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Abstract—The Sentinel-1A is the first of two satellites that
composes the Sentinel-1 radar mission. Both satellites operate
a C-band synthetic aperture radar (SAR) system to give conti-
nuity to the European SAR program. SAR is a flexible sensor
able to fulfil users/applications requirements in terms of reso-
lution and coverage thanks to different operational modes and
polarizations. With the in-orbit availability of very-high-resolution
X-band SAR sensors, the Sentinel-1 satellites have been designed
to achieve wide coverage at medium to high resolution. The
interferometric wide swath (IWS) mode implemented with the
terrain observation with progressive scan (TOPS) technique is
the standard acquisition mode over European waters and land
masses. IWS in dual-polarization (VV/VH) combination offers
250-km swath at 5 m × 20 m (range × azimuth) spatial reso-
lution. These specifications are in line with the needs of the
European Maritime and Security Agency (EMSA) for oil spill and
ship detection applications included in the CleanSeaNet program.
The main goals of this paper are: assessment of medium-to-
high-resolution C-band Sentinel-1 data with very-high-resolution
X-band TerraSAR-X data for maritime targets detection; syner-
getic use of multiplatforms satellite SAR data for target features
extraction; evaluation of polarimetric target detectors for the
available co-polarization and cross-polarization Sentinel-1A IWS
VV/VH products. The objectives are achieved by means of real,
almost coincident C-band and X-band SAR data acquired by
Sentinel-1A and TerraSAR-X satellites over Gulf of Naples and
Catania (South Italy). Furthermore, the obtained results are sup-
ported by recorded ground truth vessel reports via terrestrial
automatic identification system (AIS) stations located in the area.

Index Terms—Multifrequency, multipolarization, synthetic
aperture radar (SAR), targets detection.

I. INTRODUCTION

W ITH the launch of Sentinel-1A satellite on April 3,
2014 the European Radar Observatory program became

operative in the framework of the Copernicus initiative.
Copernicus, previously known as Global Monitoring for
Environment and Security (GMES), is a joint initiative of the
European Commission (EC) and the European Space Agency
(ESA) established with the objective of the implementation of
services dealing with environment and security [1]. Thanks to
the experience gained by working groups in several European
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Union (EU) projects, in the Copernicus initiative three prior-
ity services have been identified: marine, land, and emergency
services.

Sentinel-1 is a long-term constellation mission composed
of two C-band radar polar orbiting satellites, i.e., Sentinel-1A
and Sentinel-1B (launch of the second is scheduled for 2016),
that provides continuous all-weather day/night imagery for the
following identified applications [1], [2]:

1) land forests, waters, soil, and agriculture monitoring;
2) natural disasters support via emergency mapping;
3) maritime environment monitoring;
4) sea ice and iceberg observation;
5) high-resolution ice charts production;
6) sea and ice condition forecast;
7) oil spills mapping;
8) sea vessel detection;
9) climate change monitoring.
Each of these particular applications has different needs in

terms of coverage, spatial resolution, noise floor, and radar
polarization. Nevertheless, synthetic aperture radar (SAR) is
a flexible sensor able to fulfil users/applications requirements
with a single instrument, thanks to the possibility of implement-
ing different operational modes. Recent SAR missions offer
also multipolarization (dual- or full-polarization) acquisition
capabilities.

With the availability of commercial very-high-resolution X-
band SAR sensors like the German TerraSAR-X/TanDEM-X
constellation and the Italian Cosmo-SkyMed 4 satellites con-
stellation, Sentinel-1 satellites have been designed to achieve
medium-to-high-resolution imaging capabilities and wide cov-
erage. Despite the aforementioned SAR flexibility, wide cover-
age and very-high-resolution imagery at the same time are not
possible with the actual SAR design technology.

Sentinel-1 is the first satellite built with interferometric
wide swath (IWS) mode exploiting the terrain observation
with progressive scan (TOPS) technique. IWS is the standard
acquisition mode over European waters and land masses for
both interferometric applications, e.g., digital elevation model
(DEM), and maritime surveillance applications, e.g., pollu-
tion and vessel monitoring. IWS in dual-polarization (VV/VH)
combination offers 250-km swath at 5 m × 20 m (range ×
azimuth) spatial resolution in single look. These imagery char-
acteristics are in line with the needs of the satellite SAR-based
oil pollution and ship detection European CleanSeaNet service
established by the European Maritime and Security Agency
(EMSA). As a matter of fact, when a single SAR polarization
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Fig. 1. Collected AIS messages (green dots) inside the boundary box given by
the acquired Sentinel-1 (dashed black line) and TerraSAR-X (continuous black
line) SAR data over Gulf of Naples, Italy. The time span is approximately 1 h
before and 0.5 h after the satellite overpasses.

is available, VV polarization is the preferred choice for oil
spill detection algorithms and HH polarization is preferred for
ship detection algorithms [3]. In [4], the potential use of SAR
cross-polarization combination (HV or VH) for ship detection
is discussed and shown to be useful especially at low inci-
dence angles. On the other hand, while spatial resolution is
less important than coverage for SAR oil spill detection, it is
a critical parameter for both ship detection (regarding small
vessels as fishing boats) and classification. In conclusion, tak-
ing into account complementary very-high-resolution X-band
satellite SAR data as support for specific application needs, the
choice of medium-to-high resolution C-band dual-polarization
VV/VH as default product mode over European’s water seems
a good tradeoff among SAR maritime services prerequisites.

Due to the fact that Sentinel-1A and TerraSAR-X have differ-
ent orbit characteristics (the first has a mean height of 693 km
with a repeat cycle of 12 days; the second has a mean height
of 515 km with a repeat cycle of 11 days), an area on Earth
can be monitored from space at different times, with different
geometries, resolution, and coverage. Despite Sentinel-1A fixed
acquisition plan over European waters, TerraSAR-X acquires
data on-demand and has a fast satellite commanding (e.g.,
emergencies cases). Thanks to these properties and the afore-
mentioned complement between the two satellites, Sentinel-1A
and TerraSAR-X form an interesting tandem for maritime
surveillance applications. Therefore, within this paper, the fol-
lowing objectives have been identified:

1) assessment of the operational IWS C-band Sentinel-1
with StripMap X-band TerraSAR-X data for maritime
targets detection;

2) synergetic use of multiplatforms satellite SAR data for
targets cross checking and vessel speed estimation;

3) first evaluation of polarimetric target detectors for
the available co-polarization and cross-polarization

Fig. 2. Collected AIS messages (green dots) inside the boundary box given by
the acquired Sentinel-1 (dashed black line) and TerraSAR-X (continuous black
line) SAR data over Catania, Italy. The time span is approximately 1 h before
and 0.5 h after the satellite overpasses.

Sentinel-1A IWS products, previously demonstrated for
RADARSAT-2 high-resolution quad-pol and very-high-
resolution dual-pol TerraSAR-X data [5], [6].

The aims are achieved by means of real, almost coinciden-
tal C-band and X-band SAR data acquired by Sentinel-1A
and TerraSAR-X satellites. On November 25, 2014, just a few
months after Sentinel-1A concluded the commissioning phase,
there was an opportunity to command TerraSAR-X acquisi-
tions in the southern part of Italy, very close in time to the
planned Sentinel-1A [1], [2]. During these controlled exper-
iments, ground truth data provided by terrestrial automatic
identification system (AIS) vessel reports have been recorded
approximately 1 h before and 0.5 h after SAR acquisitions. AIS
data are used to validate the objectives posed for this paper.

The paper is organized as follows. Section II contains details
on the material and data analyzed. Section III is dedicated to
the listed purposes 1 and 2. Section IV is dedicated to the listed
purpose 3 where the theory and results on polarimetric detec-
tors are presented; discussion and conclusions are sketched in
Section V.

II. MATERIAL AND DATA DESCRIPTION

In this section, the material and the data analyzed for the pur-
poses of this paper are introduced and described. Used material
consists of satellite SAR data acquired in C- and X-band by
two different satellites, and terrestrial AIS reports broadcast by
ships in the area given by the satellites footprint on ground.
The AIS data set is used to identify most of the maritime tar-
gets imaged by SAR and hence represents, for those targets,
the ground truth. Therefore, it is worth a short introduction to
the terrestrial AIS system before proceeding with SAR data
description.

AIS is a messaging system developed for collision avoid-
ance and to support other navigation systems, e.g., marine
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TABLE I
SAR DATA DESCRIPTION

radars, long range identification and tracking (LRIT) systems
and vessel traffic service (VTS). Vessels obliged to transmit the
message via AIS system are: ships of any type exceeding 300
tons engaged in international voyages, cargo ships exceeding
500 tons, and passenger vessels [7]. Lately, to contrast the large
numbers of collisions involving fishing vessels, the EU has
amended the Directive 2002/59/EC on the vessel traffic mon-
itoring and information system, proposing that fishing vessels
greater than 15 m sailing in European waters be fitted with AIS
[8]. Other maritime targets that might be equipped with AIS
and broadcast their message are: wind turbines, navigation aids,
buoys, etc. Broadcast rate is variable (from seconds to minutes)
and depends on the maritime target status, e.g., at anchor, sail-
ing, maneuvering, etc., and AIS message type. Information sent
jointly with geographical location are: International Maritime
Organization (IMO) number, call sign, maritime mobile ser-
vice identity (MMSI), speed and course over ground (CoG).
Additional vessels’ features are: ship name size, type, estimated
time of arrival (ETA), and destination. The latter are usually set
manually and therefore often unreliable and/or not available.
AIS transponder broadcasts in VHF frequency achieving hori-
zontal range of circa 70 km. Satellite reception of AIS signals is
possible but here only terrestrial AIS information is exploited.
It is evident that not all SAR detected maritime targets could
be matched with a valid AIS message. Moreover, due to the
fact that SAR is a radar imaging system that takes a snapshot
of the observed scene in few seconds, there might be still a
time mismatch. For these reasons, the strategy used is to visu-
ally confirm automatic colocated AIS data with SAR detections
using additional historical AIS data in the time range span of
approximately 1 h before and 0.5 h after satellite overpasses.
Figs. 1 and 2 show the AIS messages (green dots) collected
over the two areas where Sentinel-1A (dashed black line) and
TerraSAR-X (continuous black line) data have been acquired.
Some shipping route, e.g., between main land and the islands
in the Gulf of Naples or in the Strait of Sicily, is clearly visible.
Due to the different ground coverage between the Sentinel-
1A’s IWS mode and the TerraSAR-X’s StripMap mode, the
multifrequency assessment could be done only in the overlap-
ping area and where targets could be identified with AIS data
(see Figs. 1 and 2).

To preserve the original sensors’ resolution, both C- and X-
band SAR data sets are processed starting from single look

complex (SLC) format and slant range geometry. Table I
provides a summary of data characteristics corresponding to
each acquired data set. It is worth noticing that TerraSAR-
X imagery has been planned in HH polarization since it
was known that Sentinel-1A would provide the combination
VV/VH. Fig. 3 (Fig. 4) shows color-coded ground projection
of the SAR data set named in Table I Gulf of Naples (Gulf of
Catania). The left panel is the Sentinel-1 IWS VV/VH polar-
ization (RGB color coding is with R = 〈|V V |〉, G = 〈|V H|〉,
and B = 〈|V V − V H|〉) acquired on November 25, 2014 at
16:57 Z (November 25, 2014 at 16:56 Z). The right panel
is TerraSAR-X HH polarization (RGB color coding is given
by R = std(|HH |), G = w1〈|HH |〉, and B = w2〈|HH |〉)
acquired on November 25, 2014 at 16:50 Z (November 25, 2014
at 16:49 Z). The weights w1 and w2 are chosen to take into
account low and high range variation of the radar amplitude,
while std(·), 〈·〉, and | · | are the standard deviation, average,
and absolute value operators, respectively. Acquisitions time
differences are about 7 min; both satellite orbits are ascending.

III. C-/X-BAND ANALYSIS AND SYNERGY

Sentinel-1A IWS SLC products are distributed as individu-
ally focused complex burst images into three single subswath
images (three images for single polarization and six images for
dual polarization). Each subswath, namely IW1, IW2, and IW3,
has been processed individually (reading, de-bursting, and cal-
ibration) and merged at the last stage to produce the map in the
left panels of Figs. 3 and 4. The strategy to process subswaths
individually is kept also when running target detection algo-
rithms (and additional polarimteric features extraction). This
enables the parallelization of algorithms and the achievement
of near-real-time (NRT) services, otherwise difficult due to the
large amount of data given by IWS SLC products.

Three interesting cases have been chosen for the C-/X-band
assessment and synergy with regard to maritime targets detec-
tion and surveillance: 1) monitoring of harbor area; 2) analysis
of ships and ship wake signatures; and 3) surveillance of small
boats without AIS.

A. Monitoring of Harbor Area

Monitoring of harbors from space can be quite a challenging
task. Very-high-resolution imageries are usually preferred for
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Fig. 3. RGB color-coded representation of the SAR data acquired by Sentinel-1 in IWS dual-polarization VV/VH with R = 〈|V V |〉, G = 〈|V H|〉, and B =
〈|V V − V H|〉 (left) and TerraSAR-X StripMAP single-polarization HH with R = std(|HH|), G = w1〈|HH|〉, and B = w2〈|HH|〉 (right) over the Gulf of
Naples, Italy.

Fig. 4. RGB color-coded representation of the SAR data acquired by Sentinel-1 in IWS dual-polarization VV/VH with R = 〈|V V |〉, G = 〈|V H|〉, and B =
〈|V V − V H|〈 (left) and TerraSAR-X StripMAP single-polarization HH with R = std(|HH|), G = w1〈|HH|〉, and B = w2〈|HH|〉 (right) over Catania,
Italy.
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Fig. 5. Closeup of Fig. 3, showing Naples’s harbor: Sentinel-1 acquired on November 25, 2014 at 16:57 Z, VV polarization calibrated amplitude (left); TerraSAR-
X acquired on November 25, 2014 at 16:50 Z, HH polarization calibrated amplitude (right). Red rectangles are nonmoving marine targets; blue circles are moving
marine targets; green rectangles are targets identified by valid AIS message.

this kind of application. Nevertheless, the very-high-resolution
SAR data have a limited coverage and the contextual surround-
ing information is unknown by this means.

Referring to the TerraSAR-X in Fig. 3 (right panel), one
can notice a very smooth ocean radar signature in the Gulf
of Naples. Having a look at Sentinel-1A imagery acquired
after few minutes (Fig. 3, left panel) it is possible to gather
that a low meteo-ocean condition is in place all over the bay.
This information has been confirmed by auxiliary satellite wind
speed measurements and wind speed model data with an aver-
age speed below 2 m/s. Similarly, it can be deduced that the
internal wave signatures on TerraSAR-X (Fig. 4, right panel)
near Catania’s harbor are probably originated in the Strait of
Messina (where internal wave signatures are also present on
Sentinel-1A image in Fig. 4, left panel) and propagating north–
south along the coast [9]. In the context of harbor monitoring
by means of very-high-resolution satellite SAR imagery, e.g.,
TerraSAR-X, the possibility to gather large-scale meteo-ocean
information by means of complementary wide swath satellite
SAR imagery, e.g., Sentinel-1A, is highly desired. In this sense,
Sentinel-1 mission will boost such developments thanks to ESA
Sentinel-1 mission’s free data policy.

In Fig. 5, Naples’s harbor, imaged by Sentinel-1 (left panel)
and TerraSAR-X (right panel), is shown.

Both subscenes are ground projected and North oriented
(satellite orientation is indicated by the arrows range and
azimuth). The calibrated amplitude of the respective co-
polarization channels (VV for Sentinel-1A and HH for
TerraSAR-X) is displayed in Fig. 5. The same histogram
scaling is applied in order to have equal visual information
content. Speckle is mitigated using a boxcar filter with kernel
dimensions adapted to the different resolutions in range and
azimuth direction (5× 3 in range × azimuth). These process-
ing steps are used for all cases shown in this section, unless
explicitly stated.

Three marine targets are identified as ships by colocated AIS
messages (green rectangles); two of them are nonmoving (red

rectangles) and one is moving (blue circle). Due to the low
ocean clutter both subscenes are affected by azimuth ambigui-
ties. Ships or harbor structures ghosting on the ocean surface is
a major problem when dealing with SAR ship detection. These
artefacts are often causing false alarms. To mitigate this prob-
lem, several methods have been proposed and used in literature
for single- and multiple-polarization SAR data [10]–[15]. With
both data sets being not fully polarimetric, azimuth ambiguities
are removed after ship detection in a postprocessing step which
exploits the fixed azimuth and range distance of the ghosts from
real targets [10].

The multifrequency analysis of the ship radar signature is
conducted taking as example the tanker ship at anchor in the
Gulf of Naples in Fig. 5. It is an oil/chemical tanker of dimen-
sions: 144-m length and 23-m breadth. This target has been
selected because it is almost perfectly aligned in its length axis
with the radar range direction. Furthermore, being the target
at anchor, it is assumed that the influence caused by different
viewing geometry between the C-/X-band acquisitions is negli-
gible (although with a small difference in incidence angle; see
Table I). A pictorial profile of a typical oil/chemical tanker is
illustrated in Fig. 6(a), where the main structures are indicated
with letters from A to E. Fig. 6(b)–(c) shows the color-coded C-
band radar signature acquired by Sentinel-1A in the VV and VH
polarizations, respectively. On the other hand, Fig. 6(d) shows
the color-coded X-band radar signature acquired by TerraSAR-
X in the HH polarization. A common byte scaling is applied
to the amplitude measurements across the data set to facili-
tate the analysis. It is easy to recognize in Fig. 6(b) five strong
backscattering points along the tanker length axis, which dis-
tribution fits reasonably well with the main structures A–E
indicated in Fig. 6(a). These signatures are due to a mixture of
direct reflections from the metallic constructions, e.g., crane,
bridge, etc., and double-bounce between them and the deck.
This is further confirmed by the VH polarization signature in
Fig. 6(c) which is more an indication of volume scattering
rather than direct or double bounce. The X-band co-polarization
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Fig. 6. Multifrequency radar signature of a tanker ship at anchor in Gulf of Naples (see Fig. 5). All SAR images are ground projected with pixel spacing
according to the sensor’s resolution (see Table I). (a) Typical tanker’s profile of the type analyzed here. (b) Sentinel-1A C-band VV-polarization. (c) Sentinel-1A
VH-polarization. (d) TerraSAR-X X-band HH-polarization. (e) TerraSAR-X X-band HH-polarization with azimuth resolution reduced to match the one of the
Sentinel-1A.

(HH) radar signature in Fig. 6(d) is different from the C-band
co-polarization (VV) in Fig. 6(b). Unlike what has been high-
lighted for C-band VV polarization, a diffuse distribution of
strong backscattering points along the tanker length axis is in
place at X-band [Fig. 6(d)].

The factors that might produce such behavior in the tar-
get signatures at C- and X-bands are: 1) different radar
illumination geometry; 2) different polarization; 3) differ-
ent resolution; and 4) different frequency. The first factor
is excluded a priori since the target is at anchor (accord-
ing to the AIS message received) in the harbor area and
imaged by the two satellites with similar orbit heading in
a short time difference (hence possible target’s pitch, roll,
and yaw are assumed negligible). Regarding the polarization’s

influence, having the target at width of 23 m, it is reason-
able to assume that the dihedrals responsible for the double
bounce (usually the stronger contribution) have a comparable
vertical and horizontal size making the radar response quasi
polarization independent. In [16], the influence of the factors
1) and 2) have been further analyzed for different types of
ships (tanker and cargo), where the Sentinel-1A and TerraSAR-
X data have the same polarization and illumination geometry.
The conclusions in [16] confirm the assumptions made here.
Concerning the resolution influence, being the marine target
oriented with the major and minor axes in SAR range–azimuth
directions [see Fig. 6(b)–(d)], it can be discussed individually
along these directions. The strong azimuth resolution differ-
ence between the C- and X-band SAR data (∼ 21 m and
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Fig. 7. Tanker ship profiles along the radar viewing direction for different
frequency and polarization.

∼ 3 m, respectively) is evident comparing Fig. 6(b) and (d).
The tanker’s width signature appears in C-band just in few pix-
els in azimuth direction while in X-band much more details
are provided. On the other hand, the comparable resolution
in range of the C- and X-band SAR data (∼ 2 m and ∼ 1 m,
respectively) does not fully justify the different texture in the
radar signature along range direction (along the major axis of
the tanker). To further investigate this point, an X-band data
set with reduced azimuth resolution (down to ∼ 21 m as for
the C-band data set) has been generated from the original X-
band TerraSAR-X product by extracting a sublook with reduced
azimuth processed bandwidth, i.e., 1-look with smaller illumi-
nation time, via time-frequency analysis. The output of this
process is shown in Fig. 6(e), which can be directly compared
with Fig. 6(b). Even though range and azimuth resolutions are
in this case similar, the different radar signature in range per-
sists. To easily compare the radar range signatures at different
frequency and resolution, the data extracted from the region
given by the dashed white frame in Fig. 6(d) are plotted (after
being averaged in azimuth direction) in Fig. 7 for the case of
Fig. 6(b)–(e). Comparing the target range profiles in Fig. 7 it
can be observed that resolution does not play a major role.
Considering, for example, the main deck of the target under
analysis (which corresponds to the area around the 243 m of
the transect ground range size in Fig. 7), the radar response
in C-band (blue curve in Fig. 7) is quite low with no signifi-
cant texture, i.e., mostly specular reflection, while both original
and reduced resolution X-band data sets (red and black curve
in Fig. 7) show noticeable texture in the radar response. As
an outcome of this analysis, it is possible to conclude that
among the four factors listed, the different working frequencies
play the major role in the diverse radar backscatter signatures
of the tanker ship observed in Sentinel-1A and TerraSAR-X.
Hence, the different information provided by the Sentinel-1A
and TerraSAR-X satellite can be exploited to help marine tar-
get classification. An applicative example is provided in [16]

where a ship located in the coastal zone close to a harbor (non-
reporting its status via AIS) could be analyzed at C- and X-band
frequency and we conclude that it is probably a cargo at anchor.

It must be noted that previous works in the literature have
shown the potential improvements for ship detection applica-
tion when combining satellite meter-resolution X-band SAR
data with optical images [17] or airborne centimeter-resolution
X-band data [18]. Monitoring of harbor area making use of
multiple SAR satellite operating at different frequencies is
therefore here first investigated. The findings in the C-/X-band
analysis of the tanker ship are in partial agreement with the
multifrequency vessel scattering simulations provided in [19]
for two fishing vessels and a passenger ferry. From these sim-
ulations, a stable radar backscatter along the frequency span
(including C- and X-band) has been observed. Such stability
has not been encountered in this study when analyzing the
backscatter of a tanker in real C- and X-band SAR data. This is
probably due to the fact that oil/chemical tankers usually carry
complex metallic structures on their deck, formed by pipelines
and cranes, which are normally not present in fishing and ferry
vessels. Furthermore, it was observed that the backscatter of a
tanker ship in the original and reduced resolution X-band data
does not change the fundamental properties characterizing the
scattering map of the ship. This observation is in agreement
with the outcomes of the downscaling procedure applied at high
frequency to the ship’s model (which is equivalent to reduc-
ing the sensor’s resolution) for the simulations of the vessel
scattering maps in [19].

B. Analysis of Ships and Ship’s Wake Signatures

This case has been chosen because ship wake detection is
often desired when dealing with SAR marine target detection.
In fact, ship wakes might be used to identify moving from non-
moving marine targets and to help in detecting small boats for
cases where only the wake signature is visible on the ocean sur-
face. In Fig. 8, moving maritime targets (blue circles) identified
with AIS (green rectangles) as imaged by Sentinel-1 (left panel)
and TerraSAR-X (right panel) are shown. Reported AIS ship
types for the two targets in Fig. 8 are: the service vessel (length
61 m) and the fishing vessel (length not reported).

Ship’s wake signature on radar imagery is still an open and
not fully understood process. The influence of the wind-wave
field on the ship wake signature in TerraSAR-X imagery has
been carried out in [20] with a pilot experiment that makes use
of joint radar and sonar measurements of the wake signature.
A multifrequency airborne observation of ship wake has been
conducted in [21] using P-, L-, and C-band SAR data taken
by NASA/JPL DC-8 Airsar. In [22], it was reported that wakes
associated with fishing vessels show different wake opening
angles in the P- and L-band images and no wake in the C-band
image for wind speed regime < 2 m/s. In the case of Fig. 8, it
can be noted that for both Sentinel-1A (left) and TerraSAR-X
(right) no wake is clearly visible for the service vessel. This
might be due to the low ship speed (AIS reported speed is 3.6
kn) as wind speed is between 3 and 6 m/s. On the other hand, the
wake of the fishing vessel shows different signatures between
Sentinel-1A (left) and TerraSAR-X (right) imagery as shown in
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Fig. 8. Closeup of Fig. 4 showing an area North of Catania city with ships and ship’s wake signatures: Sentinel-1 acquired on November 25, 2014 at 16:56 Z,
calibrated amplitude VV channel representation (left); TerraSAR-X acquired on November 25, 2014 at 16:49 Z, calibrated amplitude HH channel representation
(right). Blue circles are moving marine targets; green rectangles are targets identified by valid AIS message.

Fig. 9. Full resolution clips showing details of the fishing vessel in Fig. 8
in satellite range–azimuth coordinates; C-band Sentinel-1 (left), X-band
TerraSAR-X (right).

details in Fig. 9. The fishing vessel is in the middle of the sub-
scenes and the area around has approximately the same size.
The reported AIS speed of the fishing vessel is 9.1 kn and is kept
almost constant during the two satellite overpasses. Although
the X-band SAR data have been acquired in HH polarization,
the fishing vessel wake signature is more pronounced than in
C-band (acquired in VV, which is the preferred polarization for
SAR wake detection). The lower incidence angle in the X-band
band data might play a role in this case.

SAR ship wake detection is usually combined with SAR ship
detection to estimate the radial velocity component of mov-
ing targets exploiting the Doppler shift effect [22], [23]. This
approach cannot be used in the case of SAR imagery with no
clear ship wake signature and/or ship moving in direction par-
allel to the sensor, i.e., azimuth. Such a case is actually given
in Fig. 9. Nevertheless, exploiting the availability of multi-
ple images at different acquisition times, classification between
moving and nonmoving targets, as well as the estimation of
their speed can still be done under certain assumptions. As an
example of joint use of Sentinel-1 and TerraSAR-X, the fishing
vessel speed has been measured applying a basic change detec-
tion algorithm, assuming a linear trajectory at constant speed.
The azimuth time difference between the two target positions
is about 420 s, while the distance traveled is about 2024 m.

Fig. 10. Closeup of Fig. 4 showing an area south of Catania city with small
boats: Sentinel-1 acquired on November 25, 2014 at 16:56 Z, calibrated ampli-
tude VV channel representation (left); TerraSAR-X acquired on November 25,
2014 at 16:49 Z, calibrated amplitude HH channel representation (right). Blue
circles are moving marine targets; green rectangles are targets identified by
valid AIS message.

This gives an average speed of 9.37 kn that compares well with
9.1 kn reported by the AIS message.

C. Surveillance of Small Boat Without AIS

Because SAR is a synoptic noncooperative surveillance tool,
it is mostly useful in the framework of maritime target detection
to monitor ships that voluntarily (involved in illegal activity,
AIS broadcast not mandatory, fishermen hiding their fishing
zone to other fishing vessels, etc.) or involuntarily (not engaged
in voyages, AIS, and/or other anticollision system malfunc-
tions, etc.) do not report their positions. Small boats and
pleasure crafts often do not use anticollision systems, like AIS,
making their position unknown to other ships, especially at
nighttime or in foggy conditions.

This is the case of Fig. 10 where three small boats (blue
circles) are visually detected in high-resolution C-band VV
polarization Sentinel-1A image (left) and very-high-resolution
X-band HH polarization TerraSAR-X image (right). It must be
pointed out that the visual detection of the three small boats
in Sentinel-1A image has been possible thanks to the sup-
port of the very-high-resolution TerraSAR-X image acquired
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Fig. 11. Full resolution clips showing details of the small boats without AIS in Fig. 10 in satellite range–azimuth coordinates; Sentinel-1 (left), TerraSAR-X
(right).

shortly before. This is evident looking at Fig. 11 where full
resolution clips of the C-band and X-band data set are shown in
the azimuth–range coordinate without interpolation of ground
projection processing.

Unfortunately, the size and type of these maritime targets
are unknown. To infer the minimum ship size detectable, some
work has been done taking into account met-ocean conditions
and SAR system design, using C-band data [24] and more
recently X-band data [25]. Besides the detection of maritime
targets it is often desired to estimate their parameters, e.g.,
length, width, heading, etc., based on their radar imagery sig-
nature. The motion of the small boats in Fig. 11 (as well as for
the fishing vessel in Fig. 9) along the satellite azimuth direction
produces a SAR imaging artefact, known as the smearing effect,
resulting in an elongated shape of the targets. This effect intro-
duces an error when estimating ship parameters [26]. In [26], a
methodology has been proposed to reduce this estimation error
for different types of SAR products (from medium to very high
resolution) using a valuable data set of TerraSAR-X imagery
and colocated AIS messages. Applying the same method and
assumptions described in the previous section, the speeds of the
three targets named Boat1, Boat2, and Boat3 in Fig. 11 have
been retrieved. Azimuth time difference for the three targets is
about 414 s (they are approximately at the same azimuth line
and there are a few milliseconds difference between the three)
while the distances traveled are about 750, 377, and 616 m,
respectively. These give an average measured speed of about
3.5 kn for Boat1, 1.8 kn for Boat2, and 2.9 kn for Boat3.

IV. POLARIMETRIC DETECTOR: THEORY AND RESULTS

A first analysis of ship detectability on Sentinel-1 IWS
dual-polarimetric products has been carried out in [27] as an
extension of the modeling developed in [24] for RADARSAT-
1, RADARSAT-2, and Envisat ASAR image data. The model
proposed in [27] predicts the minimum ship length considering
each polarization available. When comparing model results for
co-polarization and cross-polarization IWS products, one of the
findings is that ship detection performance at cross-polarization

is comparable to the ones at co-polarization [27]. This result
is probably due to the IWS incidence angle range as cross-
polarization benefits for ship detection are more important at
smaller incidence angles [5], [27]. Nevertheless, the promising
results obtained by using the polarimetric reflection symme-
try properties of maritime targets and ocean clutter for C-band
[5] and X-band [6] data suggest evaluating this approach
for Sentinel-1A IWS products. In addition, the polarimet-
ric entropy H is extracted from dual-polarimetric covariance
matrix and used as a comparison parameter. A ship detec-
tor based on the entropy H retrieved from full-polarimetric
airborne SAR data was first proposed in [28].

A. Reflection Symmetry Approach

The dual-polarimetric measurements available on Sentinel-
1A IWS products can be expressed in terms of the scatter-
ing vectors kDH = (SHH , SHV )

T or kDV = (SV H , SV V )
T

depending on the acquired polarization combination. In this
paper, Sentinel-1A IWS VV/VH data are analyzed, therefore
the 2× 2 covariance matrix is defined as

C2 = 〈kDV · kDV
∗T 〉 =

( 〈|SV H |〉2 〈SV HS∗
V V 〉

〈SV V S
∗
V H〉 〈|SV V |2〉

)
. (1)

The reflection symmetry property implies that the unnormal-
ized correlation between co-polarization and cross-polarization
channels vanishes for symmetric targets (such as the sea sur-
face) and is different from zero for nonsymmetric targets (such
as maritime targets) [5], [6]{〈SV V S

∗
V H〉 = 〈SV HS∗

V V 〉 ≈ 0, if target is symmetric
〈SV V S

∗
V H〉 = 〈SV HS∗

V V 〉 �= 0, if target is not symmetric
(2)

Hence, for the following analysis, the modulus of the unnormal-
ized correlation between co-polarization and cross-polarization
channels is used as detector:

r = |〈SV V S
∗
V H〉| . (3)
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Fig. 12. Gulf of Naples. Subscene extracted from the complex IW2 subswath in range–azimuth coordinates with the coastline in red and ships identified via AIS
as green squares. (a) The calibrated amplitude of the co-polarization channel. (b) The calibrated amplitude of the cross-polarization channel.

The estimation window size used to calculate (3) is 5×
3 (range × azimuth) to take into account the higher resolution
in range.

In Figs. 12 and 13, the symmetry parameter r image
[Fig. 13(a)] is compared with the amplitude of the

co-polarization and cross-polarization channel images
[Fig. 12(a) and (b), respectively]. Since to retrieve r a window
estimation has been used (hence the speckle is also reduced), a
boxcar filter of the same size has been applied when processing
individually the co-polarization and cross-polarization images.
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Fig. 13. Gulf of Naples. The coastline is shown in red, and ships identified via AIS are shown as green squares. (a) Estimated symmetry parameter r using
5× 3 (range × azimuth) window. (b) Binary output based on the threshold th.

The binary mask in Fig. 13(b) is obtained by thresholding the r
image using the following empirical relation:

th = mean (rocean) + 3 ∗ stddev (rocean) (4)

where rocean is an image layer obtained from r after masking
out the land, mean(·) and stddev(·) provide the average and
standard deviation value of unnormalized correlation r over
the ocean, and th is the global threshold. Land masking has
been performed with the help of auxiliary data provided by the
SRTM water body data set. Equation (4) is reasonable since the

amount of ship pixels is negligible compared to the amount of
ocean pixels.

B. Entropy Approach

Because (1) is a Hermitian positive–definite matrix, the
H2α dual-polarimetric eigenvalues decomposition theorem is
applied to retrieve the entropy H [29]

H = −
∑2

I=1
Pilog2 (Pi) (5)
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Fig. 14. Three-dimensional representation of the normalized parameters used for comparison: (a) VV polarization; (b) VH polarization; (c) r based; and H based.

where the probabilities Pi are defined as

Pi =
λi

(λ1 + λ2)
. (6)

In (6), λ1 and λ2 (with λ1 > λ2) are indicating the eigenvalues
of the covariance matrix defined in (1).

To show the behavior of the different parameters in case of
small maritime targets, the fishing vessel in Fig. 9 is taken as an
example. Although this target has been identified with a valid
AIS message, the length is not reported.

In Fig. 14, a 200× 200 pixels region of interest surround-
ing the fishing vessel in Fig. 9 is plotted as a surface curve
for the normalized VV, VH, r, and H parameters. As a mat-
ter of fact, the r-based approach allows de-emphasizing the sea
surface clutter while enhancing the maritime target, when com-
pared to single-polarization channels. For the case analyzed, the
cross-polarization channel VH and the polarimetric entropy H
are not performing well since it is quite difficult to discern the
target from the surrounding clutter.

V. DISCUSSIONS AND CONCLUSION

Synergetic use of multifrequency and multipolarization satel-
lite SAR data in the framework of maritime target detection
has been conducted. For this paper, high-resolution C-band

dual-polarization VV/VH IWS mode from recently launched
Sentinel-1A satellite and very-high-resolution X-band single-
polarization HH StripMap mode from TerraSAR-X satellite
have been used. Two regions in southern Italy have been imaged
by the two satellites almost at the same time and the same orbit
path, although placed in two different orbital heights. Maritime
targets detected by the SAR imagery have been augmented
by ground truth measurements provided by AIS messages
collected in the monitored area. Satellite wind speed measure-
ments have been used to get an indication of the met-ocean
conditions and motivate some observations.

In the first part of the paper, the assessment of the operational
IWS C-band Sentinel-1 with StripMap X-band TerraSAR-X
data and their synergetic use were addressed. In particular,
three interesting cases have been chosen because these are rele-
vant for maritime surveillance applications: 1) monitoring of
harbor area; 2) analysis of ships and ship wake signatures;
and 3) surveillance of small boats without AIS. The joint
use of the two satellites working at two different frequencies
enables applications such as target-type discrimination, mov-
ing/nonmoving target differentiation, and moving target speed
estimation. It is worth mentioning that only the comparison for
the purposes of maritime target observation has been addressed
here, although very interesting met-ocean signature differences
are also observable between the C- and X-band data sets, e.g.,
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the oceanic and atmospheric signature (Fig. 8, top-left corners)
and the internal waves signature (Fig. 10, center scenes).

In the second part of the paper, multipolarization analysis of
the C-band data set was carried out. Results using the reflec-
tion symmetry approach confirmed previous experiences on
other C-band and X-band satellite data. From the first analysis
conducted here on Sentinel-1A data, the reflection symmetry
parameter performed better than single-pol features and dual-
polarimetric entropy. A final validation and comparison with
other polarimetric detectors is, however, to be done in future
work.
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