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Abstract—We present in this work the new advances of
the differential synthetic aperture radar (SAR) interferometry
(DInSAR) technique referred to as the parallel Small BAseline
Subset (P-SBAS) approach for the generation of displacement time
series from the recently available L-band SAR image sequences ac-
quired by the Argentinian SAOCOM-1 constellation. In particular,
we first discuss the algorithmic extensions allowing us to retrieve
SAOCOM-1 DInSAR products, with a main focus on the exploita-
tion of Stripmap SAR images and multilook interferograms. These
algorithmic improvements are relevant to the adjacent single look
complex (SLC) image slices merging to the multitemporal residual
orbital artifacts mitigation and to the phase unwrapping proce-
dure enhancement. Subsequently, the effectiveness of the extended
P-SBAS processing chain is shown through a comparative anal-
ysis between the achieved SAOCOM-1 DInSAR results and the
corresponding ones relevant to Sentinel-1 and COSMO-SkyMed
acquisitions. Moreover, a comparison between the SAOCOM-1
displacement time series and the GNSS measurements, relevant
to the Campi Flegrei Caldera (Italy), is presented. This shows that
the mean standard deviation value of the differences between the
DInSAR and the GNSS time series, the latter projected in the radar
line of sight, is about 1 cm, further confirming the effectiveness of
the P-SBAS processing chain extension.

Received 25 July 2024; revised 14 October 2024; accepted 15 November
2024. Date of publication 27 November 2024; date of current version 3 January
2025. This work was supported in part by the ASI Research under Project 2021-
8-U.0 “DInSAR-3M DInSAR Multi-frequenza/Multi-piattaforma per analisi
Multi-scala dei movimenti del suolo,” in part by the Italian DPC in the frame
of the IREA-DPC (2022-2024) agreement, although it does not necessarily
represent DPC official opinion and policies, in part by the European Union —Next
Generation EU (PNRR-M4C2) under Project ICSC-CN-HPC (CN00000013),
Project CN-MOST (CN00000023), Project MEET IR (IR0000025), and Project
GeoSciences IR (IRO000037), and in part by the National Operational Program
Infrastructures and Networks 2014/2020 of the Italian Ministry of Infrastruc-
ture and Transports under Project GRINT (PIR01_00013) and Project IBiSCo
(PIRO1_00011). (Corresponding author: Riccardo Lanari.)

Claudio De Luca, Yenni Lorena Belen Roa, Manuela Bonano, Francesco
Casu, Michele Manunta, Muhammad Yasir, Giovanni Onorato, Pasquale Striano,
and Riccardo Lanari are with the Istituto per il Rilevamento Elettromagnetico
dell’ Ambiente, CNR, 80124 Napoli, Italy (e-mail: lanari.r @irea.cnr.it).

Pablo Euillades and Leonardo Euillades are with the Conicet, Instituto CE-
DIAC, Facultad de Ingenieria, Universidad Nac de Cuyo, Mendoza M5500,
Argentina.

Marianna Franzese is with the Universita Degli Studi di Napoli Federico II,
80138 Napoli, Italy, and also with the Istituto per il Rilevamento Elettromag-
netico dell’ Ambiente, CNR, 80124 Napoli, Italy.

Luigi Dini and Deodato Tapete are with the Italian Space Agency (ASI),
00133 Rome, Italy.

Digital Object Identifier 10.1109/JSTARS.2024.3507554

, Manuela Bonano
, Student Member, IEEE, Michele Manunta
, Pasquale Striano, Luigi Dini, Deodato Tapete

, Pablo Euillades,
, Muhammad Yasir ",
, Fellow, IEEE

, Francesco Casu

, and Riccardo Lanari

Index Terms—Differential synthetic aperture radar interfero-
metry (DInSAR), displacement time series, GNSS, parallel Small
BAseline Subset (P-SBAS), SAOCOM-1.

I. INTRODUCTION

IFFERENTIAL synthetic aperture radar (SAR) interfer-
D ometry (DInSAR) is a well-known technique that allows
investigating surface displacements affecting large areas on
Earth, in both natural and anthropogenic hazard scenarios, with
rather limited costs and centimeter (in some cases millimeter)
accuracy [1], [2], [3]. We remark that, over the last decades,
the effectiveness of the satellite DInSAR technology for ground
deformation analysis and its crucial role in hazard scenarios have
been largely demonstrated [4], [5], [6], [7], [8], thus pushing the
space agencies to develop new space-borne SAR systems. In
particular, important investments in the advances of L-band SAR
sensors are ongoing, with the new missions of the EU, developed
by ESA (ROSE-L) and NASA-ISRO (NISAR), as well as the
already operating SAOCOM-1, ALOS-2 and ALOS-4, and the
Lutan-1 systems, clearly showing the growing relevance of
these sensors, particularly for what attains their interferometric
applications.

Indeed, it is worth remarking that the L-band DInSAR in-
terferograms are effective in maintaining coherence for a long
period in rather vegetated areas and in various cases of snow/ice-
covered zones, thus allowing to overcome the typical limitations
of higher frequency systems, operating at C- and/or X-band,
which, in the above scenarios, guarantee coherence only for short
time intervals. Accordingly, we envisage that this high coherence
capability of the L-band DInSAR interferograms, combined
with their lower proneness to phase unwrapping (PhU) errors
[2], will be highly beneficial for the detection, assessment, and
(in some cases) monitoring of rapid and/or large deformations
that may characterize several geohazards, such as landslides,
earthquakes, and volcanic unrests [9], [10], [11], [12], [13],
[14]. Moreover, the L-band DInSAR products can substantially
contribute to the study of slow tectonic and subsurface-induced
displacements at nearly all latitudes. On the other hand, the
L-band SAR technology can also be beneficial in the frame-
work of the multitemporal DInSAR algorithms [15], [16], [17],
[18], [19], [20], [21], [22]. These techniques, also referred to
as advanced DInSAR approaches, thanks to the availability of
the nowadays long SAR data time series (mostly acquired by
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C- and X-band SAR sensors), allow us to investigate the tem-
poral evolution of the detected surface displacements. This can
be achieved by properly combining the information available
from a set of multitemporal interferograms relevant to an area
of interest (Aol) to compute the corresponding displacement
time series and the relative mean velocity maps [23].

In this framework, a widely used approach is the one re-
ferred to as Small BAseline Subset (SBAS) technique [16].
Its main characteristic is to exploit interferometric SAR data
pairs with a small spatial and temporal separation between the
acquisition orbits (referred to as spatial and temporal baselines,
respectively) in order to mitigate the decorrelation phenomena
affecting the generated interferograms [24]. The SBAS approach
was originally developed to exploit multilook interferograms
and, in this case, the use of the triangular coherence factor
[25], [26], [27] and appropriate temporal filtering solutions [28]
allows us to avoid possible phase inconsistencies, as discussed
in details in [27]. Furthermore, the SBAS approach may also be
exploited to analyze full-resolution DInSAR interferograms, if
spatially detailed information is requested [29], [30], as well as
multisensor SAR data [31], [32].

The SBAS technique has extensively demonstrated its effec-
tiveness to detect and monitor displacements, with high accu-
racy, in several natural and anthropic hazard scenarios [33], [34],
[351, [361, [371, [38], [39], [40], [41], [42], [43] [44], [45], [46],
[47], [48], [49], [50], [51], [52], [53], [54], [55], [56], [571,
[58], [59]. Moreover, an efficient, parallel algorithmic solution,
referred to as the parallel Small BAseline Subset (P-SBAS)
technique, was developed [60] and this processing chain has
been successfully exploited in order to process data of differ-
ent C-band and X-band SAR sensors, operating with different
acquisition modes [61], [62].

In this article, we present the extension of the original P-SBAS
processing chain aimed to widen its capability to the L-band
SAR image time series acquired by the Argentinian SAOCOM-1
constellation [63], [64]. In particular, the presented work builds
up on the first developments carried out within the DINSAR-
3M project [65], funded by the Italian Space Agency (ASI),
and concentrates on the main modifications of the P-SBAS
processing chain, allowing us for the effective generation of
multitemporal SAOCOM-1 DInSAR products. Specifically, the
analysisis focused on the Stripmap (SM) SAR mode because this
has been selected by the Argentinian Space Agency (CONAE)
and ASI as the systematic SAOCOM-1 DInSAR-oriented ac-
quisition mode for the overall Italian territory and, more re-
cently, also for what concerns the exclusivity region of ASI
[66]. The main improvements of the P-SBAS processing chain
are extensively discussed. In particular, they are relevant to
the adjacent single look complex (SLC) image slices merging
to the multitemporal residual orbital artifacts mitigation and
to the PhU procedure enhancement. Moreover, an assessment
of the SAOCOM-1 DInSAR products, generated through the
extended P-SBAS processing chain, is provided through a com-
parative analysis between the displacement time series retrieved
by processing some SAOCOM-1 (L-band) SAR datasets and
the corresponding ones relevant to Sentinel-1 (C-band) and
COSMO-SkyMed (X-band) acquisitions. This analysis is fo-
cused on different test areas relevant to the Italian territory, also
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including the Campi Flegrei Caldera, where GNSS measure-
ments are available. In this case, a comparison between these
data and the retrieved SAOCOM-1 displacement time series is
also presented.

The rest of the article is organized as follows. Section II
describes the SAOCOM-1 constellation, highlighting its SM
capabilities for repeat-pass interferometric ground deformation
analysis, with a focus on the Italian territory latitudes. Section II1
synthetically describes the rationale of the P-SBAS process-
ing chain for the L-band SM acquisition mode. Section IV
presents the developed steps for the effective SAOCOM-1 data
exploitation, involving different SLC image slices, aimed at
generating high-quality interferometric products over a specific
Aol. Section V presents a solution to improve the quality of
the SAOCOM-1 orbital information exploited to generate small
baseline DInSAR interferograms. Section VI is devoted to in-
troduce a new PhU approach implemented within the P-SBAS
processing chain, particularly suitable for SAOCOM-1 L-band
SAR data. All the implemented developments have been tested
over different test sites and an extensive experimental assess-
ment analysis is presented and discussed in Sections VII and
VIII. Some conclusive remarks and new prospectives, related
to the SAOCOM-1 data exploitation for DInSAR analysis, are
detailed in Section IX.

II. SAOCOM-1 STRIPMAP IMAGES CHARACTERISTICS AND
AVAILABILITY FOR DINSAR ANALYSIS

The SAOCOM-1 constellation is composed of two twin
L-band and full-polarimetric SAR satellites operating on the
same orbits of the COSMO-SkyMed first and second generations
(CSK and CSG, respectively) at around 620 km of altitude of
their sun-synchronous orbits [64]. In particular, SAOCOM-1A
is the first launched satellite, placed into orbit on 8 October
2018, while SAOCOM-1B was launched on 30 August 2020 and
follows the same orbit as its twin. Moreover, the constellation
including the COSMO-SkyMed and the SAOCOM-1 sensors is
part of Sistema Italo Argentino de Satélites para la Gestion de
Emergencias (SIASGE) system [67], [68].

Although the main goal of the SAOCOM-1 mission is to
provide agriculture support through the generation of dedi-
cated products, such as soil moisture maps [67], this system
has repeat-pass interferometric capabilities for high-resolution
ground deformation analysis. Furthermore, the SAOCOM-1
constellation supports different imaging modes referred to as
SM, TOPSAR Narrow (TN), and TOPSAR Wide (TW), with
different resolutions and coverages [63]. Unfortunately, the ab-
sence of bursts synchronization, for the TN and TW acquisition
modes, may cause a lack of azimuth spectral overlap between the
corresponding bursts, collected at different times, thus leading
to decorrelation effects. Indeed, for the TOPS systems, the burst
synchronization, for the azimuth spectral alignment, is a funda-
mental feature to develop interferometric applications [69].

In this work, as already mentioned before, we focus on the
SAOCOM-1 SM acquisition mode because it represents the
highest priority for the Italian territory mapping (and, more
generally, for the entire ASI exclusivity region, see Fig. 1),
which is of main interest for the following experimental analysis.
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Fig. 1.

Map with highlighted in yellow the ASI ZoE (modified from [66]).

TABLE I
MAIN CHARACTERISTICS OF THE SAOCOM-1 SM IMAGES

Sensor SAOCOM-1
Main acquisition mode SM
Wavelength
23.5
[em]
Swath Width (from S1 to S10%)
14 - 66
[km]
Polarizations single, dual, quad
Spatial Resolutions
(Azimuth x Ground range) (5 x10)
[m]
Constellation Minimum
Interferometric Revisit Time 8
[days]
Incidence Angle overall range
18 -49
[deg]
swath 1A CB
S1 20.7 1990
Middle swath Incidence Angl > 24 —
i esv&;z: ;Cl enze ngle 3 291 5510
(A [degfand 4 337 6443
Middle swath Critical Baseline
S5 38.1 7394
(CB) [m] S6 41.2 8039
(only for Single and Dual Pol) -
S7 44.5 9257
S8 47.0 10 923
S9 48.7 11987

*S10 swath is only for SM QuadPol acquisition mode

Moreover, we remark that the CONAE ground segment provides
the users with the SAOCOM-L1A data (Level-1A), which corre-
sponds to the SLC products, i.e., the complex images generated
in the azimuth/slant-range geometry.

In Table I, we report the main characteristics of the SAOCOM-
1 SM images. In particular, we detail the most relevant general
parameters (wavelength, polarization, spatial resolution, and
interferometric revisit time) as well as those specific to the
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Fig. 2. Perpendicular baseline distribution in the temporal/spatial baseline

plane for five sample datasets relevant to the following areas: Zeri municipality
(Tuscany region) ascending orbits, swath S3, black stars; Rome city (Lazio
region) ascending orbits, swath S4, green stars; Napoli bay (Campania region),
descending orbits, swath S4, red stars; Stromboli island (Sicily region), descend-
ing orbits, swath S4, orange stars; Mount Etna (Sicily region), Ascending orbits,
swath S4, yellow stars. Note that the reported standard deviation (o) value of
the baseline distribution is about 700 m.

different swaths (incidence angle, swath width, and critical
baseline).

Moreover, we present in Fig. 2 an example of
SAOCOM-1 perpendicular baseline distribution in the
temporal/perpendicular baseline [T x B,]| plane relevant
to five test areas from northern to southern Italy, which
pictorially shows the constellation orbital tube characteristics.
Accordingly, we highlight that a realistic value for the standard
deviation of the SAOCOM-1 perpendicular baselines is about
700 m, at the central Europe latitudes, although this can
be somehow considered a rather general value [64]. As a
final remark, we underline that, for what concerns the Italian
territory, there is a systematic SM image coverage (with VV
and VH dual polarization) from both ascending and descending
orbits, which is based on the exploitation of the S3 and S4
swaths, for the northern and central regions, and of the S3, S4,
and S5 swaths, for the southern zones (including the Sicily
and Sardinia islands) (see Fig. 3). Moreover, some pictorial
examples, showing the status of the ongoing SAOCOM-1
mapping of the Italian territory, are provided in Fig. 4. Note that
the regularity of these acquisitions drastically improved starting
from the summer of 2023, thanks to an effective planning
design implemented through the strict coordination between
ASIand CONAE [see Fig. 21(a)]. Moreover, this action has also
promoted the beginning of a systematic acquisition program
(again through the SM mode, using the S3 and S4 swaths) for
the rest of the ASI exclusivity region, as shown by the pictorial
example relevant to the city of Berlin (Germany) presented in
Fig. 21(b).

III. P-SBAS PROCESSING CHAIN EXTENSION FOR
SAOCOM-1 SM IMAGE ANALYSIS: AN OVERVIEW

We present in this section a brief overview of the SBAS
algorithm and of the P-SBAS processing chain implementation,
highlighting the new steps and those where an extension has
been required, in order to advance the original capability of the
approach to process X-band (CSK-CSG and TerraSAR-X) and
C-band (ERS-1/ERS-2, ENVISAT, RADARSAT-1/2) SM SAR
images [26], [32], [35] to the L-band ones of the SAOCOM-1
constellation, with a focus on the exploitation of multilook SM



DE LUCA et al.: SAOCOM-1 L-BAND DINSAR TIME SERIES GENERATION THROUGH THE P-SBAS APPROACH

2683

ASCENDING ORBITS DESCENDING ORBITS
Northern Italy
Acquisition swath: S3 (28°) — S4 (32°)
(a)
ASCENDING ORBITS DESCENDING ORBITS
Central Italy
Acquisition swath: S3 (28°) - S4 (32°)
(b)
ASCENDING ORBITS DESCENDING ORBITS
Southern Italy

(©)

Fig. 3.

interferograms. In particular, to adapt the P-SBAS processing
chain to the SAOCOM-1 data, we focused on: 1) the merging
procedure of adjacent SLC image slices to preserve the interfer-
ometric phase consistency; 2) the estimation and compensation
of the residual orbital phase artifacts; 3) the improvement of
the spatial PhU procedure. These new and/or modified steps
will be described in detail in the paragraphs of the following
sections. The processing chain block diagram is sketched in
Fig.5. The procedure starts with the ingestion of the SAOCOM-1

SAOCOM-1 coverage for (a) northern, (b) central, and (c) southern Italy.

Acquisition swath: S3 (28°) — S4 (32°)

SM scenes for our multitemporal DInSAR analysis, relevant
to the Aol, which is typically identified through its geographic
coordinate vertex (block A of Fig. 5). This step also includes
the ancillary data and acquisition parameter retrieval. We fur-
ther remark that the SAOCOM-L1A SM images are provided
in “slices” with a typical azimuth extension of about 70 km.
Accordingly, to guarantee that the Aol is fully covered by the
SAOCOM-LI-A data, a slices merging procedure is typically
needed. Unfortunately, as detailed in Section IV, this operation
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SAOCOM-1 (Stripmap) Italy coverage (at least 20 acquisitions)

45.00 45.00
40.00 40.00
SAOCOM-1 swaths
53 -54-55
- #acquisitions > 20
5.00 10.00 15.00 20.00 5.00 10.00 15.00 20.00
(a)
SAOCOM-1 (Stripmap) Italy coverage (at least 30 acquisitions)
45.00 45.00 45.00
40.00 40.00 40.00
SAOCOM-1 swaths
$3-54-55
’ . Hacquisitions = 30
5.00 10.00 15.00 20.00 5.00 10.00 15.00 20.00
(b)

Fig. 4.

is not straightforward, making relevant the implementation of
ad-hoc solutions accounted for by the block B of the extended
processing chain.

Following the slices merging and cut operation, a reference
image is selected, which identifies the azimuth-range geometry
for the Aol. On the reference image region, the conversion of
the digital elevation model (DEM) geographic grid into SAR
coordinates is performed (step C of Fig. 5) by exploiting the well-
known “range-Doppler” equations [70], [71]. Note that the DEM
information of the Aol is needed not only for implementing the
topographic phase component removal (flattening) [72], for the
differential interferogram generation, but also for coregistering
each image of the available multitemporal sequence with respect
to the reference one.

In our case, this is achieved through the geometrical coregis-
tration approach described in [72] and implemented in Step E
of Fig. 5.

After coregistering the multitemporal sequence of all the
exploited SLC images (stack), with respect to the reference
one, the identification of the small baseline interferometric data
pairs, corresponding to the generated interferograms network,

SAOCOM-1 Italy coverage: imaged areas (green square) with at least (a) 20 and (b) 30 acquisitions.

is carried out (step E of Fig. 5). In particular, each SAR image
is represented by a point in the temporal/perpendicular base-
line [T x B, ] plane. These points (images) are subsequently
connected through a reduced Delaunay triangulation (RDT), as
shown in Fig. 5, which takes into account the maximum allowed
temporal and spatial baselines (small baseline thresholds), which
are introduced in order to avoid the generation of interferograms
corrupted by possible decorrelation phenomena [24].

The interferometric data (image) pairs identified from the
above-mentioned RDT are required first for a coregistration re-
finement step (Step F of Fig. 5). Indeed, for identifying possible
residual rigid shifts of the geometric coregistration (due to the
inaccuracies on the satellite state vectors), an iterative procedure
is performed on each data pair by searching for the subpixel
shift that maximizes the spatial coherence of the different image
patches. Moreover, before performing the interferogram genera-
tion step, the calculation of some parameters (as, for instance, the
perpendicular baseline values for each azimuth line and range
sample of the different interferometric data pairs), useful for
the subsequent steps, is carried out. At this stage, by exploiting
the coregistered images stack, the orbit state vectors and the
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Fig. 5.
indicate the parallel ones.

SAOCOM-1 P-SBAS processing chain workflow for SM acquisitions. The black blocks represent the sequentially executed steps, whereas the red ones
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topographic information (DEM) referred to as the reference
image geometry, we carry out the differential interferogram and
spatial coherence generation for each interferometric pair (block
G of Fig. 5) through an appropriate flattening of the geometric
(topography-related) phase component.

Subsequently, the estimation and removal of possible residual
orbital phase artifacts from the wrapped interferograms is carried
out (Step H of Fig. 5); this operation is extensively discussed in
Section V.

Note that, although the SBAS approach may also deal with
full-resolution interferograms, we consider hereafter those ob-
tained following a multilook operation. Moreover, it is also
possible to further improve the generated interferogram signal-
to-noise ratio by applying interferograms-based filtering tech-
niques, such as the so-called Goldestein’s approach [73], [74]
or the solution discussed in [28], that effectively exploit the
redundancy of the interferograms stack, also allowing us to
mitigate possible phase inconsistencies, as discussed in detail in
[27] (Step I of Fig. 5). Moreover, the identification of the RDT
in the [T x B, ]| plane is essential to perform the calculation of
the triangular coherence map [25], [26], [27] (Step J of Fig. 5)
that allows the identification of the temporally coherent pixels
to be further exploited. For the sake of completeness, we report
that the triangular coherence, for an arbitrary pixel located at the
(x, r) coordinates, is defined as follows:

Ny

1
Vi (x,r) = F Zexp [j A(b;resk (.’I},’I")] (1)
T k=1

where Ny is the total number of triangles in the temporal RDT
(see Fig. 12(b)) and A¢l, is the residual phase of the pixel in
the kth triangle.

Indeed, following the DInSAR interferograms generation,
a PhU operation is needed to retrieve the original phase (un-
wrapped phase), from the measured one (wrapped phase) [75],
on the identified “mask” of multitemporal coherent pixels. This
procedure is implemented by applying the extended minimum
cost flow (EMCF) PhU algorithm [26], which includes both a
temporal and a spatial PhU procedure, represented by the blocks
K and L in Fig. 5, respectively. Subsequently, a pixel-based
inversion of the unwrapped DInSAR phases, relevant to the
coherent pixel mask, is carried out (Step M of Fig. 5) in order
to retrieve the local residual topography component and an
estimate of the displacement time series [16]. We further remark
that, in this step, the temporal coherence estimation is also
performed [26] providing us with the final measurement points
with a high-reliability level. Note that the temporal coherence
factor represents a relevant quality index of the PhU retrieval.
In particular, it is defined as

—

Z ej(<¢i*t1~5i>27r)

7

1
VYtmp = M

with @)

where we denote ¢ as the M-dimensional vector corresponding
to the original (wrapped) interferograms and ¢ as the corre-
sponding ones retrieved from the computed P-SBAS time series
[16]; the (-),, symbol represents the wrapping operator. Clearly,
in the presence of negligible PhU errors, we have that yy, — 1.

Yump € [07 1]
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The last operation of the developed processing chain is repre-
sented by Step N in Fig. 5 where the atmospheric phase screen
(APS) estimation and removal are performed [37], [58], [76]. To
summarize, it is important to highlight that the processing steps
from A to F, in the block diagram of Fig. 5, are performed at full
spatial resolution, whereas the subsequent steps involve multi-
looked data. Second, the black blocks represent the sequential
processing steps, while the red ones enhance the parallel steps of
the P-SBAS processing chain. We also remark that the parallel
blocks (red) involve a multinode and multicore parallelization
strategy depending on the available computing resources. We
further remark that an extended analysis of the above-mentioned
parallelization strategy and the achieved performance of the
P-SBAS processing chain is discussed in detail in [60], and it
fully applies also to the SAOCOM-1 implementation. We finally
remark that, as anticipated, a detailed discussion on the new and
extended steps included in the SAOCOM-1 P-SBAS processing
chain s provided in the following sections. More specifically, we
will focus on three main steps. Section I'V regards the possibility
of generating the SLC products relevant to a specific Aol,
while Section V presents the solution allowing us to improve
the quality of the orbital information we use to generate the
exploited multilook, small baseline DInSAR interferograms.
Finally, Section VI concerns the implementation of a properly
extended PhU solution, based on the EMCF algorithm [26].

IV. AOI ADJACENT SLICE IMAGES MERGING AND CUT

For what concerns the implementation of the Aol SLC genera-
tion, we remind that the SAOCOM-1 images are made available
through “slices,” having a typical azimuth extension of about
70/100 km. Accordingly, particularly for the investigation of
spatially extended zones, they have to be properly merged into
a single SLC image relevant to the Aol. This slice-merging
operation is, typically, an ordinary procedure in the DInSAR sce-
narios; however, this is not straightforward for the SAOCOM-1
SLC data. Indeed, two substeps have been implemented that we
refer to as:

1) slice resampling on a common temporal grid;

2) phase shift estimation and compensation.

A detailed discussion of these two additional operations is
provided in the following.

A. Slice Images Resampling on a Common Temporal Grid

A resampling step on a common temporal grid is needed
to properly merge consecutive slices of the same SAOCOM-1
acquisition. To better clarify this issue, it is pictorially described
in Fig. 6 how two adjacent slices of the same acquisition appear
under the temporal sampling point of view. Indeed, different
slices of the same acquisition show the same pulse repetition
frequency but (see Fig. 6(a)) each slice may have a different
temporal reference, thus implying that a resampling operation
is needed to ensure continuity between the consecutive slides
to be merged. To do this, we fully benefit from the fact that the
SAOCOM L1A slices guarantee 10% to 30% of the overlapping
area in the azimuth direction between consecutive ones, thus
guaranteeing no gaps in the acquired strip [77].

Accordingly, our approach is rather simple and it is based on
considering the first slice as a temporal reference, while all the
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Fig. 6. Pictorial scheme of the temporal resampling procedure implemented

within the slice images merging procedure. (a) Temporal shift between two
adjacent SAOCOM-1 slices. (b) Result following the resampling procedure,
where the second slice is now computed on the same temporal grid of the first
one.

consecutive slices (slice 2 in the example in Fig. 6) are resampled
on the same temporal grid of slice 1 (see Fig. 6(b)). Clearly, the
rationale remains exactly the same even if we consider more
than two slices to be merged.

B. Slice Images Phase Shift Estimation and Compensation

Once the successive slices are temporally aligned (see
Fig. 6(b)), it is essential to consider a second step before
achieving a correct slice image merging. Such an operation is
needed because if we straightforwardly consider the output of
the temporal resampling step, phase inconsistencies may appear
within the overlapping area of the DInSAR products. Indeed,
unexpected phase offsets between adjacent slices of the same
SAOCOM-1 acquisitions may occur. Accordingly, in order to
guarantee high-quality interferometric products, a phase shift
estimation and compensation step has to be carried out.

In this case, the significant overlap between adjacent slices
is again beneficial, together with the typically high coherence
characteristics of the SAOCOM-1 interferograms. Indeed, the
areain overlap between adjacent slices allows to effectively align
the phases of the coherent pixels of the corresponding zone, thus
effectively completing the merging procedure.

Fig. 7 shows a differential interferogram relevant to the Napoli
Bay area, Italy, obtained by considering ascending orbits (Path
212, Swath S3). In Fig. 7(c), we present the differential inter-
ferogram obtained after applying only the temporal resampling
procedure (see Section IV-A). As evident by observing the
differential interferogram and, even more, its portion zoomed
in Fig. 7(d), the result of the merging procedure is affected by
evident phase inconsistencies (a clear discontinuity is present),
which may have a negative impact on the PhU operation and on
the subsequent displacements retrieval steps.

In particular, in Fig. 7(e) and (f), we report the histogram of the
phase difference of the two slices in the overlapping area for the
primary and secondary acquisitions of the exploited interfero-
metric SAR data pair. The two histograms highlight the presence
of a phase shift that should not exist within the interferograms
generated by considering the overlapping portions of the same
acquisition pair. However, this shift can be easily estimated and
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Fig.7. Interferometric results after the temporal resampling procedure. (a) and
(b) Slices footprints of two SOACOM-1 acquisitions that we use to generate a
differential interferograms. (c) Differential interferogram obtained following
the temporal resampling and slices merging procedure. (d) Zoom-in of (c) in
the slices overlap area shows an evident phase inconsistency. Finally, (e) and (f)
Histogram of the phase difference between slicel and slice2 in the overlapping
area for the 10.06.2020 and 28.07.2020 acquisitions, respectively.

exploited to compensate for the phase of slice 2 with respect to
slice 1, which is considered a reference.

In Fig. 8, we present the results of the above-discussed phase
compensation procedure. In particular, Fig. 8(c) and (d) clearly
shows the effectiveness of the implemented procedure, which
properly accounts for the phase difference between adjacent
slices. Moreover, Fig. 8(e) and (f) show how the peak of the his-
tograms moves to zero phase shift following the compensation
procedure, thus highlighting the appropriate phase inconsisten-
cies removal accomplishment.

We finally present in Fig. 9 a differential interferogram gen-
erated after applying the implemented merging procedure (i.e.,
the cascade of the temporal resampling and phase shift compen-
sation) to four consecutive slices relevant to the Garessio area,
Italy, acquired along descending orbits (Path 113, Swath S4).

The effectiveness of the implemented solution is evident
when considering Fig. 9(g) and (h), where the generated 300
km extended differential interferogram and the correspond-
ing interferometric coherence are obtained without any phase
inconsistency or artifact, thanks to the two substeps-based im-
plemented procedure.

This procedure, as anticipated in the previous section, is
accounted for within Step B of the SAOCOM-1 SM P-SBAS
processing chain, as shown in Fig. 5.

V. ORBITAL PHASE ARTIFACTS ESTIMATION AND REMOVAL

Inaccuracies in the satellite position information introduce
artifacts in the interferometric phase that, at the first order, can
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Fig. 8. Phase shift compensation procedure. (a) and (b) Slices footprints of
two SOACOM-1 acquisitions that we use to generate a differential interfero-
grams. (c) Differential interferogram obtained following the merging and phase
shiftcompensation procedure. (d) Zoom-in of (c) in the slices overlap area that
shows a perfect phase consistency. Finally, (e) and (f) Histogram of the phase
difference between slicel and slice2 in the overlapping area for the 10.06.2020
and 28.07.2020 acquisitions, respectively, before (blue) and after (red) the phase
compensation procedure.

be considered as phase “ramps” varying in one or in both the
azimuth and range directions [76]. We further remark that, for
what concerns the orbit state vectors, CONAE can provide three
types of products [78], [79].

1) OnLine Very Fast (OLVF): It corresponds to the quickly
available measurements obtained by processing the data
collected by the on-board GNSS receivers, giving as a
result an absolute geo-referencing accuracy better than 90
m on the ground. This orbital information corresponds to
the fastest, but less accurate, ones.

2) OffLine Fast (OLF): It corresponds to the results of the
GNSS data processed after two days, benefiting from
more accurate ephemeris, thus resulting in an absolute
geo-referencing accuracy better than 70 m on the ground.

3) OffLine (OL): It is the most accurate one, which is avail-
able 18 days after the acquisition operation, and it allows
an absolute geo-referencing accuracy better than 25 m on
the ground.

The results reported in Fig. 10 clearly show the impact of
the different state vector accuracies on the differential interfer-
ograms generation. These experiments have been carried out
for a dataset acquired from descending orbits (path 108, Swath
S4) over the Campi Flegrei Caldera, Italy, which is extensively
exploited in the experimental analysis discussed in Section VII.
Moreover, Table II summarizes the main characteristics of the
interferometric pairs shown in Fig. 10, providing specific details
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Fig. 9. Multiple-slice differential interferogram relevant to the Garessio area,

northern Italy, and extending for about 300 km in the azimuth direction. In
particular, (a) Four slices footprints of the SAOCOM-1 acquisitions we use to
generate the interferogram. (b) Differential interferogram obtained following
the merging procedure. Moreover, (c)—(e) Zoom-in of (b) in the three over-
lapping areas, showing the presence of evident phase inconsistencies. Finally,
(f) Differential interferogram after applying the phase shift compensation and
merging procedures, clearly showing the achieved phase inconsistency removal.
(g) Corresponding interferometric coherence map is also presented.

TABLE II
PERPENDICULAR AND TEMPORAL BASELINE FOR EACH INTERFEROMETRIC
PAIR AND ORBIT TYPE OF THE REFERENCE AND SECONDARY ACQUISITIONS
RELEVANT TO FIG. 10

Perpendicular Temporal
Interferometric Pair Baseline Baseline  Orbit Type
[m] [days]
06.07.2021—-10.10.2021 312 96 OLVF-OLF
13.03.2020—10.10.2021 189 576 OLF-OLF
28.02.2021—11.11.2021 795 256 OL-OL
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Fig. 10. Differential interferograms showing the presence of orbital phase

artifacts (top), with the corresponding interferometric coherence maps (bottom)
generated by exploiting SAOCOM-1 data (descending orbit) relevant to the
Campi Flegrei Caldera. The (a), (b) and (c) products have been obtained by
exploiting the OLVF, OLF and OL orbital information, respectively.

on the exploited orbit types (OLVF, OLF, and OL) for the
primary and secondary SLC images.

In particular, the panels (a) and (b) in Fig. 10 show the
interferometric phase and coherence maps corresponding to the
06.07.2021-10.10.2021 and the 13.03.2020-10.10.2021 inter-
ferometric pairs, respectively. Note that these interferograms
are strongly affected by residual phase artifacts, with a main
component along the range direction, clearly due to inaccuracies
of the orbital information [76], [80].

Specifically, it is evident the higher fringe rate in Fig. 10(a),
with respect to that of the interferometric phase in Fig. 10(b),
is because the former data pair has OLVF state vectors, i.e.,
the worst available orbital information. Note also that the OLVF
state vectors may often introduce discontinuities within the gen-
erated interferograms (see Fig. 23). Accordingly, at the present
stage, it is highly recommended to avoid their exploitation. Fur-
thermore, although the 28.02.2021-11.11.2021 interferometric
pair has been generated by using the most accurate orbital
information (OL) for both the involved SAR acquisitions, a
low fringe rate phase component is still present. Note that,
as previously remarked, at the first order, the orbital artifacts
resemble a phase ramp but higher order components could be
relevant for areas with significant topography variations [76].
Accordingly, a residual orbital phase correction step has been
included within the SAOCOM-1 SM P-SBAS processing chain,
represented by the Step H in Fig. 5.

We remark that different orbital phase correction strategies
can be followed. In particular, we benefit from the approach
originally presented in [80], which consists of estimating first
the baseline errors affecting each interferogram of the generated,
redundant sequence of small-baseline, multitemporal sequence.
Subsequently, the orbital corrections of the individual SAR
images are calculated by inverting, following an SBAS-like
strategy, the estimated corrections of the different interferograms
and, finally, the corrected phase signals are recomputed for
each interferogram. The proposed strategy is discussed in the
following section, highlighting the main advances with respect
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to [80] and the benefits deriving from the high interferometric
coherence of the exploited L-band interferograms.

A. Interferograms Orbital Phase Corrections

As anticipated, the rationale of the estimation procedure is de-
tailed in [80]. Therefore, in the following, we focus on the main
changes needed to exploit it for the SAOCOM-1 interferometric
time series.

Accordingly, let us start by considering that the baseline
corrections in the range and azimuth directions can be expressed,
in a simplified form, as follows [80]:

AB, =B, — B""

— X tan (9 - 9,) <a¢m 8¢Sy"t> 3)
4m

or  or

_ 9By oBpem A (% B 6¢SW) @

Ar ox or

A—"L = —
47

ox ox ox

where B, B1°" are the measured and nominal perpendicular

o Bnom

. oB .
baselines, 6—95” and 89‘5 are the measured and nominal parallel

baseline rates, ag;;", %‘;ﬁ, %5;&, and 2%umt are the measured
and synthetic phase gradients in range (r) and azimuth (x) di-
rections, respectively. Moreover, £2,. is the slope of the observed
scene topography in the range direction and ¢ the incidence
angle. Note that, to simplify the notation, the explicit dependence
of all the factors in (6) and (7), with respect to the range and
azimuth variables, is omitted.

The correction algorithm proposed in [80] consists of search-

ing for the values of AB, and A% that minimize the phase
gradient differences (ideally, by making them equal to zero).
This is achieved by iteratively solving the following nonlinear
equations:

f(BE) = f (BI™+AB1) =0 ©)

OBy oBp™ 0B,
A —f(W+Aa—m>:° ©

where f(.) is a function that maps the baseline components
into the phase gradients in the range and azimuth directions,
respectively [81].

However, the estimation through the phase gradient is very
sensitive to the noise in the interferometric phase. That said, in
this work, we propose a more robust strategy described in the
following.

In particular, starting from the original DInSAR phase, we
estimate the periodic component (ramp) of the investigated
complex interferogram, along the range and azimuth directions,
by computing a two-dimensional discrete Fourier transform
(2D-DFT), by applying the fast Fourier transform (FFT) codes.
Accordingly, the FFT allows us to retrieve the “orbital plane”
representing a first-order estimation of the phase artifacts affect-
ing each interferogram. It is important to highlight that, for each
of the available interferograms, the 2D-FFT is performed on the
common grid (mask) of pixels with a triangular coherence value
greater than a specific threshold (typically 0.9) [25], see (1) and
step J in Fig. 5.
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The expression of the above-mentioned estimated orbital
plane is given by

d(x,r); =Py o+ Pyyr @)
with j € [1, M]

where M is the number of exploited small baseline interfero-
grams, ¢(-) ; 1s the polynomial model that represents the orbital
plane, and P;,, P»; are the estimated coefficients for the jth
interferogram. We remind that the SBAS approach defines an
M x N system with M > N, where N represents the number
of SAR acquisitions at the ordered times (tg,t1,.....,tN—1)-
Moreover, the matrix A is the mathematical representation of
the SBAS interferograms “stack” [16]

0 -1 0 1

A— o 0 -1 41 ... ®)

where —1 and 1 represent the secondary and primary images of
the interferometric pairs, respectively. Clearly, A is an overde-
termined system, and its solution can be obtained, in general, by
using the least square method [81].

The matrix of the inverted phase ramp coefficients for the SAR
acquisitions (say () can be, therefore, obtained as follows:

¢ =AY Pwith AT = (AT4) " A7 ©)

where P is the matrix representation of the coefficients computed
in (7) for each interferogram and A is the pseudoinverse matrix
of A. .

At this point, starting from C' in (9), we can retrieve, in a
consistent way, a synthetic differential interferogram g?)() ; for
each interferometric pair, accounting for the estimated orbital
phase ramps.

Accordingly, starting from ¢(-) ; that, by definition, is not
affected by the decorrelation noise (see Fig. 11(b)), the esti-
mation of the baseline corrections (AB | and A%) is sim-

plified. In particular, by using different correction values of

AB| and A %, around the nominal SAOCOM-1 state vectors,

ox
the algorithm recomputes the geometric phase component! that
we use to flatten the new synthetic differential interferogram
(,5() ;- Subsequently, through a spectrum analysis, we identify
the location of the DFT frequency peak for each correction value

and, then, these peaks are used to fit a quadratic function, in the

frequency domain, versus AB, and A%, respectively.

We also underline that we are interested in finding the cor-
rection values in correspondence with the minimum one of our
quadratic fitting function. Moreover, in order to simplify the
algorithm implementation, this procedure is applied first in the
range direction in order to retrieve the A B factor/correction
(see (3)) and, subsgquently, along the azimuth direction, to get

L

an estimate of Aaa—x (see (4)).

!Note that because we exploit small baseline interferograms, the topographic
phase component is typically quite limited
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Fig. 11.  Orbital phase artifacts correction. (a) Original differential interfer-
ogram, evidencing a residual orbital phase component. (b) Estimated orbital
phase ramp J)() - (¢) Differential interferogram obtained by subtracting the
correction (b) from (a). (d) Same as (c) but using the corrected state vectors.
(e) Phase difference between (c) and (d). (f) Topography of the Aol relevant to
the 1 arcsec SRTM DEM.

B. SAR Images State Vectors Correction

Once the orbital corrections are estimated for each interfer-
ogram, the algorithm retrieves the corresponding corrections
relevant to the single acquisition state vectors by exploiting the
SBAS inversion strategy, see (8) and (9). In particular, each
interferometric pair is associated with a linear equation that
relates the baseline adjustment for the interferograms to the orbit
adjustment for the SAR acquisitions. This leads to the following
system of equations:

Aby (ts,) — Aby (ta,) = ABy,

B(tsj) _B (th) =p;
with j € [1, M]

(10)
L

where Ab (t;) and B(ti), i € [0, N — 1] are the (unknown)
single orbit corrections (with respect to the reference image)
and AB,, and 3; = A(0B;/0x), with j € [1, M] are (as
described in the previous paragraph) the retrieved perpendicular
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and parallel baseline corrections obtained for each interferomet-
ric SAR data pair relevant to the )/, and g, times.

At this stage, it is straightforward to recompute the geometric
phase component and, subsequently, to carry out the final (orbital
phase free) differential interferograms generation.

To show the effectiveness of the implemented orbital correc-
tor, we consider the result presented in Fig. 11, based on the
differential interferometric data pair relevant to the 29-12-2021
and 22-05-2022 SAOCOM-L1A SAR acquisitions, obtained
following the developed state vectors correction step.

In particular, panel (a) reports the original differential interfer-
ogram, clearly showing the presence of significant orbital phase
artifacts; panel (b) reports the orbital phase ramp computed by
applying the 2D-DFT method only; panel (c) is the differential
interferogram obtained by considering only the correction com-
putedin (b), i.e., the difference between the interferograms in (a)
and (b); and panel (d) is the differential interferogram obtained
by applying the orbital corrector algorithm.

Finally, we show in panel (e) the phase difference between
(c) and (d), which clearly show, by considering in panel (f),
the corresponding portion of the SRTM DEM that, thanks to
the implemented solution, the flattening operation is clearly
improved in areas with a significant topography.

To further confirm the effectiveness of the proposed solution,
additional examples are shown in Figs. 24 and 25.

VI. SAOCOM-1 MULTITEMPORAL DINSAR
INTERFEROGRAMS PHASE UNWRAPPING

We describe in this section the adaptation of the original
EMCEF PhU technique [26], widely used in the SBAS frame-
work, in order to overcome the limitation caused by the rather
small number of SAR acquisitions, which may still character-
ize the SAOCOM-1 constellation. In particular, the developed
EMCEF procedure extension consists of four main processing
steps, referred to as spatial and temporal networks generation
and coherent pixel identification, temporal PhU, spatial PhU,
and displacement model identification and spatial PhU of the
interferometric phase residues. We also highlight that in the
implemented solution, the first three steps are aligned with those
of the original EMCF algorithm. Accordingly, for the sake of
completeness, we first briefly summarize them in the following
to clarify the overall conceptual workflow and, subsequently, we
provide some details of the implemented last PhU step.

A. EMCF Basic Rationale

The starting point of our procedure is the computation of
the Delaunay triangulation that identifies the connections be-
tween the IV available SAR data acquisitions, within the tem-
poral/perpendicular baseline [T x B, ] plane, representing the
first selection of M;interferometric data pairs, with My > N.
In Fig. 12(a), we present the Delaunay triangulation obtained
by using the whole SAOCOM-1 dataset acquired over Campi
Flegrei Caldera along descending orbits (Path 108, Swath S4),
which is analyzed in more detail in Section VII.

The above-mentioned connections have to fulfill the tem-
poral and spatial baseline constraints imposed by the SBAS
approach, thus leading to the so-called RDT that identifies
My interferograms with My < M, see Fig. 12(b)), which are
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Fig. 12.  P-SBAS interferogram networks. (a) Delaunay triangulation where

the vertices represent the SAR acquisitions, while the arcs the interferograms.
(b) RDT generated with the small baseline constraints. The presented triangula-
tions are relevant to the descending S4 SAOCOM-L1A data over Campi Flegrei
Caldera (Italy), which are analyzed in Section VII.

effectively exploited. In particular, through a number of exper-
iments, we consider 1500 m and 600 days as constraints on the
perpendicular and temporal baseline, respectively.”> Moreover,
these two values are significantly greater than those typically
applied for the SBAS analyses carried out on C-band and
X-band datasets because of the much more limited impact of the
temporal and perpendicular baselines on the L-band interfero-
grams coherence. However, as evident from Fig. 12(b), although
we are applying the above-mentioned, “relaxed” triangulation
constraints, it may happen that a few SAR acquisitions can be
discarded, as occurred for the 30.04.2022 one (see red circle in
Fig. 12(b)).

At this stage, the obtained RDT identifies the set of small
baseline differential interferograms exploited in the overall PhU
procedure (see step E of Figs. 5 and 12(b)). Moreover, as already
mentioned in Section III, it also allows us to recognize the grid
of coherent pixels (mask) in the azimuth/range (A2, R¢) plane,
which are common to all interferograms, and that will be further
exploited. To this aim, we select the points with a triangular

2However, these constraints can be modified depending on the area scattering
characteristics.
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Fig.13.  Azimuth-range mask of coherent pixels and their spatial triangulation.
(a) Pixels in the azimuth/range plane with a triangular coherence value greater
than 0.85. (b) Delaunay triangulation network of the pixels reported in (a).

coherence (see (1)) value greater than a certain threshold (typ-
ically 0.9). The obtained pixel “mask,” see Fig. 13(a), is used
to compute a second Delaunay triangulation, in the (A7, Rg)
plane (see Fig. 13(b)), where the connection between two pixels
is referred to as spatial arc.

Following the identification of the temporal and spatial tri-
angulations (Figs. 12(b) and 13(b), respectively), the EMCF
procedure starts. In particular, for each spatial arc, we carry out
the temporal PhU by solving the MCF problem in the [T" x B ]
plane. Such a temporal solution is then exploited to identify
the “costs” [26], pivoting the spatial unwrapping of each single
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interferogram of the RDT network by applying again the MCF
rationale [82].

B. EMCF Procedure Extension

Because the SAOCOM-1 constellation is a relatively recent
one, a low number of SAR acquisitions are typically available
in the investigated time series, thus implying a limitation in the
total number of possible interferograms, identified through the
RDT of Fig. 13(b).

Therefore, our idea is to benefit from the large number of
the small baseline interferograms we may generate, in addition
to those of the RDT network, which are still consistent with the
defined baseline constraints and that benefit of the typically high
coherence characterizing the small baseline L-band interfero-
grams. This result is depicted in the example of Fig. 14 where
we show the so-called highly redundant interferograms (HRI)
small baseline network, which includes M3 interferograms with
Mz > M.

Note that, in this case, we still apply, for the spatial PhU, the
previously identified costs, but this solution allows us to achieve
a more robust inversion system for the displacement time series
retrieval, thanks to the significantly increased interferograms
dataset.

Moreover, through this fourth PhU step, we also intend to
mitigate the impact of possible PhU errors. To do this, following
the above-mentioned spatial PhU operation, we propose to apply
the conventional SBAS inversion procedure to retrieve the cor-
responding time series [16] and then to use their low-pass com-
ponent to generate a new sequence of interferograms of the HRI
network (see Fig. 14), referred to as ¢ = [¢o, b1, .., drry 1)
We remark that these “synthetic” interferograms are exploited to
estimate the interferometric phase residues (¢; — ¢;),,., where
¢; corresponds to the ith original wrapped interferogram with
i € [0, M5 — 1]. The objective of this phase residues generation
is to reduce the dynamic of the M3 original wrapped phase
gradients (interferometric phase residues), thus simplifying the
spatial MCF procedure. After independently unwrapping the M3
interferometric phase residues, through the MCF approach, the
overall unwrapped phase for each point of the ith interferogram
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Fig. 15.  Delaunay triangulation network reported in Fig. 12(b). The red spatial
arcs correspond to the arcs which we block with the solution found with the
EMCEF algorithm.

(withi € [0, M5 — 1]) (see Fig. 13(a)) can be written as follows:

Vi = @i + (i — bi)y + 27K = ¢ + 1

with ¢ € [0, M3 — 1] (12)
where K is the number of 27 multiples retrieved by applying the
spatial MCF procedure on the interferometric phase residues
(p; — é,)% and r; represents the unwrapped interferometric
phase residues ((¢; — ¢;),, + 27K).

For what concerns the spatial PhU of the computed phase
residues, it is important to remark that this operation may still
suffer from the high phase gradients that can be present when
considering long spatial arcs, which are mainly due to the spatial
variation of the APS component [76]. Accordingly, by consid-
ering that in the MCF approach, each spatial arc is associated
with a “cost”, in the proposed PhU strategy, we deliberately set
a very high cost for long arcs, thus avoiding to add unreliable
27 corrections to these arcs, thus concentrating the additional
corrections to the highly reliable, short ones.

To clarify this issue, we consider the spatial Delaunay tri-
angulation of Fig. 13(b), which connects all the pixels to be
unwrapped, which is redrawn in Fig. 15 by highlighting in red the
long arcs which we deliberately associate high costs. Note that
these long arcs are straightforwardly identified by considering a
length threshold based on the troposphere correlation which is
typically of the order of a few kilometers [83].

The achieved results, obtained by considering the proposed
strategy, are shown in Fig. 16(b). The improvement of the
temporal coherence [26] (see (2)) with respect to the standard
EMCEF solution presented in Fig. 16(a) is evident, particularly
in the areas on the left of the map (see the red dashed square). In
particular, we remark that in the Napoli Bay area case study, we
achieved an increase of about 23% with regard to the number of
pixels with a temporal coherence value greater than the selected
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Fig. 16. Mask of temporal coherence obtained from (a) EMCF algorithm and
(b) proposed PhU strategy. The masks have been retrieved by selecting only the
pixels of temporal coherence greater than 0.95.

threshold v = 0.9; indeed, with this threshold, we move from
235.248 to 303.354 final measurement points.

We finally remark that the achieved robustness of the imple-
mented solution, discussed in this paragraph, may have a positive
impact also on the PhU of higher frequency (C- and X-band)
interferograms, and a detailed investigation of this matter is
certainly worth a future analysis.

VII. EXPERIMENTAL RESULTS

In this section, we present a number of results obtained
by applying the implemented SAOCOM-1 P-SBAS processing
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Fig. 17.  LOS mean deformation velocity maps (cm/year) retrieved by pro-
cessing Sentinel-1 and SAOCOM-1 images through the P-SBAS processing
chain, geocoded and superimposed on an optical image of the area. Note that
the white and red boxes in (a) show the Sentinel-1 and SAOCOM-1 images
ground coverage, respectively. (b) Zoomed-in view of panel (a), where the
continuous-line white box is relevant to a further zoomed-in view, investigated
in details in Fig. 18, while the dashed-line white box identifies a sample zone
we investigate for a quantitative analysis on the coherent area extension.

chain (see Fig. 5). In particular, we first present a comparative
analysis between the P-SBAS results retrieved by considering
corresponding Sentinel-1 and SAOCOM-1 SAR image time
series. Note that to make this analysis as much as possible
comparable, under the interferometric point of view, we process
for both constellations the available data time series relevant
to the same temporal window (January 2021-July 2023) and
with nearly the same pixel spacing (about 30 m) after the
multilooking operation. However, we clearly underline that the
analyzed temporal window is constrained by the SAOCOM-1
data availability.

The study area is close to the Zeri municipality, within
the Apennines of the Tuscany region (Northern Italy), which
is historically affected by several landslide phenomena, also
threatening urbanized zones. In Fig. 17(a), we report the mean
deformation velocity maps retrieved through the Sentinel-1 (see
the white box in Fig. 17(a)) and the SAOCOM-1 (see the red
box in Fig. 17(a)) data, respectively. In this case, two crucial
aspects immediately catch the eye. First of all, Fig. 17(a) puts
in evidence the difference in the radar footprints on the ground
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Fig. 18. Zoomed-in views of the area identified by the continuous-line white
rectangle in Fig. 17(b). In particular, (a) P-SBAS mean deformation velocity
maps retrieved by processing Sentinel-1 SAR data. (b) Corresponding one
obtained by processing SAOCOM-1 SAR data.

of the two constellation acquisition modes, exploited for this
interferometric analysis. In particular, while for the Sentinel-1
images, we use the TOPS mode [84] that guarantees a wide
coverage at some expense of the azimuth resolution (which
is on the order of about 20 m), for the SAOCOM-1 images,
we consider the SM acquisition mode, which limits the radar
footprint extension but allows us to achieve a quite higher
azimuth resolution (about 5 m). Second, Fig. 17(b) shows an
insight of Fig. 17(a), around the area imaged by the SAOCOM-1
footprint. This clearly demonstrates the large improvement in
terms of coherent pixel density that we obtained, thanks to the
high coherence capability of the L-band SAOCOM-1 DInSAR
measurements.

More in detail, the final measurement points correspond, in
both cases, to those pixels with a temporal coherence value
greater than 0.9. Moreover, we also note that the P-SBAS anal-
ysis has been carried out by considering L-band (SAOCOM-1)
and C-band (Sentinel-1) SAR image time series relevant to the
same time period (February 2021-June 2023) to guarantee the
consistency of the compared datasets. To further emphasize the
achieved improvement, we report in Fig. 18 two insights relevant
to the areas within the two white rectangles of Fig. 17(b). In
particular, Fig. 18(a) and (c) are relevant to the measurements
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retrieved by processing the Sentinel-1 data, while Fig. 18(b)
and (d) are focused on the corresponding ones, obtained when
considering the SAOCOM-1 images.

It is clear that Fig. 18 indisputably shows the positive impact
that the L-band high interferometric coherence capability may
have in such natural risk scenarios. Indeed, the SAOCOM-1
mean deformation velocity maps very effectively permit to
delimit some of the bodies of the landslides affecting this
zone. Moreover, by considering the region identified by the
dashed-line white box of Fig. 17(b), relevant to about 1000 km?
and including the zone investigated in Fig. 18, we computed
the extension of the areas where the coherence is preserved,
following the L- and C-band data processing. Our results show
that the SAOCOM-1 P-SBAS analysis allows us to achieve a
coherent area extension of about 126 km?, thus doubling the
60 km? obtained through the Sentinel-1 data processing.

In addition to the previously described test case, we present
here a second example relevant to the investigation of possible
displacements affecting single buildings or infrastructures.

To this aim, we performed a further comparative analysis,
carried out by exploiting two sets of X-band CSK/CSG and
L-band SAOCOM-1 SAR data, both collected from ascending
orbits with the SM acquisition mode and processed through the
full-resolution Parallel SBAS (FR P-SBAS) approach [62]. Note
that, in this case, we effectively exploit the native full azimuth
and range resolutions of the available X- and L-band SM SAR
sensors, which correspond to about 3 m x 3 m for the CSK/CSG
data and 5 m x 10 m for the SAOCOM-1 ones, respectively.

The test case chosen for this further comparative analysis is
relevant to the urban area of Roma (central Italy). Specifically,
we focus on the “Ponte Della Musica-Armando Trovajoli” in-
frastructure, a pedestrian shallow arc, single-span bridge with
almost 190 m length that crosses the River Tiber in Roma in the
northern part of the urban route of the river. As already shown in
[85], the full-resolution DInSAR measurement points, detected
by applying the FR P-SBAS algorithm to a set of CSK SAR
acquisitions collected along ascending orbits in the 2011-2019
time interval, are present only on the bridge abutments and
foundations but not on the deck (see Fig. 19(a)).

We show in Fig. 19(b) the corresponding results achieved
by processing the above-described L-band SAOCOM-1 dataset.
Note that this analysis allows us to detect coherent pixels and
retrieve the corresponding full-resolution P-SBAS time series
relevant to the entire infrastructure, including the bridge deck.
We also show, as an example, the plot of the full-resolution
SAOCOM-1 deformation time series for a selected pixel, high-
lighting the large displacement oscillations, very likely due to
the seasonal temperature variations, which are retrieved thanks
to the capability provided by the SAOCOM-1 L-band sensors.

Let us finally investigate the performance of the implemented
P-SBAS processing chain for what concerns the accuracy of the
retrieved displacement time series. To this aim, we compared
the P-SBAS results with some GNSS measurements, which are
assumed as references. The analysis is focused on the Campi
Flegrei Caldera (Southern Italy), a well-known active volcanic
zone close to the Napoli city, which is experiencing an almost
continuous uplift of the ground surface since 2005 [86], [87],
[88], [89], [90], [91], [92].
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Fig. 19. Full-resolution LOS mean deformation velocity maps (cm/year)
retrieved by processing (a) COSMO-SkyMed and (b) SAOCOM-1 ascending
orbits SAR images through the FR P-SBAS processing chain, geocoded and su-
perimposed on an optical image of the “Ponte Della Musica-Armando Trovajoli”
bridge, in the city of Rome (Italy). The plot of the SAOCOM-1 full-resolution
deformation time series for a pixel located in the maximum displacement area
is also reported.

In Fig. 20, we present the mean deformation velocity map of
the area and the displacement time series of two selected pixels.
In particular, P1 is located in a huge dump, within the Caserta
municipality, which is affected by subsidence phenomena, and
P2 islocated in the area of maximum deformation of the Caldera.

About the geodetic measurements, we benefitted from the
availability of the GNSS time series provided by the INGV-OV
since the beginning of the 2000s [93]. Presently, the GNSS
network consists of about 50 permanent stations (25 within
the Campi Flegrei area) distributed in the Neapolitan volcanic
district and surrounding area. In Fig. 21(a), we show a sketch of
the mean deformation velocity map of Fig. 20, and in Fig. 21(b),
the Google base map of the area with highlighted the location of
the INGV-OV GNSS stations (blue and red dots) installed in the
area. Moreover, in Fig. 21(c)—(1), we present some plots showing
the comparison between the displacement time series retrieved
through the developed SAOCOM-1 P-SBAS processing chain
(black triangles) and the corresponding LOS-projected GNSS
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Fig. 20. LOS mean deformation velocity map (cm/year) of Campi Flegrei

Caldera, geocoded and superimposed on an optical image of the area and the
corresponding displacement time series of the two pixels labeled P1 and P2,
respectively.

ones (red stars) for the stations (red dots in Fig. 21(b)) named
ASTR, FRUL, STRZ, RITE, SOLO, PIS1, MAFE, ACAE,
IPPO, and ISMO, respectively [92].

The obtained results show a very good agreement between
the P-SBAS and LOS-projected GNSS measurements. For each
station of the INGV-OV network located in correspondence
to a DInSAR coherent pixel, we have also computed the
standard deviation value of the difference between the two time
series in the temporal window common to both measurements;
the obtained results, relevant to 22 stations, are reported in
Table III. Based on these measurements, we also calculated
the average standard deviation of the difference between the
DInSAR measurements and the GNSS time series, the latter
assumed as a reference. This clearly shows that a 1 cm standard
deviation represents the achieved target for the accuracy of the
retriecved SAOCOM-1 DInSAR time series. We further note
that the computed standard deviation can be considered as an
overall quality indicator accounting for the impact of different
error sources (including noise effects), which may affect the
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Fig.21. SAOCOM-1 DInSAR time series quality assessment. (a) Zoomed-in

view of the mean deformation velocity map of the Campi Flegrei Caldera (same
as Fig. 20). (b) Google base map of the area with highlighted the locations
of the GNSS stations (blue and red dots) belonging to the INGV-OV GNSS
network. (c)—(h) Comparison between the DInSAR (black triangles) and the
LOS-projected GNSS (red stars) displacement time series relevant to the stations
identified in panel (b) through the red dots and labeled ASTR, FRUL, STRZ,
RITE, SOLO, PIS1, MAFE, ACAE, IPPO, and ISMO [92].

TABLE III
RESULTS OF THE COMPARISON BETWEEN THE DINSAR AND THE
LOS-PROJECTED GNSS DEFORMATION TIME SERIES [92] RELEVANT TO THE
CAMPI FLEGREI CALDERA

GNss | Standard GNss | Standard

Station deviation Station deviation
[cm] [cm]
ACAE 0.71 LICO 1.31
AGR1 0.41 MAFE 1.43
ARFE 0.84 MORU 0.54
ASTR 0.72 NAMM 1.10
BAGN 1.38 NISI 1.47
BAIA 0.94 PIS1 0.86
CMIS 1.24 QUAR 1.56
CUMA 0.71 RITE 1.13
FRUL 0.80 SOLO 0.97
IPPO 0.95 STRZ 0.94
ISMO 0.55 VICA 1.09

Average standard deviation value: (.98 cm
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P-SBAS time series. As a final remark, we underline that for
the comparative analysis between the SAOCOM-1 products
and the corresponding Sentinel-1 and CSK ones, the exploited
algorithms of the P-SBAS processing chain are the same, with a
few algorithmic optimizations that are specific for the different
SAR constellations.

As a final remark, we also provide some quantitative in-
formation about the required computing time of the P-SBAS
processing chain. To do this, we exploit the SAOCOM-1 dataset
relevant to the Campi Flegrei Caldera (Southern Italy), whose
results are shown in Figs. 20 and 21 and Table III. This dataset
includes 30 images (see Fig. 14) and covers an area of about
3800 km?. The architecture used for the data processing consists
of a computing node, equipped with two CPU AMD EPYC 7513
(2.6 GHz) of the CNR-IREA cluster. In particular, we used 16
cores and the overall computing time was of about 3 h, thus
confirming the efficiency of the SAOCOM-1 L-band P-SBAS
implementation.

VIII. DISCUSSION

The results obtained through the extended P-SBAS processing
chain, applied to SAOCOM-1 data, show the algorithm effec-
tiveness in generating high-quality L-band DInSAR time series.
In particular, the comparative analysis between the SAOCOM-1
and the Sentinel-1 results, relevant to the Zeri municipality
(located in northern Italy Apennines), provides a quantitative
assessment of the L-band SAR systems capabilities in better pre-
serving the temporal coherence in vegetated areas with respect
to higher frequency sensors. In particular, it is shown that in the
investigated zone a doubling of the coherent area extension is
achieved for the SAOCOM-1 DInSAR products with respect to
the corresponding Sentinel-1 results. Moreover, the case study
of the Ponte Della Musica - Armando Trovajoli bridge, in Roma
(central Italy), demonstrates that the L-band SAR sensors may
allow us to retrieve the deformations affecting a man-made
infrastructure when they overcome the measuring capability of
the high-frequency SAR systems as for the exploited X-band
SAR data of the COSMO-SkyMed constellation. In particular,
our results suggest that the SAOCOM-1-based displacement
time series, obtained at the full spatial resolution, can better
retrieve the deformations caused by large seasonal temperature
variations, which may strongly impact metallic structures.

Furthermore, the comparison between the displacement time
series computed from the SAOCOM-1 data and the correspond-
ing GNSS measurements, at Campi Flegrei Caldera (Southern
Italy), reveals that a 1 cm standard deviation represents an
achievable target for what concerns the local accuracy of the
SAOCOM-1 L-band DInSAR time series retrieved through the
extended P-SBAS approach.

Future developments should focus on extending the presented
quantitative assessment of the retrieved SAOCOM-1 DInSAR
time series and on further refining the mitigation of residual
orbital errors and the optimization of PhU procedures. The
implementation of these algorithmic developments, jointly with
an appropriate compensation of possible long wavelength iono-
spheric artifacts, can significantly enhance the robustness of the
generated DInSAR products [94], especially in areas affected by
complex terrain or rapid deformation dynamics. Furthermore,
new algorithms to properly integrate the advanced DInSAR
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Fig. 22.  SAOCOM-1 coverage temporal evolution. (a) Example relevant to
Mt. Etna (Southern Italy) clearly highlighting the acquisition frequency increase
starting from summer 2023 (red vertical dashed line) for both descending and
ascending orbits. (b) Same as (a) but for the case study relevant to the city of
Berlin (Germany).

results retrieved from systems operating at different frequencies
(particularly X, C, and L bands), to leverage the peculiarities of
all available space-borne SAR constellations, are also foreseen.

IX. CONCLUSION

We presented the P-SBAS algorithm extension allowing us
to effectively exploit the L-band SM SAR image time series
acquired by the SAOCOM-1 constellation. The developed pro-
cessing chain, by benefitting from the typically high coherence
of the L-band DInSAR interferograms, solves several issues
relevant to the SAOCOM-1 SLC slices image merging pro-
cedure and to the low accuracy of their orbital information.
Moreover, it allows us to improve the performance of the original
EMCEF PhU approach in presence of limited SAOCOM-1 image
time series.
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Fig.23. Examples of the nonphase preserving behavior of the SAOCOM-L1A
data processed by exploiting OLVF orbital information. (a) Area covered by the
investigated SAOCOM L1A data (Napoli Bay area) acquired over ascending
orbits (path: 212 and swath: S3). (b), (d), (), (h) Obtained differential interfer-
ograms. (c), (e), (g), (i) Corresponding interferometric coherence maps.

Pair: 23042023-12012024

By~ 147 [m] Byemp= 264 [days]
range

Wi

yinwize

Fig. 24.  Orbital phase artifacts correction over the Napoli Bay area. (a) Orig-
inal differential interferogram, highlighting a residual orbital phase component.
(b) Estimated orbital phase ramp ¢(-) .. Moreover, (¢) differential interferogram
obtained by simply subtracting the correction (b) from (a). (d) Same as (c) but
using the corrected state vectors. Finally, (e) phase difference between (c) and
(d). (f) Topography of the Aol relevant to the 1 arcsec SRTM DEM.
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Fig. 25. Orbital phase artifacts correction over the Zeri municipality
(Tuscany). (a) Original differential interferogram, highlighting a residual orbital
phase component. (b) Estimated orbital phase ramp ¢(+) - Moreover, (¢) differ-
ential interferogram obtained by simply subtracting the correction (b) from (a).
(d) Same as (c) but using the corrected state vectors. Finally, (e) phase difference
between (c) and (d). (f) Topography of the Aol relevant to the 1 arcsec SRTM
DEM.

The experimental results show that a drastic coherence im-
provement is achieved for the L-band DInSAR results, with
respect to the corresponding C- and X-band interferometric
products. Furthermore, we focus on the comparison between
the achieved displacement time series and the corresponding
geodetic measurements collected by the INGV-OV GNSS sta-
tions (assumed as reference) installed in the Campi Flegrei
Caldera (Southern Italy). This analysis clearly reveals the capa-
bility of the implemented L-band P-SBAS processing chain to
retrieve the temporal evolution of the ground displacements with
1 cm accuracy.

We further remark that the presented analysis is timely
because it is preparatory to build up an L-band DInSAR defor-
mation retrieval service, focused on the Italian territory, where
a SAR interferometry-oriented, systematic acquisition strategy
of SAOCOM-1 images has been implemented by ASI in col-
laboration with CONAE. Within this framework, the developed
SAOCOM-1 L-band P-SBAS processing chain can play a key
role in supporting the authorities in charge of civil protection
activities and, more specifically, ground motion monitoring ac-
tions. Moreover, it is also important to highlight the relevance
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that this activity may have as a precursor of the imminent
availability of L-band satellite SAR data, which are going to
be made available, thanks to the new ALOS-4, NISAR, and
ROSE-L missions.

APPENDIX

This section contains some material aimed at providing ad-
ditional information on the presented contents. In particular,
Fig. 22 presents some pictorial images relevant to the achieved
improvement of the SAOCOM-1 acquisition frequency over the
ASI zone of exclusivity (ZoE) (see Fig. 1), starting from summer
2023. Fig. 23 highlights the nonphase preserving behavior of the
SAOCOM-1 interferograms generated by exploiting the OLVF
orbital information. Figs. 24 and 25 confirm the effectiveness
of the implemented orbital phase artifact correction procedure
by showing the achieved results relevant to the Napoli Bay area
and Tuscany region test sites, respectively.
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