendicular base-
line give good results during data processing, due to less
geometric and  temporal decorrelation in  the
constituent images.

Further research regarding advanced techniques using
data from future satellite programs will undoubtedly
improve the methods of deformation monitoring.
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