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ABSTRACT

This study focuses on investigating the capabilities of a Multiple-input multiple-output RADAR.
A Radar interferometer, based on an electronically scanned array in MIMO configuration
(MIMO-SAR), has been assessed for operational use in monitoring phenomena of geological
interest, such as landslides unstable slopes. The system applies the very well-known and
proven Ground-Based Interferometric technique. It guarantees a very short refreshing time
compared to traditional systems based on the mechanical movement of the radar transceiver
on a rail or the mechanical steering of a real antenna. The system can monitor several
phenomena having deformation rates too high to be correctly retrieved by traditional systems
currently in use. Implementing a prototype termed MELISSA allowed the testing technique’s
performances in two real case studies: a landslide and an unstable volcanic flank. The experi-
mental results were compared with LISA, a well-known Ground-Based Interferometric Synthetic
Aperture Radar (GBINSAR) interferometer. MELISSA allows for obtaining an excellent accuracy,
better than 0.01 mm. The range and angular resolution are on the same order of magnitude as
those obtained through LISA. However, the refreshing rate obtained from MELISSA, 0.01 s,
guarantees a strong coherence even in challenging environmental scenarios as a flank of an
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active volcano.

Introduction

Synthetic Aperture Radar (SAR) interferometry is
a well-known remote sensing technique that offers
interesting applications (Bamler & Hartl, 1998). It
may be implemented through space-borne, airborne,
and ground-based sensors (Pieraccini et al., 1998),
thus providing relevant information at different spatial
scales from the global to the local one.

A typical application of the technique is the assess-
ment of ground surface displacement fields over vast
areas (Crosetto et al., 2005), whose first successful
demonstration, using space-borne observation dates
to more than 25 years (Besoya et al, 202I;
Massonnet et al., 1994; Massonnet & Rabaute, 1993;
Zebker et al.,, 1994). The technique is compelling in
providing information on “changes detection”. By
comparing two observations (interferometric pair) of
the same scene, made in different moments, the por-
tions eventually experiencing modifications in the
elapsed time between the observations can be identi-
fied and characterised. The nature and the amount of
in-formation that can be retrieved strongly depend on
the “coherence” of the observed scene (Izumi et al,,
2021; Soni et al., 2021). The coherence has a precise
mathematical formulation, and it is usually assumed
that it measures the changes that occurred in the time

interval (Maresca et al., 2021). We have to take into
account the fact that the scene may also change during
the acquisition of each observation forming the inter-
ferometric pair also due to atmospheric screen effect
on propagation (Ichoku et al., 1998; Luzi et al., 2004;
Tzouvaras, 2021).

Similarly, to the exposure time for an optical pic-
ture, the acquisition time for a SAR image plays
a fundamental role in governing the quality of the
image, what type of phenomenon can be observed
and the quantity and quality of the retrieved informa-
tion. This will impact the resulting coherence deter-
mining the information content about the occurred
changes, which may pass from qualitative to quantita-
tive. This may finally result in a precise determination
of the contribution to the changes due to the displace-
ment, namely the variation of the distance sensor-
target along the Line-Of-Sight (LOS), with very high
accuracy.

It is crucial to consider the sensor’s frequency of
observation and the corresponding wavelength when
assessing the adverse effects on the image quality due
to displacements of portions of the observed scene
during its acquisition. Whenever the entity of the
displacements occurring during the acquisition time
becomes comparable with the wavelength, the
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coherence of the portion is severely reduced and will
not be correctly imaged. In summary (Prati et al,
1998), the resulting image quality mainly depends on
the combination of three factors: i) the entity of the
displacement with respect to the phase accuracy
related to the wavelength; ii) the time interval neces-
sary for the displacement to reach a value comparable
to the accuracy of the measurement (correlation
time); iii) the time to acquire the image (acquisition
time).

Consequently, changes that develop quickly with
a potentially severe effect on the coherence may be
correctly imaged if the acquisition time is short enough.
Shortening the acquisition time of a SAR image allows
refinement of radar interferometry in traditional appli-
cations and makes new applications possible.

Considering the specific context in which the
Ground-Based Radar Interferometry is used
(Antonello et al., 2008; Leva et al., 2003; Massonnet
etal., 1994; et al., 1994;Tarchi, 2003), it is now possible
to consider a different approach, no longer based on
the mechanical movement of the radar sensor, for
implementing the SAR principle. A class of Ground-
Based radar interferometers is implemented using the
well-known concept of antenna array combined with
an efficient switching system able to channel the signal
to the different transmitting or receiving elements
composing the array. An efficient way to implement
this is offered by the Multiple Input Multiple Output
(MIMO) technique (Bliss et al., 2006; Hosseiny et al.,
2021; Hu et al, 2021; Jin et al,, 2010). This approach
and its equivalence to a traditional SAR approach have
been demonstrated and experimentally validated
(Massonnet et al., 1994). Even though alternative
methods to realise an electronically scanned array
exist, we will use the acronym MIMO-SAR after this
to indicate this class of instruments. A fully working
prototype has been implemented at the Joint Research
Centre of the European Commission, and it has been
extensively used to monitor the Costa Concordia
wreck at the Giglio Island (Broussolle et al., 2014). In
operational conditions, the system acquired images
with an acquisition time of about 0.1 seconds, but
the laboratory test, demonstrated to acquire up to
150 frames per second. The MIMO-SAR is not origin-
ally conceived and designed for GBInSAR application
in a geological context, where a traditional approach
has demonstrated its capability until maturity, making
those systems a standard operational tool to measure
ground displacements (Y. Deng et al., 2020; Feng et al.,
2019; Han et al., 2019; Hu et al., 2021; Shi et al., 2021;
Wasowski & Bovenga, 2022).

Consequently, the work reported here has the pri-
mary goal of assessing whether a similar system, bring-
ing the capability of a very short acquisition time, may
improve the monitoring of various phenomena of
geological interest.
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The work analyses the actual validated capabilities
of MIMO-SAR concerning other existing approaches/
systems currently used, analysing several real cases,
including landslides and various types of slopes
instabilities in a volcanic environment, where the
monitoring with GBInSAR techniques is being per-
formed. This analysis is then complemented by real
tests, executed with the existing prototype that pro-
vided evidence of the advantages and limitations of
MIMO-SAR. By combining the two types of analysis,
it is finally possible to identify some scenarios where
MIMO-SAR may represent a real advantage. In addi-
tion, it has also been possible to suggest further lines of
research aiming at improving the MIMO-SAR by
creating a version tailored for the use in a geological
context, which helps, in synergy with another existing
system, to extend further and enrich the monitoring
capabilities of GBInSAR techniques. The MIMO-SAR
has new and original capabilities, but its optimal use is
combined with a traditional system since this is still
the more efficient solution for many phenomena
monitoring.

Materials and Methods

The Multiple Input Multiple Output (MIMO)
approach

Research in Waveform-Diversity MIMO (WD-
MIMO) radar systems (Friedlander, 2013; Li et al,,
2007) has shown that it is possible to synthesise an
arbitrary antenna array starting from opportunely
spaced single elements by transmitting different wave-
forms at the element level and at the same time (Bliss
et al., 2006; Curlander et al., 1991). In this case, the
spacing between the elements is not requested to be
relatively narrow, that is, comparable with the wave-
length, but on the contrary, allows a higher degree of
flexibility in designing the antenna array. A few indus-
trial and economic operators have started to investi-
gate the increased potential of this additional
flexibility aiming to deliver innovative or alternative
services to niche or new markets. This technique
requires identifying each transmit element utilizing
its specific waveform in its conventional implementa-
tion. This technique differs from the Space-Diversity
MIMO (SD-MIMO; Wennstrom et al., 2001) radar
system, which exploits angular diversity to acquire
independent measurements of the Radar Cross
Section (RCS) and increase in some ways and under
different points of view the performance of the overall
system (P F Sammartino et al., 2007). In the latter
configuration, this MIMO radar system is the same
as a radar network where the transmitters and the
receivers, which can be co-located in pairs or not, are
generally widely separated from one another. It has
been shown (P F Sammartino et al., 2008) that this
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MIMO system can outperform conventional mono-
static radars under different points of view even if the
overall Effective Radiated Power (ERP) is kept con-
stant and with a reasonable increase in complexity.
However, it is not convenient to consider this kind
of MIMO for short-range SAR imaging purposes, and
consequently, the developments exposed in this report
are focused on the WD-MIMO, which is more suitable
for a combination with the conventional antenna array
concept.

WD-MIMO allows to dramatically reduce the
number of antennas in transmitting and receiving,
but to keep the overall performance of the system
comparable to a conventional Electronically Steered
Array (ESA; Moftet, 1968), whose application has been
limited, so far, to relatively expensive sectors, due to
the requested performances and high costs.

The idea of a minimum redundant array shown in
(Farina, 1992) has been prodromal to these systems.
Figure 1 shows a schematic of a minimum redundant
array where some of the antennas of a conventional
ESA can be removed, keeping the performance com-
parable with the original system

Figure 2 explains in more detail this concept:
when the same waveform is transmitted, the non-
Nyquist spacing in transmission generates grating
lobes, which are compensated by the nulls of the
pattern in receive, so that the resulting overall
pattern is the same as a Uniform Linear Array
(ULA; Yin & Zhang, 2020; Zhang et al.,, 2015)
where one element only transmits and all of them
receive. Consequently, if M antennas transmit and
N antennas receive in a minimum redundant array
configuration, the overall pattern is comparable to
a linear array with MN receivers.

AARRRAARA

NI

X, 4 rx tx,
txo/rxg

Figure 1. From a conventional antenna arrangement of an ESA
to minimum redundant array and WD-MIMO antenna
arrangement.

Notwithstanding this benefit, this comes with
a cost. In conventional radar applications, minimum
redundant arrays may not suit the routine tasks of
a conventional ESA completely, as they suffer
a reduction in the number of actual degrees of free-
dom in transmission and receive from MN (ESA) to
M + N only (WD_MIMO). A WD-MIMO is less
expensive and less complex than a ESA.
Furthermore, it can deliver an increased flexibility if
compared with a ESA, especially for some applica-
tions, such as detecting moving targets or working
within a narrow area. One of the critical preconditions
of the WD-MIMO technique is the possibility to
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Figure 2. Example of simulated antenna pattern for a minimum redundant array beamforming (tx = TX, rx = RX).



distinguish the signals radiated from each antenna
(e.g. through the employment of codes or separation
on time). Under this assumption, it has been demon-
strated (Bliss et al., 2006) that the array behaves simi-
larly to a conventional ESA, yet (i) controlling a much
smaller number of elements and (ii) gathering infor-
mation from all the angles, which can be discriminated
through receive-beamforming.

This is the core of the concept of WD-MIMO
radars and explains the increasing interest in this
technique as applied to various systems and is being
considered a more-than-fair trade-off with the cost of
avoiding beamforming in transmission.

Conventionally, a linear WD-MIMO system is
being implemented as comprised of N receivers
spaced at A\/2 and M transmitters spaced at NA/2 (or
vice-versa; P F Sammartino et al., 2010; Pier Francesco
Pier Francesco Sammartino et al., 2013). This config-
uration originates in receiving a linear shift of the
phases from a single target, allowing focusing in
data-processing and detecting targets at different
angles without the need to scan the system or steer
the beam.

It also seems important to clearly highlight that in
WD-MIMO radars, orthogonality of the transmitted
waveforms is a requirement for allowing signal separa-
tion at the receiver. However, it must be pointed out
clearly that, as the waveforms are to be applied to
radar systems, the requirement of orthogonality as
intended in conventional communication systems, i.e.

fo wa(t)wi(t)dt =0 (1)
where w,, (t) and wy (t) are two different waveforms

limited between 0 and T, and * is the conjugate opera-
tor, is a necessary condition even if it is not sufficient.
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Other properties, such as mutual low-cross-corre-
lation (H. Deng, 2004), good Doppler tolerance (Khan
& Edwards, 2006) and good range resolution, are
highly desirable to ensure the correct operation of
these systems to outperform to some extent the con-
ventional Electronically Steered Array (ESA). In sum-
mary, rather than moving the antennas on a rail,
following the MIMO approach, it is necessary to
install arrays of transmitting and receiving antennas
at preselected distances, namely according to a precise
antenna topology. Sequentially switching appropri-
ately through the transmitting and receiving arrays
then implements the antenna synthesis. An efficient
antenna topology, composed by standard horn and
Vivaldi antennas (Langley et al., 1993), is depicted in
Figure 3.

To understand the above-mentioned increased flex-
ibility and the potential of the design of MIMO sys-
tems versus conventional rail-mounted systems and
ESAs, we assess the characteristics of this arrangement
and compare it with a traditional synthetic array like
for the actual LISA we introduce the concept of
equivalent phase centre. For each possible couple of
TX-RX antennas, the phase centre is the point having
x = (TXx+RXx)/2 and y = (TXy+RXy)/2. We term it
equivalent since the signal recorded by this TX/RX
couple is approximately equivalent, at least in the
far-field condition, to a couple of TX/RX modules co-
located in the point. Due to the chosen spacing for TX
and RX elements, phase centers are equally spaced at
\/4, which is the condition to fulfil Nyquist for any
point arbitrarily chosen in the observed scenario.
Central positions of the RX arrays are symmetrical
and must be chosen to have the equivalent phase
centres uniformly distributed with the proper spacing.
It turns out that RX arrays overlap the TX elements at

04 p—

02 |-

g
e 08 k= B B@|EE B &5 8 8 8 n EaE =
02 [— ] HORN (1X) Mralm-euy- 15GH2 -
e VIVALDI (RX) : Spamm: ::::n -
: o Equivalent fase center Equnalenl.l.gr‘m: 71.5¢m :
L4 p— —
[ 1 L 1 i l 1 1 L 1 l 1 L 1 1 I 1 1 L 1 ]

-1.0 05 0.0 05 1o

Figure 3. Front view of an antenna topology with TX (12 elements) spacing of NA /2 and RX (24 elements) spacing of \/2. Two RX

arrays are placed symmetrically in a lateral position.
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the end of both sides, and consequently, they must be
slightly separated along the Y direction, as in
Figure 11.

It is important to note how the actual arrangement
is highly effective in the ratio between equivalent
aperture and physical dimension, which are now com-
parable in size. As a result, with only a fraction of the
elements of a conventional antenna array, it is possible
to design a system with an increased potential than the
traditional rail-mounted system.

Expected advantages and limitations

A similar approach can, in principle, guarantee some
benefits, for instance:

(1) It removes all the problems related to the
mechanical rail’s use (reliability, maintenance)
and related controller.

(2) Secondly, eliminating the mechanical move-
ments may dramatically improve the acquisi-
tion speed so that the number of images, which
is now possible to gather, is significantly
increased.

As mentioned above, this can be achieved generating
several waveforms that are orthogonal to one another
or, alternatively, it may consist of increasing the acqui-
sition speed for the system relying on the use of a time-
effective switching system. (Broussolle et al., 2014).
This second solution makes it possible to emulate the
generation of different codes utilizing a time and
antenna division access to the channel. Although sub-
optimal, if compared with the first solution, there can
still be a great deal, as one waveform only is employed,
reducing the costs associated with the generation and
managing a variety of codes. Concerning the current
state of play of the market and the state-of-the-art,
cost-effective solutions are today available, making
possible the implementation of a similar system pro-
vided that an efficient calibration procedure is identi-
fied and implemented as detailed in the following
paragraph.

MELISSA - The prototype

The MELISSA system (Figure 4), implemented by the
JRC, belongs to a new class of devices not based on the
mechanical steering of the antenna system. MELISSA
is a highly innovative and low-cost radar device system
exploiting the MIMO concept to produce high-resolu-
tion coherent radar images. The novelty element of
MELISSA is its unprecedented fast acquisition and
refreshing times. The system can achieve a refreshing
time smaller than 4 ms in its current implementation.
MELISSA combines this new distinctive feature with
all the other traditional advantages of a radar system,

Figure 4. Picture of the MELISSA system (front side) with the
indication of the two RX blocks and the transmitting array.

such as the day and night and all-weather capability.
Moreover, the interferometric capabilities, typical of
a coherent radar imaging system, are preserved, and
faster phenomena can be precisely monitored.

Principle

As mentioned above, MELISSA can provide SAR
images of the observed scene at a very high rate.
Such an image has two dimensions: the range along
the y-axis of the reference system depicted in Figure 5
and the cross-range or azimuth along the x-axis of the
same system.

The range resolution is obtained through
a Frequency-Modulated Continuous Wave (FMCW;
Meta et al., 2007; Figure 6) de-ramping range com-
pression process and is inversely proportional to the
bandwidth.

On the other hand, advanced MIMO SAR proces-
sing achieves the resolution along the cross-range
direction. The appropriate design of the array geome-
try allows gathering signals like those collected by
a conventional array of N x M elements with N + M
physical elements.

Rx block

AN

= i Txelement

Figure 5. The geometry of the system MELISSA.
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The receiving part of MELISSA uses two blocks of
N/2 antennas positioned at the two opposite sides of
the transmitting array. The antennas are spaced by
half the wavelength in the two receiving blocks. The
transmitting part is formed of M (M = 10 in Figure 6)
antennas spaced by a distance equal to the width of
one receiving block. As a general principle, this is not
the only configuration to place the antennas, yet it
can be demonstrated (P F Sammartino et al., 2011)
that it allows maximising the synthetic aperture and
consequently improving the angular resolution of the
system.

MELISSA performs radar measurements sequen-
tially using all possible combinations of the
M transmitting and the N receiving elements to
achieve resolution along the azimuth direction. This
is equivalent to forming a synthetic aperture la equals
NMA/2 (Massonnet et al., 1994), i.e. twice the distance
between the centres of the two receiving blocks.

For each pixel in the image, MELISSA provides the
amplitude and the phase measurements of the back-
scattered radar signal. The displacement AR of each
pixel is estimated through the phase difference A of
the backscattered signal in two consecutive images.
The motion is measured against the Line Of Sight
(LOS) direction using the relation AR= AA@/4m,
where A is the wavelength and A¢ is the phase differ-
ence. It is essential to notice that the LOS direction is
the vector joining the phase centre of the radar
antenna to the observed target. Consequently, each
pixel of the image has a different LOS direction.
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Theoretical accuracy

The theoretical limit of the accuracy §(AR) in measur-
ing the displacement is obtained from the Cramer Rao
Bound on the phase estimation as (Le, 2002; Van
Trees, 1968):

1

"~ 47/2SNR

The expression of the signal-to-noise ratio after the
image formation has to be considered (2) to the radar
parameters. The SAR radar signal-to-noise ratio for
spatial impulse target with given radar cross-section is
given by (Curlander & McDonough, 1991):

8(AR) (2)

P, Tchirp G; GrAZ

SNR, = NM P70
Ky ToF(47)°RAL

)

Where:

SNR; is the signal to noise ratio in the case of
a point target

Pt is the transmitted power

Tecpirp is the duration of the chirp signal

K} is the Boltzmann constant

Ty is the radar temperature.

F is the Noise factor of the receiving chain

R is the range of the target

L is the loss factor

G; and G, are the gain of the transmitting the
receiving antenna, respectively

0y is the normalised radar cross-section of the uni-
form observed zone
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o is the radar cross-section of the target

A is the wavelength.

A point target is a small RADAR target compared
with the pulse volume.

Results

This section reports some measurements performed
by the MIMO- SAR prototype MELISSA in in-field
conditions. They include two different phenomena,
that is, a landslide and slope instability in a volcanic
area, executed in different monitoring conditions.
Each example has been selected and carefully analysed
to validate some of the expected new peculiarities of
a GBInSAR system experimentally with fast acquisi-
tion capabilities, as discussed in the previous sections
based on theoretical considerations and tests in
a controlled environment. Collectively, they provide
the final element to perform a comprehensive assess-
ment and definition of the optimal use of the new
approach. To this aim, whenever possible, the mea-
surements have been performed in combination with
a traditional GBInSAR system (LISA). The performed
measurements are briefly summarised in the
following:

¢ Monitoring the Vetto landslide RE (Italy) — This
was the first example of applying the MELISSA
on a landslide. The campaign has been carried
out in a site already continuously monitored by
a LISA system; the area extends for four hectares.
It was then possible to perform a first direct
comparison of the capabilities of the two systems.

® Monitoring the slope instability on the Stromboli
Volcano is the second example of application to
a landslide but in a very different environment.
As discussed in the previous section, various
phenomena may benefit from using a system
like MELISSA in a volcanic environment. This
experiment, through a direct comparison with
measurements performed by a LISA system, pro-
vides a first indication of the advantages that can
be obtained in an adverse environment where
several factors may strongly reduce the coherence
of the observed scene, making it difficult also the
acquisition of a single image. This campaign also
allowed to refine the operation modes of the
system further.

Monitoring of the Vetto landslide

Site description
The selected site (Figure 7) is located near Vetto (RE,
Italy) is affected by an active landslide.

Figure 7. Aerial picture of the Vetto landslide.

The most active area is the prominent scarp of the
landslide, and a sub-vertical E-W crack and parallel
characterises it to the slope crest. The presence of
historical and recent gravitational movements is wit-
nessed by striaes, slicken-sided and riedel type calcitic
accretions on the surfaces.

On the slope base a main regional fault connects
Epiligurian  formations (Pantano, Antognola/
Contignaco) with the Ligurian one (Argille
Varicolori; Bertolini & Pellegrini, 2001). This can be
interpreted as a clue of the tectonic origin of the
discontinuity, considering the parallelism with the
main regional fault. The recent landslide activity is
nevertheless attributable to the gravitational pull.

The slope is composed in the upper part by marls
(Antognola) and by sandstones in the lower one.
Strata run counter to the slope with a high deep
(from 60° to 70° south). The rock mass in the north
part of the main crack is highly fragmented, probably
due to the historical gravitational deformation.

The main scarp shows a differential displacement
amongst the upper part, and the lower one, the first, is
affected by an intense displacement.

The rupture surface is visible in the ridge and dis-
appears in the slope, showing minor deformation but
more pervasive. Furthermore, the rupture surface is
evident in the central part of the slope where the
lithologic transition between Marles and Sandstone
and where major blocks detachment happened.

Two secondary local effects also must be mentioned:

Scratches and disordered displacements act with
a metric value in the A zone steps. Such a context
could lead to a higher instability degree. In the B zone,
the peculiar joint distribution defines a rock portion of
about 1000 cubic meters. This rock volume is uncon-
fined and shows a high cinematic freedom degree.

The campaign aimed to perform a test of the
MELISSA’s capabilities for the monitoring of
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Figure 8. Satellite view showing the position of the devices (RADAR) and the landslide (Orange area).

a landslide in operative conditions. The site was
already under continuous monitoring with
a traditional GBInSAR system (LISA) so that data
collected with an existing and validated technology
to be used for a direct comparison were available.

The MELISSA system has been installed to be as
close as possible to LISA and has a similar LOS con-
cerning the slope under study to make the data com-
parison more reliable. The distance for both systems to
the affected area was from 130 to 370 m. The position
of the MELISSA and LISA is shown in Figure 8

Figure 9 shows a picture of the landslide taken from
the location of MELISSA.

Performed Experiments
Whilst the goal of the experiment was to obtain
a series of interferograms from the MELISSA system

Figure 9. The landslide from the MELISSA system.

to be directly compared to the ones obtained by LISA
on the same time span, the sequence of planned
experiments was also aimed at assessing the different
performances of the system based on different acquisi-
tion parameters. It was of interest to:

e Compare results obtained by MELISSA with
results from LISA in terms of capabilities to
retrieve LOS displacements and correctly posi-
tion them within the observed scene;

o Assess the dependence of these capabilities on the
acquisition parameters such as the unambiguous
range (i.e. maximum covered distance) and
acquisition time. The data collection has been
executed in eight different configurations as
reported in Table 1 and according to the acquisi-
tion parameters in Table 2.
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Table 1. Characteristics of the different acquired datasets.

Duration of the measurements

Maximum unambiguous range

Interleave between two images

10 min 1000 m 0.05 sec

Thém 1000 m 0.05 sec

5 min 400 m 0 sec

2 min 200 m 0 sec

5 min 2000 m 0 sec

5 min 4000 m 0 sec

5 min 1000 m 1 sec

5 min 400 m 0 sec

Table 2. Systems parameters for the measurements in Vetto.

Parameters Symbol LISA MELISSA
Wavelength A 1.74 cm 2cm
Radiated power (CW) Pt 22dBm 22dBm
Total transmitted Bandwidth B 200 MHz 345 MHz
Number of equivalent channels elements M*N 601 120
Switch time Tswitch _ 1.92 ps
Noise factor of receiving chain F _ 5dB
Range resolution 6R 0.80 m 043 m
Synthetic aperture length la 30m 0.80 m
Angle resolution 66 0.4° 1.3°
Swath S 1.0 Km 0.2-- 40 Km
Single chirp time Tchirp 40 msec 20 -- 400 ps
Acquisition time Ta 70 s 2.6 -- 50 ms

MELISSA recorded approximately 150.000 images in
oft-line mode, stored for post-processing.

Results comparison
The power SAR images obtained by the two systems
are shown in Figure 10.

The result is quite similar, considering the signif-
icant difference in the length of the synthetic aper-
ture that explains the lower azimuth resolution of
the MELISSA system. All main relevant features in
the observed scene are imaged similarly by the two
systems, as is the case for the metallic fence (visible
in Figure 10) and corresponding to the bright

Power image 12:04

horizontal line at a range of about 240 m). The
area from which a significant power is received is
similar in both images, and a slight difference can be
appreciated due to the slightly different installation
position.

Figure 11a and 11b shows the displacement maps
obtained over the same time interval of 65 minutes by
LISA and MELISSA, respectively. The main area of
displacement, highlighted by the white circles, is cor-
rectly identified similarly in both maps. The displace-
ment pattern is the same spatial distribution and value
along the LOS. Therefore, the white area within the
white circle corresponding to phase wrapping in the

Power image 12:04

Range (m)

Azimut (m)

Figure 10. Power SAR image of the Vetto landslide: (a) produced with LISA; (b) produced with MELISSA. They appear comparable
even though the spatial resolution is different (Table 2). It is noted that the acquisition time for LISA and MELISSA is 70s and .05s,

respectively.
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Figure 11. Displacement maps of the Vetto landslide: (a) produced with LISA; (b) produced with MELISSA. Both maps refer to the
same 65 minutes time span. The white circle highlights the area where significant displacements are detected.

LISA map is larger than the map retrieved by
MELISSA.

Figure 12a and 12b finally shows the displacement
maps obtained over the same time interval of 65 minutes
by LISA and MELISSA, respectively, but the LISA mea-
surement has been now degraded to have a similar
azimuth resolution as the MELISSA one. This compar-
ison does not provide any additional information but
allows appreciating how the overall loss of quality of the
MELISSA image is due more to the lower azimuth
resolution than the much shorter integration time.
Concerning range resolution, the wider MELISSA
wideband allows for a better performance than LISA.

Many additional tests have been performed to
assess a possible dependency of MELISSA capabilities

From 12:04 to 13:09

Azimut (m)

[ww) o Buoje uawadedsig

Range [m}

on varying measurement parameters, using the differ-
ent datasets listed in Table 1. No significant variations
have been recognised so that the results reported in
Figure 12 can be considered representative of all dif-
ferent sets of acquired measurements.

Monitoring of the slope instability on the
Stromboli Volcano

A second experimental campaign has been executed
on the Stromboli volcano. The series of measurements
reported here explicitly aimed at assessing the system’s
robustness against factors inducing short-term decorr-
elation effects, i.e. during a time frame comparable to
the acquisition time of a single image and then

From 12:04 to 13:09

o
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n @ o
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Figure 12. Displacement maps of the Vetto landslide: (a) produced with LISA; (b) produced with MELISSA. The LISA map now has

a degraded resolution comparable with the MELISSA one.
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strongly affecting its quality. The longer the typical
acquisition time for an image the more prone could
be the system to this problem.

Situations of this kind may often arise in Stromboli
(Bevilacqua et al., 2020; Marsella et al., 2009), as the
case in crater areas, as already reported in 3.1.3 and on
the Sciara del Fuoco (SdF). In this area, an additional
factor is related to superficial effects due to the con-
tinuous remobilization of the material. This factor
directly induces short-term decorrelation of the
observed area and, particularly in dry seasons, creates
dust that may represent an additional source of phase
shift.

The final effect may already be visible in the power
strength of the radar signal. It can be appreciated by
comparing the image displayed in Figure 13(a),
acquired over the SAF during a period in which the
phenomenon of concern has been observed, with the
image in Figure 13(b), corresponding to a different
time showing an excellent long-term coherence in
the acquisition. The area indicated by the white circle
appears somewhat degraded with an essential loss of
reflectivity.

Even though the effect is not well evident in the
power image, its SNR may be degraded, and this will
become evident by calculating the coherence with
a second image even very close in time, as shown in
figure 60. The area corresponding to the SdF in
Figure 14(a) exhibits an evident loss of coherence
compared to a “normal” situation like in Figure 14
(b). In this specific case, the time span of the pair is the
minimum possible for the system.

Under this condition, the system becomes virtually
“blind”, and it is impossible to provide any

Power image

E 700

0
Azimut {m)

information about the deformation pattern of the
area. The implications for the monitoring activities
are crucial.

Consequently, by using much shorter acquisition
times, the primary goal of the test was to assess
whether a system like MELISSA may be able to over-
come the problem affecting LISA and retrieve, even
though over a limited time and limited areas, the
actual deformation pattern.

MELISSA has been installed very close to the LISA
system in the position displayed in Figure 15. The
measurement parameters for the two systems are sum-
marised in Table 3.

The measurements reported here covered a total
timespan of about 8 hours. The first part of the test
aimed to identify the longest acquisition time that can
produce an image with acceptable SNR and the longest
time span between the image pair, maintaining suffi-
cient coherence. An acquisition time of 0.1 seconds
has been identified as a value allowing obtaining
a good quality image (Figure 16).

Figure 17 summarises the different tests executed
to identify the optimal time interval between
images. The coherence of a pair corresponding to
1 second time span (acquisition time of 0.1 s for
each image) has an excellent coherence (0.95;
Figure 17a), but the coherence reduces significantly
(0.6) already over 2 min (Figure 17b). The optimal
time span for the pair has been finally identified in
10 seconds.

With these parameters, a sequence of more than
2000 images has been acquired for a total duration of
about 6 hours. The applied processing includes the
following steps:

Power image

(ap) ;amag

Azimut {m}

Figure 13. Power SAR images of Stromboli were acquired at a different time. (a) The image appears degraded in the area indicated
by the white oval. (b) Reference image acquired in a period that is not affected by short-term decorrelation effects. (Courtesy by

Ellegi Srl).
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Figure 14. Coherence maps on Stromboli acquired in different periods. (a) the map is calculated over a time span of 22 min and
corresponds to the same period as Figure 14a. The loss of coherence in different areas of the SdF indicated by the white oval is
evident. (b) Reference coherence map acquired in the same period as Figure 14b. (Courtesy by Ellegi Srl).
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Figure 15. (a) Stromboli Island is in the southern part of Italy. (b) Set-up for the measurements campaign in Stromboli. The red
circle indicates the position of the installation. (Courtesy by Ellegi Srl).

e The formation of interferograms using each pos-
sible pair of contiguous images ITFn.

¢ The derivation of the relative displacements map
from each pair Dispn.

e The formation of a cumulative map by recursively
adding up each new Disp,,: Dispcym = X Disp

The final cumulative map is shown in Figure 18.

It allows retrieving quite clearly an area affected by
a displacement in the order of 2 mm (towards the
observer). Such a value is coherent with the deforma-
tion pattern of the considered period, which is typical
of a low volcanic activity (Di Traglia et al., 2014). The
map appears to be quite noisy and requires additional
spatial filtering (5x5 pixel), which decreases the spatial
resolution but improve the final quality.

This has to be compared with the corresponding
result with LISA, as shown in Figure 19.

The area corresponding to the SdF and the area in
Figure 19 (squared white box) is affected by very high
noise that prevents quantitative information
retrieving.

Discussion

The campaign on Vetto Landslide represented the first
case where the MELISSA system has been used to
monitor landslides. A traditional LISA system, per-
forming continuous monitoring of the same area, has
provided validation data. The comparison of results
showed a significant match. Interferograms elaborated
through the acquisitions made on Vetto Landslide
using LISA and MIMO SAR, were analysed.
A substantial equivalence between the two instru-
ments can be noticed from the accuracy point of
view. In particular, the displacements detected in the
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Power image
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Figure 16. Power image of the SAF acquired with MELISSA with an acquisition time of .1 seconds.
Table 3. Acquisition parameters for the measurements in Stromboli.

Parameters Symbol LISA MELISSA
Wavelength A 1.74 cm 2cm
Radiated power (CW) Pt 27dBm 22dBm
Total transmitted Bandwidth B 100 MHz 200 MHz
Number of equivalent channels elements M#*N 601 120
Switch time Tswitch _ 1.92 ps
Range resolution 6R 0.80 m 043 m
Synthetic aperture length 30m 0.80 m
Angle resolution 66 0.4° 1.3°
Swath 2.0 Km 1.0 Km
Single chirp time Tchirp 200 msec 800 ps
Acquisition time 640 s 0.1s
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o
Azimut (m]

FuREYe]

Azimut [m)

Figure 17. Coherence maps over a time span of 1 s and 2 min in (a) and (b), respectively. The loss of coherence in (b) is severe.

time span of 65 minutes vary between 2.0 mm and
4.4 mm for MIMO and GBInSAR. The maximum
measurement accuracy of the MELISSA system has
been experimentally assessed in laboratory about
0.01 mm (Broussolle et al., 2014). Considering the
short time interval between the two radar images

used for the interferogram formation, the atmospheric
correction is not necessary and the measurement
accuracy can be reasonably identified with the stan-
dard deviation estimated on stable points.

A brief resume of the results obtained during
a monitoring period carried out with GBInSAR LISA
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Figure 18. A cumulative displacement map over a time span of about 6 h was obtained by elaborating the entire dataset of images
acquired (more than 2000). A spatial averaging filter (5 x 5 pixel) has been applied. A slight displacement (2 mm towards the
observer) has been detected in the area corresponding to the SdF.
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Figure 19. Displacement map obtained with LISA over the same time span as in figure 64. The white square indicates the area
covered by MELISSA. The area corresponding to the SAF appears very noisy, and no information can be retrieved. (Courtesy by

Ellegi Srl).

gives a short description of the landslide activity. The
test of MELISSA was carried out during 8 hours within
the period.

The Vetto Landslide has been monitored by LISA
for 1 year. Considering the geological setting and the
infield evidence, five warning points, were identified as
representative of the landslide deformations
(Figure 20).

Within 172 days, the landslide shows a deformative
activity as shown in Table 4. The maximum deforma-
tion of 6116 mm was recorded on point 4.

The test carried out on Stromboli Island showed
similar results from MIMO-SAR and LISA. The SdF
had a “high” deformation activity in the monitored per-
iod, namely from 1.2 mm/day to 1 mm/hour as defined
by (DI TRAGLIA FEDERICO et al., 2014). The results
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Figure 20. Frontal view of the 3D deformation model with the 5 warning points.

Table 4. Measured displacements on control points.
Displacement (mm) 24 h

Displacement (mm) 172 days

Point 0 1.70 52.10
Point 1 0.20 1.90
Point 2 <0.1 <0.1
Point 3 0.70 228.40
Point 4 0.40 6116.30

from the monitoring test carried out with MELISSA
within a time span of 6 hours shows a total deformation
of 2 mm.

In this case, however, the quality of RADAR images
obtained with MELISSA was higher than those
obtained with the LISA System. The high refreshing
time, which is 0.01 s, allows for good coherence even
in the case of dusty and unfavorable environments as
a flank of an active volcano.

Minor mismatches can be explained in slightly dif-
ferent aspect angles and spatial resolutions. MELISSA
has a much lower resolution in azimuth due to the
limited equivalent synthetic aperture that can be rea-
lized, resulting in lower overall image quality.
Nevertheless, the system can correctly retrieve the
displacement pattern compared to LISA, both spatial
distribution and absolute values. Despite the much
lower integration time due to the much shorter acqui-
sition time, MELISSA achieved a sufficient SNR on the
acquired images, that is, over a maximum range up to
400 m.

It must be underlined that the two power images
shown in Figure 11 correspond to acquisition times of
70 s and 0.05 s for LISA and MELISSA, respectively.

The reported test validated MELISSA’s capability to
incorrectly retrieve the displacement pattern of an
unstable slope with a very high refreshing rate but
reveals the presence of new original issues that need
to be fully addressed.

The most important is undoubtedly the consider-
able amount of data produced by the system due to the
short acquisition time. In the reported campaign,
5 hours of monitoring produced an amount of about
120 Gb of data, corresponding to almost 180,000
images.

These data need to be stored and processed effi-
ciently, considering the specific features of the phe-
nomenon under monitoring. This additional test
highlighted the need for a more comprehensive
approach, which should effectively account for the
total duration of the monitoring, a significantly short
acquisition time and the quick availability (real-time)
of results.

The campaign on Stromboli volcano has been cru-
cial in providing several indications confirming the
expected advantages of using a system like MELISSA
in an adverse environment like the volcanic one.

It has been confirmed the possibility to overcome
the severe limitations that a traditional system like



LISA may encounter in terms of loss of short-term
coherence. The acquisition time that MELISSA can
use turned out to be fast enough to approach the
specific situation existing in Stromboli and modulate
the measurement parameters to reconstruct the dis-
placement pattern despite the presence of short-term
solid decorrelation not allowing LISA to get compar-
able results.

On the other hand, it must be stressed that this
appears to be a viable solution only over limited
areas due to the limitations that distance imposes on
the acquisition time and over a limited time span. The
collected data is vast, and the related processing is
highly demanding. There is a clear need to carefully
analyse these aspects and develop a specific effective
procedure. These measurements confirm excellent
performances until 500-600 m in terms of attainable
SNR in terms of operational range.

The overall conclusion is that MELISSA, based on
its actual performances, brings clear advantages to the
monitoring activities with GB-InSAR. It appears the
ideal tool to complement a traditional system, but it
can still not cover the full range of tasks that
a monitoring system must ensure efficiently and
advantageously.

Conclusions

An interferometer, based on an electronically scanned
array in MIMO configuration (MIMO-SAR), has been
assessed for operational use in monitoring phenomena
of geological interest, such as landslides and unstable
slopes. The system is, in principle, able to apply the
very well-known and proven Ground-Based
Interferometric technique. It may guarantee a short
refreshing time, in the order of 0.01 s, in comparison
with traditional systems, based on the mechanical
movement of the radar transceiver on a rail or the
mechanical steering of a real antenna. The prototype
termed MELISSA has been applied in infield experi-
mental campaigns. They include:

¢ A monitoring campaign of the Vetto landslide.
This provided the first successful example of the
application of the prototype on a landslide. The
campaign has been executed in a site continu-
ously monitored by a traditional system (LISA)
and then compared the obtained results. The
results turned out to match very well
Consequently, this test confirmed the expected
good performances of the system in a range up
to 500 m.

¢ A monitoring campaign of an unstable slope on
the Stromboli Volcano. This is the second exam-
ple of application to a landslide but in a very
different environment. Again, it was possible to
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compare data with a traditional GBInSAR system.
This test provided results in line with the previous
case in general terms. More importantly, it has
also shown the robustness of the MIMO-SAR
concerning factors inducing a fast decorrelation
of the observed scene and usually preventing the
acquisition of good quality images.

A reference design for the MIMO-SAR able to ensure
about 125 images per second in a maximum range of
about 500 m turns out to be fully validated, and this also
corresponds to the reference scenario for its operational
use. In this scenario, the MIMO-SAR may acquire
images with a high rate while it is equivalent to the
existing system concerning other relevant measurement
parameters. The MIMO-SAR performances start to
degrade, increasing the distance, and it is impossible to
maintain the same high rate of acquisition with equally
good performances in terms of image SNR. For this
reason, the first recommended scenario is in support
and combination with a traditional system, providing
a temporary close-in view over portions that exhibit an
acceleration of the deformation rates. A second scenario
concerning the provision of early warning is also pro-
vided, and this is particularly tailored for situations
where a fast-evolving phenomenon may suddenly
develop without clear precursors. Finally, possible
options to enhance the system have been presented.

In conclusion, the MIMO-SAR approach may
undoubtedly bring some original and, in some respect,
unique advantages, which can further extend the field
of applicability of the GB-InSAR technique for the
monitoring of ground deformation. For the time
being, its optimal use is in combination with and
support traditional systems.
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