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Abstract—This work proposes a multigrid differential syn-
thetic aperture radar (SAR) interferometry (InSAR) technique
for the detection of ground displacements at different spatial
scales. The method relies on efficient phase-unwrapping (PhU)
operations performed at the native spatial scales. In particular,
a set of multi-look interferograms are first unwrapped using
conventional (or advanced) PhU algorithms at the regional
scale. Subsequently, ML unwrapped interferograms are used
to facilitate the PhU operations performed at the local scale
(single-look). Specifically, the unwrapped multi-look interfero-
grams are resampled to the single-look grid and modulo-27 sub-
tracted to the single-look interferograms. These phase residuals
are then unwrapped and added back to the multi-look resampled
interferograms. To accomplish these operations, at variance with
alternative multiscale methods, no (linear/nonlinear) models are
used to fit the spatial high-pass phase residuals. Finally, the
unwrapped single-look interferograms are properly inverted to
retrieve the ground displacement time series using any small
baseline (SB)-oriented multitemporal InSAR tool. Experimental
results are performed by processing a set of SAR data acquired
by the X-band COSMO-SkyMed sensor over the coastal area of
Shanghai, China.

Index Terms— Ground deformations, multigrid phase unwrap-
ping (PhU), synthetic aperture radar interferometry (InSAR).

I. INTRODUCTION

HE exploitation of synthetic aperture radar (SAR)
images [1] through techniques as SAR interferome-
try (InSAR) represents a common practice nowadays to
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measure the topography and deformations of Earth’s surface.
In this context, differential InNSAR techniques provide accu-
rate measurements, with millimeter accuracy, of the ground
deformations along the radar line-of-sight (LOS) direction.
The multitemporal InSAR (Mt-InSAR) approaches, such as
the persistent scatterer interferometry (PSI) [2] and the small
baseline subset (SBAS) techniques [3], are helpful tools
for remotely detecting, mapping, and monitoring surface
deformation phenomena, due to their capability to produce
spatially dense velocity maps and long-term displacement
time series corresponding to coherent targets location. The
pioneering SBAS technique was specifically designed to
detect the distributed scatterers’ (DSs) ground displacements.
On the other hand, the PSI approaches focused on studying
ground deformations of pointwise and coherent permanent
scatterers (PSs) over the imaged scenes. In recent years,
some Mt-InSAR techniques have also been proposed for
investigating the deformation signals of both DS and PS
targets [4], [5], which allow performing a complete analy-
sis of the investigated scenes over medium-to-high coherent
regions.

It is well known that the decorrelation phenomena [6] play
a significant role in generating reliable ground displacement
time series. These phenomena substantially impact the echoes’
response returned from the targets to the sensor, and the
consequence is an increased level of noise in the generated
interferograms. A low signal-to-noise ratio (SNR) critically
impacts analyzing the interferometric signals (i.e., inaccurate
displacement time-series) using canonical interferometric SAR
approaches. Principally, low SNR values negatively influence
the accuracy of the phase-unwrapping (PhU) operation [1],
which is the procedure to recover the full phase from the
measured interferometric phases, whose values are restricted
to the [—x, +x) range. Since PhU is an ill-posed problem,
there is no unique solution, and many PhU algorithms have
been developed to handle this critical operation (see [7]-[11]).

The study of the ground deformations related to PS targets
can be performed through several efficient Mt-InSAR tech-
niques, which differ from the pioneering PSI approach [2],
such as the adaptations of the SBAS algorithm [11]-[13] at the
single-look (SL) spatial scale. These methods have revealed
effective and robust; however, when applied in critical scenar-
ios with considerable temporal decorrelation disturbances, the
regional [multi-look (ML)] analyses are not accurate enough
and degrade the products’ quality at the local scale (single-
look). This degradation is mostly attributable to a low density
of stable investigated targets. As a matter of fact, the method-
ologies [11]-[13] and other alternative methods available in the

1558-0571 © 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: Universita degli Studi della Basilicata. Downloaded on October 09,2024 at 09:49:50 UTC from IEEE Xplore. Restrictions apply.


https://orcid.org/0000-0002-3698-908X
https://orcid.org/0000-0002-7843-3565
https://orcid.org/0000-0002-5931-7681
https://orcid.org/0000-0002-7986-8296

4014905

literature analyze the interferograms at the SL scale, benefiting
from a dense network of DS pixels identified at the regional
scale.

This letter proposes a novel multigrid hybrid technique
that investigates stable targets’ deformations at SL scale
implementing a multigrid PhU procedure that, at variance
with [11], [12], could limit the PhU errors propagation.
The developed technique exploits the unwrapped phases at
the regional scale to perform (local) PhU operations at the
finer SL scale, which are performed by solving an L;-norm
problem [9], [10]. At variance with [11], [12], the proposed
methodology’s distinctive characteristic is that the unwrapped
phases at the regional scale are exclusively used to facilitate
the PhU of the SL interferograms. No least-square (LS)
inversion procedures (between the regional and local scale)
are applied before the PhU operations are performed at the
SL scale, by circumventing the PhU errors’ propagation due
to the LS inversion and limiting other drawbacks of alternative
Mt-InSAR solutions.

The proposed technique has been tested in the low-coherent
coastal zone of the Shanghai megacity. The investigated
area has long been subjected to severe ocean-reclamation
projects to satisfy the growing land demand for industrial
and urban development. Therefore, the selected case-study
area is severely decorrelated [14]. The InSAR analyses are
thus more challenging using canonical approaches so that our
hybrid approach gives better results in this context. A set of 46
COSMO-SkyMed (CSK) SAR images acquired from 2013 to
2016, provided by the Italian Space Agency (ASI), have been
used to test the proposed methodology.

II. PERMANENT AND DISTRIBUTED
SCATTERERS SELECTION

The proposed technique first requires identifying the loca-
tion of stable targets (both PSs and DSs). This operation
is crucial because maximizing the spatial density of reliable
and well-processed SAR pixels at both local and regional
scales has mutual effects at both scales. To perform effectively
PhU procedures, a suitable selection of the “stable” pixels is
performed on the coarse (regional) and fine (local) resolution
scales independently.

Given a set of N SAR images, two sets of M differential
SAR interferograms at the regional go,»(ML) i=1,2,...,M and
local go(SL) i = 1,2,..., M spatial scales are preliminarily
generated (see [3], [12]).

Due to the different statistical properties of the PSs and
DSs [1], evaluating the stability of the two different classes of
scatterers (PS and DS) has been carried out with distinctive
strategies.

For what attain the coarser resolution, we select the stable
DSs by analyzing the ML InSAR phases and their temporal
relations over the entire set of available InSAR data pairs,
as shortly outlined in [15]. In particular, from the generated
multi-look interferograms, the following factor is computed:

yps(P) = [0, 1] ey

A
1
~|2_exp [0 (P)] | €
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where j = /—1 is the imaginary unit and go%f;)gji(P) =
goiMlg)(P) + go(ML)(P) + go(ML)(P) —z.+x 18 the wrapped sum
of three generic temporal connected ML InSAR phases (e.g.,
the i-th triplet), namely, ¢'%’(P), ¢p§¢’ (P), and o (P),
which are computed by exploiting SAR images acqulred at
three time instants, namely, 74, ¢, and f¢ [15]. Note that P
is a generic pixel of the investigated scene at the ML scale,
A is the number of triplets that can be computed considering
the generated ML interferograms and (-)_, 4, stands for the
operator that wraps up the phase in the [—=z, +x) interval.
The relation (1), also called triangular coherence, represents
an equivalent estimator of DS targets’ coherence [15]. Pixels
with triangular coherence values greater or equal to a certain
threshold yareshold " g6 — (P 1 yps(P) > yparesholdy “are then
considered coherent DS points. Over them, the subsequent
operations at the regional scale are performed. Other strategies
for selecting the DS coherent targets are also feasible, such as
using the spatial coherence [1] or methods based on exploiting
the statistical similarities of the scatterers involved in the ML
resolution cells [5].

Differently, the PS targets location identification on the
finest grid is made out using a spectral diversity esti-
mator [11]. With this method, the PSs phase dispersion
is evaluated by analyzing the difference between the two
nonspectral-overlapped range looks as follows:

Ll
— exp {Jj
|2

where ¢ P(P) and 9OV (P), respectively, are the upper and
lower spectra component of the checked SL pixel P. Similar
to (1), we select the stable PS targets by imposing a threshold
ypareshold “qych that the group of stable, PSs, obeys Sps =
{P : yps(P) > ppdresholdy ‘Tngtead of (2), other methodologies
can also be successfully applied for the identification of the
stable PSs, e.g., amplitude dispersion-based estimator [2] or
methods based on the exploitation of both amplitude and phase
values [4], [5].

The groups of the individuated stable PSs and coherent
DSs, namely, Sps and Sps, are those pixels over which the
subsequent PhU operations at the SL and ML scales are
performed, respectively.

yps(P) = 0P (P) — oV (P)]}| €10,1] (2)

III. MULTIGRID ALGORITHM

In this section, the focus is on the operations performed
to get the interferometric unwrapped phase signals at the
SL spatial scale by showing how the proposed methodology
avoids some of the bottlenecks that arise in specific Mt-InSAR
methods that work at SL scale [11]-[13].

We can split the proposed approach into two distinctive
processing steps.

1) The first PhU operations are performed on the group of

coherent DS pixels Sps.

2) The final PhU step is directly applied at the SL scale on
the group of stable PS targets Sps, by considering the
unwrapped phase values computed at the ML scale as
a proxy to facilitate/improve PhU operations at the SL
scale.

Authorized licensed use limited to: Universita degli Studi della Basilicata. Downloaded on October 09,2024 at 09:49:50 UTC from IEEE Xplore. Restrictions apply.



FALABELLA et al.: MULTIGRID InSAR TECHNIQUE FOR JOINT ANALYSES AT SINGLE-LOOK AND MULTI-LOOK SCALES

QO( ML) DSs Selectlon PhU
1

4014905

b (e

IW”’ . Temporal coherence -
]I—>[ LS Inversion H estimation APS Filtering

Single-look

30‘( SL) J——)‘ PSs Selection

Fig. 1.

HYBRID CORE

Flow diagram of the developed hybrid multiscale InSAR approach.

We underline that the ML PhU operations can be set up with
any L-solver currently available in the literature, such as the
algorithms [9], [10] or using 3-D PhU tools.

We now focus on the core of the methodology. In this
context, we follow a strategy that permits us to unwrap the SL
InSAR phases related to the group of stable PS targets Sps by
circumventing some of the problems connected to PhU errors
propagation through the interferograms’ network [12], [13] or
the aliasing phenomena [11].

The unwrapped phases at the SL scale y/i(SL) i =
1,2,..., M are computed at the generic radar pixel P of the
finer grid as follows:

v (P) =y (P) + (g1 (P) —

+27 Km (P)a

WI(VIML)(P)>—7T,+7E
m=1,2,...,.M (3)

where V/(SL)(P) and go,(nSL)(P) are the unwrapped and wrapped
SL phases, respectively, y ™ML (P) is the unwrapped ML
phase computed at the coarser spatial grid and resampled
over the finer grid, and K, (P) is the ambiguity number
estimated during the PhU operation of the residual phase term
(go,(nSL) - w,(nML)),,[,M. In (3), the resampled ML unwrapped
phases act as a model to help (and improve) the PhU operation
at the SL scale. We want to stress that, differently from the
method in [12], which requires the generation of the ground
displacement time series at the regional scale (used to flatten
the SL interferograms), our approach performs PhU operations
directly at the SL scale on the (undistorted) set of differential
residual interferograms (p ™) — y M), |,. PhU operations
at the SL scale can be set using the same L;-solver used for
the PhU operations at the ML scale. Moreover, to increase
the number of detectable SAR pixels at the SL scale, PhU
operations can be complemented with region-growing local
PhU procedures (see [13] and the references therein). In this
way, also intermittent coherent SAR pixels at the SL scale
might be finally analyzed.

We want to remark that, conversely, the method in [12]
and other alternative Mt-InSAR multiscale [13], [16], [17]
approaches rely on the analysis of the phase residuals
(pBL) — /ML)y . where w/MD are the resampled
interferograms reconstructed from the ground displacement
time series computed after the LS inversion of the ML
interferograms. However, the LS inversion of the ML
interferograms, which leads to the generation of the ground
displacement time series, spreads the PhU mistakes all over
the whole network of differential SAR interferograms, see
also [18], affecting also those “reconstructed” interferograms
that were originally well-unwrapped. Accordingly, the residual
phases (go,(nSL) — w,/,EML)),,,,H might be erroneous because
contaminated by time-uncorrelated PhU errors. This finding

InSAR products

is critical, especially in low-coherent regions, and justifies
the work presented in this letter. It is worth noting
that, conversely, in medium-to-high coherent regions,
the approaches in [11]—-[13] result very robust. Finally, the
LOS-projected ground displacement time series, containing the
whole contributions due to the ground terrain movements and
the differential displacements of the buildings/infrastructures
and human-made objects, are directly obtained through the
LS inversion (or a weighted LS inversion as proposed in [19])
of the SL unwrapped interferograms, see (3).

To check the reliability of the computed local ground dis-
placement time series, we calculate the values of the temporal
coherence [10], [11], [15], [18] factor that gives us feedback on
the amount of time-uncorrelated PhU errors committed at the
given SAR pixel. Reasonable values of the temporal coherence
threshold yhreshold yged to identify the well-processed SAR
pixels at the SL scale lie in the [0.6,0.9] range. As a final
step, the atmospheric phase screen (APS) is estimated and
compensated from the obtained LOS-projected displacement
time series [2], [3].

The working flow of the proposed hybrid multiscale InSAR
approach is shown in Fig. 1.

IV. EXPERIMENTAL RESULTS

The developed multiscale InSAR method has been tested
on a set of SAR data acquired over the ocean-reclaimed lands
of Lingang New City, Shanghai, China. The selected area is
characterized by a mixture of new human-made structures and
bare soil lands, subject to essential consolidation movements,
especially in the slice of land next to the sea [14]. We used
46 VV polarized CSK (X-band) SAR images, spanning the
time interval between December 2013 and January 2016,
from which 104 differential SAR interferograms have been
generated at both regional and local scales. The interferograms
have been identified by imposing a maximum threshold on
both orthogonal and temporal baseline values to reduce the
decorrelation phenomena [6]. Expressly, we have set 250 days
and 300 m for the orthogonal and temporal baseline thresholds,
respectively. The two sets of SL and ML interferograms, with
an ML factor of ten pixels for both the range and azimuth
directions, were finally generated. We show in Fig. 2 the
comparison of the SL flattened phase residuals related to
two selected interferograms, computed with the strategy
adopted in [12], [16], and [17], namely (p®Y) — /ML)y
(left side), and those analyzed with our method, namely
(pBL) — ML)y . (right side). The spurious phase sig-
nals that appear in Fig. 2(a) and (c) are the results of the
time-uncorrelated PhU errors [18] that the SBAS LS inversion
spreads all over the network of small baseline (SB) interfero-
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Fig. 2. Comparison of four selected full resolution residual SAR inter-
ferograms, focused on Lingang New City district, (a) and (c) are flatted by
using the ground displacement time-series, strategy adopted in [12], [16], [17],
whereas (b) and (d) are flatted by using the (undistorted) resampled ML
unwrapped phases, as proposed in our multiscale technique. (a) and (b) Flat-
tened interferograms calculated from the InSAR pair of the epochs January 19,
2015, and January 27, 2015. (c) and (d) Flattened interferograms calculated
from the InSAR pair of the epochs January 24, 2014, and February 9, 2014.

grams. These phase residuals might affect the performance
of the PhU operations at the SL scale that are usually
carried out with conventional methods [12], [16], [17] by
first fitting the phase residuals with a linear model and then
inverting the relevant nonlinear phase components in the LS
sense.

We show in Fig. 3 the mean ground displacement velocity
map corresponding to well-processed SL pixels, characterized
by temporal coherence values larger than 0.6. We also show
the ground deformation time series of two selected PSs located
in the area of land reclamation of the city of Shanghai.
In Fig. 4, a comparison of the spatial distribution of the
well-processed SAR pixels at the ML and SL scales [see
Fig. 4(a) and (b)] is provided. It is also worth emphasizing
that, with our method, the analysis of the SL interferograms
does not require the preliminary generation of the ground
displacement time series at the ML scale, with a consequent
reduction of the overall processing computation time.

As a further experiment, we compared the number of well-
processed SAR pixels obtained with our method with those
obtained, using conventional methods [12], [16], [17], by fit-
ting the (wrapped) phase residuals (go,(nSL) — /MLy with

m
a linear model in time. With our method, well-processed SAR
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Fig. 3.  InSAR products, focused on Lingang New City district, obtained
from the proposed hybrid multiscale approach. The full resolution mean
deformation velocity of the SL stable targets is present on the top, where
are highlighted two PS targets of interest (labeled as 1-2). For the latter PS
targets (1-2), the ground displacement time series are shown at bottom of the
figure. The black triangle identifies the location of the spatial reference point.
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Fig. 4. Mean deformation velocity maps of a zoomed area of Lingang New
City. (a) ML. (b) SL case. The white dashed rectangles highlight three regions
of interest.

pixels at the SL scale were discriminated by computing the
values of temporal coherence factor [10]. We obtained about
1.3 million pixels with temporal coherence values greater
than 0.6. Conversely, in the conventional case, we used an
alternative coherence factor [12], which quantifies the linear
fitting accordance. In this case, we got about 650000 pixels
with coherence greater than 0.4. It is worth noting that the
investigated land-reclaimed areas are subjected to significant
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nonlinear ground deformations in time and this, along with the
presence of spurious terms in the high-pass phase residuals,
impacts the quality of the linear fitting. Moreover, we want
also to point out that high temporal coherence values [10]
denote that there is good agreement between the interfero-
grams reconstructed from the generated ground displacement
time series and the (wrapped) interferograms [18], thus pro-
viding a kind of indirect validation of the results.

V. CONCLUSION

A multiscale InSAR approach based on directly unwrapping
the interferometric phases at the SL scale has been proposed.
Unlike the multiscale InSAR approaches that use the informa-
tion from the ML (regional) ground displacement time series
to perform the full resolution PhU, in the proposed tech-
nique, exclusively, the ML unwrapped phases are employed.
The strategy allows us to drastically reduce the amount of
ambiguity numbers to be retrieved during the PhU operations
at full resolution scale. Besides, with respect to alternative
approaches, the method can straighforwardly process non-
linear/'unmodeled deformation phase signals in time. This
research study represents the first step. However, extra work is
required to validate the method through ground-truth data in
different applicative contexts characterized by heterogeneous
ground deformation phenomena. This is a matter for future
extensive investigations.
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