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Abstract 

The understanding of activities associated with the maritime domain that could impact the 
security, safety and environment are of particular interest and importance for countries 
bordering on the sea, but not limited to. Due to the different threats the world oceans are 
subjected to, an ideal surveillance system must be capable of operating independently of 
weather and sun-light conditions. Moreover, a cost-effective tool that delivers timely 
information on critical situation at open sea, as reliable as for coastal zones, is an asset. 
Satellite Synthetic Aperture Radar (SAR) is the only space-borne system that provides non-
cooperative surveillance of maritime activities. In particular, the new generation of satellite 
SAR sensors, such as the Canadian RADARSAT-2, the German TerraSAR-X/TanDEM-X 
and the Italian COSMO-SkyMed, deliver data in Near Real Time (NRT) in a broad range of 
imaging modes and specifications. For these reasons, SAR is considered a key instrument to 
build such integrated maritime surveillance system. 

Among the illegal human activities, marine pollution and non-cooperative vessels are 
considered essential undertaking in the framework of Maritime Security and Safety. To 
contrast the increasing phenomena of voluntary oil dumping and respond to catastrophic oil 
spill events (often direct consequences of the high ship traffic) the European Union (EU) has 
founded the European Maritime Safety Agency (EMSA). CleanSeaNet is the satellite-based 
oil spill and vessel detection service provided by EMSA to the member states. 

SAR imagery, acquired in single polarization, provide information on the sea surface 
roughness and on the presence of floating metallic targets. Accordingly, SAR imagery is the 
main input for the service CleanSeaNet. Nevertheless, oil spill and ship detection algorithms, 
that exploit only the amplitude information of single polarization SAR data, have non-
optimal performances. 

The topic of this thesis is oil spill and ship detection using high resolution polarimetric X-
band SAR data. The concern of polarimetry is to analyse the polarization state of the 
electromagnetic wave to extract physical information from the observed object. Recently its 
concept has been extended to SAR, hereafter PolSAR. The well-known drawbacks of the 
actual PolSAR system are the loss in spatial resolution and the cross-track coverage 
reduction. For these reasons, PolSAR studies in SAR oceanography have been very limited. 
However, the drawbacks of PolSAR can be mitigated in future missions with new 
technologies or exploiting complementary SAR satellites, e.g. the ESA Sentinel-1.  

This dissertation aims at studying potential benefits of PolSAR techniques to improve the 
current State-of-the-Art of SAR marine pollution and target detection with an eye to NRT 
suitability. The algorithms developed to accomplish the main task of this dissertation are 
among the first to use spaceborne X-band PolSAR data in the maritime domain. A 
challenging dataset containing field campaign measurements has been analysed to show the 
novelties found in the research field. 

 



 
 

Zusammenfassung 

Das Verständnis der maritimen Aktivitäten, die sich auf Sicherheit und Umwelt auswirken 
könnten, ist besonders, aber nicht nur, für Küstenländer von besonderem Interesse und hoher 
Bedeutung. Aufgrund der verschiedenen Bedrohungen, denen die Weltmeere ausgesetzt sind, 
muss ein ideales Überwachungssystem unabhängig von Wetter- und Sonnenlichtbedingungen 
betrieben werden können. Außerdem ist ein kostengünstiges System, das für kritische 
Situation auf offener See genauso aktuelle und zuverlässige Informationen liefert wie für 
Küstengebiete, von großem Vorteil. Satellitengestütztes Synthetische Apertur Radar (SAR) 
ist der einzige weltraumgestützte Sensor, der die Überwachung der maritimen Vorgänge 
nicht-kooperativ zur Verfügung stellt. Insbesondere die neue Generation von Satelliten-SAR-
Sensoren, wie zum Beispiel der kanadische RADARSAT-2, die deutschen TerraSAR-
X/TanDEM-X und der italienische COSMO-SkyMed, liefern Daten in Nahe Echtzeit (NRT) 
in einer Fülle von Abbildungsmoden und Spezifikationen. Daher wird SAR als 
Schlüsselinstrument zum Aufbau eines solchen integrierten Überwachungssystems für 
maritime Sicherheit betrachtet. 

Illegale Aktivitäten auf See, wie Meeresverschmutzung und nicht-kooperative Schiffe, sind 
die Schwerpunktthemen der maritimen Sicherheit. Zur Bekämpfung der zunehmenden 
Ölverklappung und zur Reaktion auf Ölkatastrophen (oft eine direkte Auswirkung des hohen 
Schiffsverkehrs) hat die Europäische Union (EU) die European Maritime Safety Agency 
(EMSA) gegründet. CleanSeaNet ist der satellitengestützte Dienst für Ölverschmutzung und 
Schiffsdetektion, der den Mitgliedsstaaten von der EMSA zur Verfügung gestellt wird. 

SAR-Bilder, aufgenommen in nur einer Polarisation, liefern Informationen über die Rauigkeit 
der Meeresoberfläche und das Vorhandensein von schwimmenden metallischen Objekten. 
Daher bilden SAR-Bilder die Hauptdatenquelle für den CleanSeaNet-Dienst. Jedoch 
erreichen Öl- und Schiffdetektionsalgorithmen, die nur die Amplitudeninformation einzelner 
Polarisationen von SAR-Daten nutzen, nicht die optimale Leistung. 

Diese Arbeit betrachtet die Öl- und Schiffsdetektion mit hochauflösenden polarimetrischen 
X-Band SAR-Daten. Polarimetrie misst den Polarisationszustand eines elektromagnetischen 
Wellenfeldes, um daraus physikalische Informationen zu erhalten. In letzter Zeit wurde dieses 
Konzept auf SAR erweitert, hiernach PolSAR. Die bekannten Nachteile der PolSAR-
Methode sind Auflösungsverlust und Abdeckungsreduzierung. Daher gab es nur sehr wenige 
PolSAR-Studien im Bereich SAR-Ozeanographie. Allerdings können die Nachteile von 
PolSAR in zukünftigen Missionen mit neuen Technologien oder der Nutzung 
komplementärer SAR-Satelliten, z.B. der ESA Sentinel-1, gemildert werden. 

In dieser Dissertation werden die potenziellen Vorteile von PolSAR-Techniken zur 
Verbesserung des aktuellen Stands der SAR Öl- und Schiffsdetektion untersucht, wobei auch 
die NRT-Eignung beachtet werden soll. Die Algorithmen, die zur Erreichung der 
Hauptaufgabe dieser Arbeit entwickelt wurden, zählen zu den ersten, die weltraumgestützte 

 



 
 

X-Band PolSAR-Daten für den maritimen Bereich verwenden. Ein herausfordernder 
Datensatz mit Feldkampagnen-Messungen wurde analysiert, um die erreichten Fortschritte 
im Forschungsgebiet zu demonstrieren. 
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1 Introduction 
 

1. Introduction 

Oceans are covering approximately 70% of the Earth’s surface. Their monitoring and 
surveillance has always been not an easy task due to the limitations in coverage and 
practicality of standard tools like patrol control and similar monitoring means. It is evident 
that satellite remote sensing is the key factor to accomplish such a demanding task. In this 
sense the SeaSAT mission, the first satellite equipped with Synthetic Aperture Radar (SAR), 
planned with the goal of demonstrating the feasibility of studying Earth's ocean on a large 
scale from space, represents the milestone of the SAR oceanography. 

A processing of the Doppler spectrum of the recorded electromagnetic (EM) field by a 
coherent RADAR (RAdio Detection And Ranging) operating on-board a moving platform, 
allows to significantly improve the radar spatial resolution along the flight direction. A SAR 
can be operated either airborne or spaceborne (Cumming and Wong, 2004) (Curlander and 
McDonough, 1991). The term synthetic aperture refers to the fact that a longer than 
physical antenna length is synthesized. In a nutshell, SAR is an imaging sensor able to 
produce a bi-dimensional reflectivity map of large areas with very high spatial resolution 
(Oliver and Quegan, 2004). 

SAR developments began in the middle 50s. The following two decades have been ruled by 
military research and applications due to the ability in man-made target detection (Elachi 
and Van Zyl, 2006). SAR is, however, more than just a target detector. Thanks to other 
notable characteristics, its use in civil Earth Observation (EO) applications has increased 
starting from the early 80s. Satellite carrying SAR sensors, with their: 1) imaging flexibility, 
i.e. a single system can collect data from wide areas at low resolution (ScanSAR) to small 
areas at high resolution (SpotLight); 2) coherent phase history record; 3) wide area coverage; 
4) data recording independent from day time; have become nowadays essential tools in many 
fields of Earth monitoring. Nowadays, SAR sensors are being used in many civil applications 
including Maritime Surveillance and Security. 

The topic of this thesis is oil spill and ship detection using high resolution polarimetric X-
band SAR data. The concern of polarimetry is to analyse the polarization state of a wave 
field to extract physical information from the observed object (Cloude, 2010) (Lee and 
Pottier, 2009). Polarimetry is well known in optical science and recently its concept has been 
extended to radar and SAR, hereafter PolSAR. A great deal of interest in PolSAR data has 
been dedicated to classify Earth terrain components. The well-known drawbacks of the 
actual PolSAR system are the loss in spatial resolution and the cross-track coverage 
reduction. For these reasons, PolSAR studies in SAR oceanography have been very limited. 
However, the drawbacks of PolSAR can be mitigated in future missions with new 
technologies and more expensive instrument architecture. Therefore, this dissertation aims at 
studying potential benefits of PolSAR techniques to improve the current State-of-the-Art of 
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SAR marine pollution and target detection with an eye to Near Real Time (NRT) 
suitability. 

The algorithms developed to accomplish the main task of this dissertation are among the 
first to use spaceborne X-band PolSAR data. A challenging dataset containing field 
campaign measurements has been analysed to show the novelties found in the research field. 

This introduction chapter gives the scientific motivation of the thesis, the problem statement 
and objectives, and finally, the thesis outline. 

1.1. Scientific Motivation 

The health status of the world’s oceans is important for the fact that oceans provide an 
important means of commerce, transport and source of energy. Oceans are the biggest mass 
of the hydrosphere and are strongly linked with the rest of Earth’s sphere through 
geophysical processes like evaporation, precipitation, etc. Thus, their constant observation 
give the opportunity to better understand and predict phenomena like global warming, 
climate change and to evaluate the health of the entire globe.  

Besides the observation of the oceans and their dynamics there are many undesirable 
maritime activities that exploit ocean’s environment and resources in illegal or inappropriate 
ways. These activities include: dumping of pollutants, illegal fishing, human trafficking and 
smuggling, pirating, etc. These illegal activities can be grouped in different policy areas and 
each policy area has a different weight depending on the geographical location, local politics, 
etc. For example in the Mediterranean Sea human trafficking is a more sensitive matter than 
in North Sea.  

In the recent years the concept of Maritime Surveillance, i.e. monitoring of human activities 
usually accomplished for security and military reasons, has been exported to civil 
applications. In 2002 the European Union (EU) has founded the European Maritime Safety 
Agency (EMSA) to provide technical and scientific advice in the field of maritime safety and 
prevention of pollution by ships [www.emsa.europa.eu]. Among several of EMSA’s 
operational tasks, CleanSeaNet is the European satellite-based oil spill and vessel detection 
service covering all European sea areas. CleanSeaNet has been operationally started in 2007 
and is by the time of this dissertation almost at the end of the second generation.  

1.2. Problem Statement and Objectives 

In the last decades a successful series of satellite SAR missions have been accomplished. 
These include: ERS-1 and -2, ENVISAT-ASAR, RADARSAT-1. The experience gained 
during these missions has made possible to use the in-orbit SAR satellites, i.e. 
RADARDSAT-2 (RD-2), TerraSAR-X/TanDEM-X (TS-X/TD-X) and COSMO-SkyMed
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(a) 

 
(b) 

Figure 1.1 - Sub-scene of a fully polarimetric TS-X data acquired in DRA mode over San 
Francisco bay in range – azimuth coordinate; (a) shows the amplitude of one single channel 
(HH); (b) Pauli color-coded composite. 
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(CSK) constellation, to deliver SAR-based maritime products in NRT (Brusch et al, 2010, 
Vachon and Quinn, 2012). This has been achieved also thanks to the improvements from 
both the satellite and ground segment side. Of course running such services involves usually 
users’ feedback. With the help of users’ comments and working experiences gathered in 
several EU projects, the following general needs have been identified (Brekke et al, 2012) 
(Greidanus et al, 2004) (Greidanus and Kourti, 2006) (Pelizzari, 2012): 

o more timely information (less than a day of notice for satellite scene requests, 
including the delivery of the value-added products to the user); 

o the enhancement of situational awareness, and the increase of the reaction capability 
through the provision of reliable decision support tools; 

o more reliable information (lower false alarm rate, better probability of detection and 
location accuracy). 

Although with the new generation of Very High Resolution (VHR) SAR sensors and the 
technical assistance and support provided by EMSA the first two points have been fulfilled, 
the third point is still an open matter.  

The research activities conducted in this thesis aim at extracting more reliable information 
from VHR X-band spaceborne PolSAR data to what concerns marine pollution and target 
detection. Therefore, to improve the current State-of-the-Art, the following objectives must 
be achieved: 

Objective 1: Increase the discrimination capabilities between Oil spill and Look-
alike. 

Objective 2: Enhance the detectability of marine targets exploiting their physical 
properties. 

Objective 3: Reduce false alarms caused by SAR aliasing of true targets over 
ocean environment. 

Figure 1.1(a) shows a single-polarization (HH channel) amplitude sub-scene of TS-X fully 
polarimetric Dual Receive Antenna (DRA) mode acquired over San Francisco bay, whereas 
Figure 1.1(b) shows the four channels (HH, HV, VH, VV) using the Pauli color coding. 
Comparing Figure 1.1(a) and Figure 1.1(b) it is evident that PolSAR data help in 
recognizing  different land covered classes, e.g. urban area, forest, etc. Nevertheless these 
benefits are not so evident for maritime related applications, e.g. oil spill and ship detection. 

With the development of EO initiatives based on satellite remote sensing, such as the 
European Copernicus programme, it is obvious to set as last, but not least, objective the 
following:   

Objective 4: Investigation on multi-frequency and synergy between VHR and 
HR SAR imagery to improve the Maritime Situational Awareness. 
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1.3. Thesis Outline 

This is a cumulative dissertation comprising of 5 full peer-reviewed published journal papers 
(Appendix A) and 1 book chapter (Appendix B). In the framework of Maritime Security and 
Safety marine pollution and target detection are two topics that are intrinsically related. 
However, to pursue the aforementioned objectives, they will be treated separately in 
dedicated chapters. The remainder of this thesis is structured as follows. 

Chapter 2 introduces the SAR imaging principles followed by a short overview of wave 
polarimetry. Polarimetric decomposition and features used to achieve the main goal of the 
dissertation are presented. 

In Chapter 3 the topic of marine pollution is introduced from the physical point of view. The 
State-of-the-Art in SAR oil detection is reviewed stressing the limitations of such 
methodology. Afterwards, the use of SAR data acquired in dual-polarization mode is 
analysed in order to assess the possible benefits in overcoming the limitations of single-
polarization mode. Part of this study has been published in (Velotto et. al., 2011). 
A.1. Velotto, D., Migliaccio, M., Nunziata, F., Lehner, S., 2011. Dual-polarized 
TerraSAR-X data for oil-spill observation. IEEE Transactions on Geoscience and 
Remote Sensing 49 (12): 4751-4762 
In addition a review paper that gives the overview of ocean parameters estimated through 
spaceborne SAR has been published in (Lehner et. al., 2013). 
A.2. Lehner, S., Pleskachevsky, A., Velotto, D., Jacobsen, S., 2013. Meteo-
marine parameters and their variability observed by high resolution satellite 
radar images. Oceanography 26 (2): 80–91 

Chapter 4 deals with SAR detection of marine targets and it consists of three parts. In the 
first part detectors and approaches based on single polarization data are presented. In this 
section the choice of a proper transmitting-receiving antenna polarization combination for 
ship detection application is addressed. The book chapter on ship surveillance in African 
waters describes the basic steps executed for the NRT ship detection service using TS-X 
(Lehner et. al., 2014). 
The second part of Chapter 4 gives an overview of available multi-polarization algorithms 
successfully employed for ship detection. As many of these algorithms require fully 
polarimetric SAR data and are computationally demanding, an accessible NRT approach 
that exploits standard TS-X dual-polarization mode has been developed. It makes use of the 
reflection symmetry properties of man-made marine targets estimated from the combination 
of co-pol and cross-pol channels. The main outcomes of this algorithm are summarized in 
(Velotto et. al., 2013) and in this dissertation for the first time the performances are further 
discussed.  
A.3. Velotto, D., Migliaccio, M., Nunziata, F., Lehner, S., 2013. Dual-
polarimetric TerraSAR-X SAR data for target at sea observation. IEEE 
Geoscience and Remote Sensing Letters 10 (5): 1114-1118 
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The third part of Chapter 4 addresses the discrimination of false positives caused by ghost 
replicas of real targets displaced in azimuth direction, i.e. azimuth ambiguity. A very fast 
and robust technique, that is able to discriminate ships from their azimuth ambiguity 
without loss of resolution and usage of post-processing algorithms, has been published in 
(Velotto et. al., 2014). The comparison of the proposed technique with other available in 
literature closes this chapter.  
A.4. Velotto, D., Soccorsi, M., Lehner, S., 2014. Azimuth ambiguities removal 
for ship detection using full polarimetric X-Band SAR data. IEEE Transactions 
on Geoscience and Remote Sensing 52 (1): 76-88 

The increasing number of SAR satellites with different technical characteristics, suggests 
investigating the synergy between virtual constellations. In the first part of Chapter 5 a 
virtual C-/X-band constellation formed by Sentinel-1A (S1-A) and TS-X is taken in 
consideration regarding marine target detection. The outcomes of the multi-frequency 
analysis and exploitation of the synergy between the two satellites are summarized in 
(Velotto et. al., 2015a). 
A.5. Velotto, D., Bentes, C., Tings, B., Lehner, S., 2015. First comparison of 
Sentinel-1 and TerraSAR-X data in the framework of maritime targets 
detection: South Italy case. IEEE Journal of Oceanic Engineering, accepted for 
publication. 
The second part of the Chapter 5 is indeed dedicated to the prospective of the actual 
constellation TD-X for maritime applications by showing interesting examples which may be 
the follow-on research line. 

The last part of this dissertation, Chapter 6, is dedicated on discussing the results obtained 
in this thesis. Conclusions and an outlook for future work end the dissertation.  
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2. SAR Principles and Polarimetry 

The objective of this chapter is to give the theoretical background on SAR and polarimetry 
that are necessary for the following chapters. A brief introduction on SAR imaging principles 
and signal processing is given in the first part of the chapter. It follows the SAR polarimetry 
theory and a short description of the X-band SAR mission TS-X. 

2.1. SAR Imaging Principles 

The mono-static architecture of a SAR system is composed of a transmitter and a receiver 
that share the same antenna located on a moving platform (i.e., airborne or satellite). 
Ground-based SAR is also available and used for surface deformation monitoring. If the 
transmitting and receiving antennas are physically separated, such architecture is called bi-
static. In this dissertation mono-static SAR based on pulsed waveform radar is considered.  

Figure 2.1 illustrates the SAR principle and its geometry. The illustration and the signal 
processing principle that follows are limited to the basic SAR imaging mode, known as 
StripMap. Due to the side looking nature, SAR coordinate system is logically defined as 
follow: 

• The axis x (ground range) is the projection on ground of the axis s (slant range), 
which gives the distance of a point scatterer on Earth from the radar in the viewing 
sensor’s plane. 

• The axis y (azimuth) defines the position of the scatterer along the sensor path. 
• The axis z gives the platform height information. 
• The angles 𝜃𝜃 and 𝛽𝛽  represent the elevation and azimuth angle from the antenna 

pointing direction. 

Time reference in range direction 𝜏𝜏  is known as fast time in opposite to the one in azimuth 𝑡𝑡, 
known as slow time. This differentiation comes from the fact that, in range EM waves are 
travelling at the speed of light 𝑐𝑐, while, in azimuth the satellite moves at the speed 𝑣𝑣S (mean 
TS-X velocity for the reference orbit is 7.6 km/s). Therefore, the range and azimuth 
scanning processes have time scales that differ from each other by several orders of 
magnitude, allowing the mutually independent assumption (Curlander and McDonough, 
1991; Franceschetti and Lanari, 1999; Schreier, 1993). The swath width gives the scene 
ground-range extent, while the maximum length depends on the data take duration, on-
board memory storage and thermal conditions. 

The echo signal formulation retrieved in this context assumes the start-stop approximation, 
rectilinear flat Earth geometry and EM propagation in vacuum mean. Each of these 
approximations is source of geometric and radiometric inaccuracies, usually compensated in 
the SAR processor (Cumming and Wong, 2005; Curlander and McDonough, 1991).  
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The transmitted signal for a single pulse, for a general antenna transmitting polarization 
state X, can be written as:  

𝑠𝑠TX(𝜏𝜏) =  𝑔𝑔(𝜏𝜏) ⋅ exp[𝑖𝑖2𝜋𝜋𝑓𝑓0𝜏𝜏] (2.1) 

where  𝑔𝑔(𝜏𝜏) is the complex envelope of the baseband signal, 𝑖𝑖 the imaginary unit and 𝑓𝑓0 the 
carrier frequency. The demodulated received echo signal, for a general polarization receiving 
antenna state Y is then:  

𝑠𝑠RY(𝜏𝜏) =  𝐴𝐴𝑤𝑤 ⋅ 𝑔𝑔 �𝜏𝜏 − 2
𝑠𝑠𝑝𝑝

𝑐𝑐
� ⋅ exp �−𝑖𝑖 4𝜋𝜋

𝜆𝜆
𝑠𝑠𝑝𝑝� (2.2) 

where 𝐴𝐴𝑤𝑤 accounts for the antenna pattern weighting in  𝜃𝜃 and 𝛽𝛽 directions, 2𝑠𝑠𝑝𝑝/𝑐𝑐 is the 
round-trip time of the EM scattered by a point target 𝑃𝑃  located at 𝑠𝑠𝑝𝑝. The range time 𝜏𝜏  
represents the first dimension of the final 2D data matrix of complex samples. The second 
dimension is due to the pulsed nature of SAR, i.e. the radar acquires a range line whenever 
it travels a distance 𝑣𝑣S ⋅ 𝑃𝑃𝑃𝑃𝑃𝑃 (being 𝑃𝑃𝑃𝑃𝑃𝑃 = 1/𝑃𝑃𝑃𝑃𝑃𝑃  the pulse repetition interval)(Curlander 
and McDonough, 1991; Schreier, 1993). Obviously the distance between the radar and the 
scatter on the ground varies with time 𝑡𝑡, according to: 

𝑠𝑠(𝑡𝑡) = �𝑠𝑠0
2 + (𝑣𝑣S𝑡𝑡)2 ≈ 𝑠𝑠0 + (𝑣𝑣S𝑡𝑡)2

2𝑠𝑠0
 (2.3) 

 
Figure 2.1 - Pictorial description of SAR imaging principle and geometry. 
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being 𝑠𝑠0 = 𝑠𝑠(𝑡𝑡0) the minimum distance and 𝑡𝑡0 the time of closest approach. Equation (2.3) is 
valid for rectilinear orbit usually not sufficient when dealing with VHR SAR data processing 
(Breit et al., 2014; Prats-Iraola et al., 2012; Raney et al., 1994). The parabolic 
approximation of the range history shows the well-known range cell migration effect. Finally, 
the SAR point target response can be written as: 

𝑠𝑠RY(𝜏𝜏, 𝑡𝑡) =  𝐴𝐴𝑤𝑤 ⋅ 𝑔𝑔 �𝜏𝜏 − 2 𝑠𝑠(𝑡𝑡)
𝑐𝑐

� ⋅ exp �−𝑖𝑖 4𝜋𝜋
𝜆𝜆

𝑠𝑠(𝑡𝑡)� (2.4) 

The argument of the exponential term in Equation (2.4) is the phase variation with distance.  
Its instantaneous frequency is given by: 

𝑓𝑓𝐷𝐷 = − 1
2𝜋𝜋

𝜕𝜕
𝜕𝜕𝜕𝜕

4𝜋𝜋
𝜆𝜆

𝑠𝑠(𝑡𝑡) ≈ − 2(𝑣𝑣S)2

𝜆𝜆𝑠𝑠0
𝑡𝑡 (2.5) 

that turns out to be a linear frequency modulation and hence referred as azimuth chirp. It is 
important to mention that the use of continuous variable  𝜏𝜏  and 𝑡𝑡 in Equation (2.4) is purely 
for mathematical purposes. In reality, in modern SAR systems, both dimensions are sampled 
with frequencies higher than the respective Nyquist rate (Moreira et al., 2013; Schreier, 1993; 
Tomiyasu, 1978). The side-effect of such discretization is one of the main subjects of this 
thesis and will be discussed later on. Besides a system loss factor and a parameter 
characterizing the illuminated object, i.e. the radar cross section, Equation (2.4) represents 
the SAR raw data. Detailed description of SAR focusing, i.e. image formation starting from 
raw data, is not covered in this thesis since the subject is well described in literature. 
Being SAR side-looking imaging radar, it is characterized by resolution in its native 
coordinate, slant range and azimuth. Similar to real aperture radar (RAR), the SAR slant 
range resolution is governed by the shape of the pulse envelope 𝑔𝑔(𝜏𝜏). As already mentioned, 
long duration phase coded pulses, e.g. chirp signal, are used, hence (Curlander and 
McDonough, 1991; Franceschetti and Lanari, 1999; Oliver and Quegan, 2004; Schreier, 
1993): 

𝛿𝛿𝑟𝑟 = 𝑐𝑐 2𝑊𝑊𝑟𝑟⁄  (2.6) 

where 𝛿𝛿𝑟𝑟 is the slant-range resolution, 𝑊𝑊𝑟𝑟 = 𝑘𝑘𝑟𝑟 ⋅ 𝜏𝜏  is the range pulse bandwidth and 𝑘𝑘𝑟𝑟 is the 
frequency rate. In contrary to RAR, where the angular azimuth resolution depends on the 
3dB antenna beamwidth, the SAR azimuth resolution is governed by the path length during 
which the radar receives echo from a point target, i.e. the synthetic aperture (see Figure 
2.1). From Figure 2.1, it can be seen that the synthetic aperture length is given by 𝐿𝐿𝑠𝑠𝑎𝑎 =
𝛽𝛽𝑎𝑎 ⋅ 𝑠𝑠0. From antenna theory is known that the azimuth antenna beamwidth (𝛽𝛽𝑎𝑎) is well 
approximated by the ratio between the radar wavelength length 𝜆𝜆 = 𝑐𝑐 𝑓𝑓0 ⁄ and the antenna 
size in azimuth 𝐿𝐿𝑎𝑎. The longer the antenna the narrower the beamwidth. Knowing this, the 
relation between physical and synthetic antenna size is 𝐿𝐿𝑠𝑠𝑠𝑠 = 𝜆𝜆𝑠𝑠0 𝐿𝐿𝑎𝑎⁄ ,  whereas the 
beamwidth of the synthetic aperture is 𝛽𝛽𝑠𝑠𝑠𝑠 = 𝜆𝜆 2𝐿𝐿𝑠𝑠𝑠𝑠⁄  (the factor 2 is due to the two-way 

14 



 
 

path). It is straightforward then the following (Curlander and McDonough, 1991; 
Franceschetti and Lanari, 1999; Oliver and Quegan, 2004; Schreier, 1993): 

𝛿𝛿𝑎𝑎 = 𝛽𝛽𝑠𝑠𝑠𝑠 ⋅ 𝑠𝑠0 = 𝜆𝜆𝑠𝑠0
2𝐿𝐿𝑠𝑠𝑠𝑠

= 𝐿𝐿𝑎𝑎
2

 (2.7) 

which gives the relation between azimuth resolution 𝛿𝛿𝑎𝑎 and physical  antenna size. Although, 
Equation (2.6) tells that in theory fine azimuth resolution is achievable with short antenna, 
in practise such antenna will have a low gain (due to the small antenna area) and therefore 
very high power transmitters are required.  

2.1.1. Radar Cross Section and Speckle 

For monostatic radar, the received power from a point target 𝑃𝑃  is given by the radar 
equation (Schreier, 1993; Skolnik, 2001): 

𝑃𝑃R(𝜏𝜏) = 𝑃𝑃T �𝜏𝜏 − 2
𝑠𝑠𝑝𝑝

𝑐𝑐
� ⋅ 𝜎𝜎 ⋅ 𝜆𝜆2𝐴𝐴𝑤𝑤

2

(4𝜋𝜋)3�𝑠𝑠𝑝𝑝�4 (2.8) 

where 𝑃𝑃T is the transmitted power, 𝑃𝑃R is the received power and 𝜎𝜎 the point target radar 
cross section (RCS). The RCS is defined in terms of incident (𝐸𝐸⃗

𝑖𝑖) and scattered (𝐸𝐸⃗
𝑠𝑠) EM 

fields as (Skolnik, 2001): 

𝜎𝜎 = lim
𝑟𝑟𝑝𝑝→∞

4𝜋𝜋𝑠𝑠𝑝𝑝
2 �𝐸𝐸⃗

𝑠𝑠�2

�𝐸𝐸⃗
𝑖𝑖�2

 (2.9) 

and can be seen as the effective area of an isotropic reflecting object that intercepts the 
transmitted power and scatter that power back. With these findings Equation (2.4) becomes 
(Cumming and Wong, 2005): 

𝑠𝑠RY(𝜏𝜏, 𝑡𝑡) =  𝐴𝐴𝑤𝑤 ⋅ 𝐿𝐿𝑐𝑐 ⋅
√

𝜎𝜎 ⋅ 𝑔𝑔 �𝜏𝜏 − 2 𝑠𝑠(𝑡𝑡)
𝑐𝑐

� ⋅ exp �−𝑖𝑖 4𝜋𝜋
𝜆𝜆

𝑠𝑠(𝑡𝑡)� (2.10) 

where 𝐿𝐿𝑐𝑐  includes propagation losses and system calibration factors. Through signal 
processing of the SAR point target echo signal is then possible to extract physical 
information, i.e. 𝜎𝜎, of the point target. 

When the radar illuminates a natural distributed scene with surface roughness on the scale 
of the radar wavelength, the returned signal is the result of a constructive/destructive 
interference of waves reflected by the elementary scatterers within the resolution cell. This 
process is due to the high sensitivity of the phase term in Equation (2.10) with distance. It is 
known as speckle and depicted in Figure 2.2 (Oliver and Quegan, 2004). Figure 2.2(a) it 
refers to a theoretical resolution cell that contains a single scatterer, while Figure 2.2 (b) to a 
more realistic case where point scatterers are randomly distributed in the cell. Figure 2.2(c) 
shows the speckle formation in the complex plane. The random location of the elementary 
scatterers varies their distance from the radar and, therefore a fluctuation of 𝜎𝜎 from one
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resolution cell to the next is in place. For distributed scene the normalized radar cross 
section (NRCS) is used instead (Skolnik, 2001): 

𝜎𝜎0 = 〈𝜎𝜎〉
𝐴𝐴0

=
4𝜋𝜋𝑠𝑠𝑝𝑝

2

𝐴𝐴0

��𝐸𝐸⃗
𝑠𝑠�2�

�𝐸𝐸⃗
𝑖𝑖�2

 (2.11) 

where 𝐴𝐴0  is the illuminated area. It represents the average 𝜎𝜎  of statistically identical 
scatterers per unit area. Because speckle hampers the image interpretation and classification, 
it is mitigated by multilooking processing or spatial averaging. In the first case the standard 
deviation reduces with the square root of the number of independent looks, while in the 
second case the amount of speckle reduction depends on filter’s kernel and on correlation 
properties of the single look image (Oliver and Quegan, 2004; Schreier, 1993). 

2.1.2. Geometrical Constraints 

Typically SAR images are geometrically distorted. The reason for this is that the radar only 
measures the projection of a three-dimensional scene on the radar coordinates slant range

 

Figure 2.2 - Illustration of the scattering type inside resolution cell. (a) Point scatterer; (b) 
Randomly distributed scatterers in one resolution cell; (c) Speckle formation. 

 
Figure 2.3 - Pictorial explanation of SAR geometrical distortions: foreshortening, layover, 
shadow. 
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and azimuth. This causes effects such as shadow for areas hidden from the radar illumination 
as well as foreshortening and layover manifested by a stretch and compression of sloped 
terrains. 

2.1.3. SAR Artefacts 

Although the steady improvements in the SAR processing algorithm and manufacturing, 
SAR data still suffers of radiometric artefacts, i.e. alteration of the radar brightness 
properties. Although, giving a detailed list of SAR artefacts and their theoretical explanation 
is out of the scope of this thesis, it is worth to mention that these may be grouped in due to:  

• SAR acquisition geometry 

• Focusing algorithm  

• Operational imaging mode  

• Atmospheric and radio frequency disturbances 

Relevant for this dissertation are the artefacts induced by the SAR acquisition geometry, i.e. 
range and azimuth ambiguity. When designing a conventional SAR system, the analysis of 
range and azimuth ambiguities play an important role, being among the key system 
parameters like signal to noise ratio (SNR) and minimum antenna area. For a reason that 
will be clear in a moment, range and azimuth ambiguity pose a direct constraints on the 
system PRF value that in turns depends on the geometry (Li and Johnson, 1983; Mehlis, 
1980; Tomiyasu, 1978). 

Referring to Figure 2.4(a) it is straightforward that the ground swath width is 𝐵𝐵𝑔𝑔 =
(𝑠𝑠𝑓𝑓𝑓𝑓𝑓𝑓 − 𝑠𝑠𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛) sin (𝜃𝜃𝑖𝑖)⁄ . Figure 2.4(b) is the timing diagram of transmitted and received pulse. 
Assuming in 𝜏𝜏 = 0 the start time of the transmitted pulse of length 𝜏𝜏𝑝𝑝, the start time of the 

 
 (a) (b) 

Figure 2.4 - (a) Viewing prospective of Figure 2.1 in the plane (x,z). (b) Pictorial description 
of the timing in range direction. 

17 



2 SAR Principles and Polarimetry 
 

received pulse is 2𝑠𝑠𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛/𝑐𝑐 and stop time is (2𝑠𝑠𝑓𝑓𝑓𝑓𝑓𝑓 + 𝑐𝑐𝜏𝜏𝑝𝑝) 𝑐𝑐⁄ . In order that, the recording of the 
signal coming from the entire illuminated swath is completed before the transmission of the 
next pulse, the PRF must obey to following inequality (Tomiyasu, 1978):  

PRF < 𝑐𝑐
2[𝐵𝐵𝑔𝑔sin (𝜃𝜃𝑖𝑖) + 𝜏𝜏𝑝𝑝]

 (2.12) 

Equation (2.12) provides the upper 𝑃𝑃𝑃𝑃𝑃𝑃  limit and is known as range ambiguity limit 
because it provides the max unambiguous swath width when the radar operates in StripMap 
mode. Although the new generation of SAR satellite are designed keeping into account 
Equation (2.12), there are still particular situations where range ambiguity show up as 
ghosting replica of real point/distributed targets. This happens when the backscatter of a 
real target coming from the range antenna pattern side-lobe direction is stronger than 
backscatter of the target coming from antenna bore-sight direction (see Figure 2.5). 

A quality measure parameter often used to define the impact of range ambiguity is the 
integrated range ambiguity to signal ratio (𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅): 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 ≈
∑ 𝜎𝜎𝑗𝑗

0𝐺𝐺𝑗𝑗
2/𝑠𝑠𝑗𝑗

3sin (𝜃𝜃𝑗𝑗)𝑗𝑗≠0

𝜎𝜎0𝐺𝐺2/𝑠𝑠3sin (𝜃𝜃)
 (2.13) 

 
Figure 2.5 - Range ambiguity caused by side-lobe energy coming from distributed target 
outside the radar ground illuminated area. (a)-(c) ghosting replica of the real distributed 
targets (b)-(d)  
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where 𝑗𝑗 is the index of range ambiguity location, 𝜎𝜎𝑗𝑗
0 it refers to the given incidence angle 𝜃𝜃𝑗𝑗 

and 𝐺𝐺 is the range antenna pattern (Curlander and McDonough, 1991; Ulaby et al., 1986). 

Because SAR’s pulsed nature also the ambiguous returns in azimuth need to be considered. 
In (Tomiyasu, 1978), four different approaches are presented to deal with the ambiguous 
return in azimuth and all conclude to the same limitation of the 𝑃𝑃𝑃𝑃𝑃𝑃 . For brevity, only the 
one based on the maximum Doppler shift is reviewed. The ambiguous response in azimuth is 
caused by a situation where a target illuminated by the radar beam produces a Doppler shift 
by an amount equal to the  𝑃𝑃𝑃𝑃𝑃𝑃 . In this situation the receiver will not be able to 
discriminate between the received signal and the one coming from bore-sight direction. 
Hence in order to solve this ambiguity the 𝑃𝑃𝑃𝑃𝑃𝑃  must be higher than the maximum Doppler 
shift of targets located at beam egde, i.e. Doppler bandwidth: 

𝑃𝑃𝑃𝑃𝑃𝑃 ≥ 𝐵𝐵𝐷𝐷 = 2𝑣𝑣𝑟𝑟 𝜆𝜆⁄  (2.14) 

Referring to the Figure 2.6, the radial velocity can be approximated to 𝑣𝑣𝑟𝑟 = 𝑣𝑣𝑆𝑆 sin (𝛽𝛽𝑎𝑎) ≈
𝑣𝑣𝑆𝑆 𝛽𝛽𝑎𝑎 that introduced into the Equation (2.14) provides the lower limit of the 𝑃𝑃𝑃𝑃𝑃𝑃  in terms 
of antenna length or azimuth resolution (Tomiyasu, 1978): 

𝑃𝑃𝑃𝑃𝑃𝑃 ≥ 2𝑣𝑣𝑆𝑆𝛽𝛽𝑎𝑎 
𝜆𝜆

= 2𝑣𝑣𝑆𝑆
𝐿𝐿𝑎𝑎

= 𝑣𝑣𝑆𝑆
𝛿𝛿𝑎𝑎

 (2.15) 

Figure 2.7 illustrates the effects of the finite sampling of the azimuth frequency spectrum 
and the azimuth ambiguity inside the total azimuth processed bandwidth (𝑃𝑃𝑃𝑃𝑃𝑃 ). It is 
noticeable the fine agreement between the theoretical 𝐴𝐴𝐴𝐴𝐴𝐴  and the one annotated in a 
standard TS-X product. Also for azimuth ambiguity a quality measure is often used and is 
given by the azimuth ambiguity to signal ratio (𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴): 

 

Figure 2.6 - Viewing prospective of Figure 2.1 in the plane (x,y). 
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𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 ≈
∑ ∫ 𝐺𝐺2(𝑓𝑓 + 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚)𝑑𝑑𝑑𝑑+𝐵𝐵𝑝𝑝 2⁄

−𝐵𝐵𝑝𝑝 2⁄𝑚𝑚≠0

∫ 𝐺𝐺2(𝑓𝑓)𝑑𝑑𝑑𝑑+𝐵𝐵𝑝𝑝 2⁄
−𝐵𝐵𝑝𝑝 2⁄

 
(2.16) 

where 𝐵𝐵𝑝𝑝 is the total azimuth processed bandwidth and 𝐺𝐺 in this case is the 𝐴𝐴𝐴𝐴𝐴𝐴 . Equation 
(2.16) suggests that the azimuth ambiguities need only to be evaluated over the azimuth 
processed bandwidth to achieve the designed azimuth resolution (Tomiyasu, 1978).  

It is evident that range and azimuth ambiguity are SAR artefacts related with antenna side-
lobe. In order to control side-lobe energy, often windows (i.e. weighting functions also known 
in antenna design as tapering function) are used during processing to attenuate the spectra 
towards the edge of the processed frequency band. Generally the introduction of a weighting 
function further deteriorates the resolutions given by Equations (2.6)-(2.7) and peak signal-
to-noise ratio. During the TS-X commissioning phase a trade-off between sharpness and low 
side-lobes has been found to be a weighting function type Hamming with coefficient ~0.6 
(Breit et al., 2010; Mittermayer et al., 2010).  

2.2. Polarimetric SAR Principles 
A difficult task when dealing with imaging radar data is the interpretation of the 
measurements’ temporal and spatial changes into geophysical information about the 

 

Figure 2.7 - Theoretical and annotated TS-X two-way azimuth antenna pattern (AAP) for 
the single receive antenna (SRA) mode. First left and right replicas due to the sampling at 
annotated 𝑃𝑃𝑃𝑃𝑃𝑃= 3802 Khz. The pink shaded area is the total processed azimuth bandwidth  
𝑃𝑃𝑃𝑃𝑃𝑃  = 2765 Khz. 
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observed target. In general, the backscattered power alone provides partial information that 
may lead to an inaccurate interpretation. Polarimetry is the science of measuring orientation 
and object shape through the geometrical properties of EM propagating in space (Cloude, 
2009; Elachi et al., 1990; Lee and Pottier, 2009; Mott, 2006). In particular, the shape that 
the electric field draws with time on the plane transverse to the direction of propagation 
contains the information on the interaction between the EM with the material bodies and 
with the propagation medium. For example, two different targets interact with the same 
polarized EM scattering a wave with different polarimetric signature. Therefore, this can be 
exploited to discriminate among observed targets. 

2.2.1. Wave Polarimetry 

Considering an orthogonal basis (𝑥𝑥,̂ 𝑦𝑦,̂ 𝑧𝑧)̂ defined so that the direction of propagation 𝑘̂𝑘 = 𝑧𝑧,̂ 
an EM in the far field zone propagates as a plane wave. The electric field of a plane wave is 
given by the solution of the wave equation derived from Maxwell’s equation assuming loss-
free medium. In the time domain and for the established orthogonal basis, the electric field 
takes the vectorial form (Lee and Pottier, 2009): 

𝐸𝐸⃗(𝑧𝑧, 𝑡𝑡) = �
𝐸𝐸0𝑥𝑥𝑐𝑐𝑐𝑐𝑐𝑐(𝜔𝜔𝜔𝜔 − 𝑘𝑘𝑐𝑐𝑧𝑧 + 𝜙𝜙𝑥𝑥)
𝐸𝐸0𝑦𝑦𝑐𝑐𝑐𝑐𝑐𝑐(𝜔𝜔𝜔𝜔 − 𝑘𝑘𝑐𝑐𝑧𝑧 + 𝜙𝜙𝑦𝑦)

0
� (2.17) 

where 𝑘𝑘𝑐𝑐 is the complex wave number and is function of the complex permittivity, complex 
permeability and angular frequency 𝜔𝜔 . 𝐸𝐸0𝑥𝑥 , 𝐸𝐸0𝑦𝑦  are the amplitudes and 𝜙𝜙𝑥𝑥 , 𝜙𝜙𝑦𝑦  are the 
phases at the origin. Depending of the values of the phases at the origin (𝜙𝜙𝑥𝑥, 𝜙𝜙𝑦𝑦) and the 
amplitudes (𝐸𝐸0𝑥𝑥, 𝐸𝐸0𝑦𝑦), three types of polarization can be specified: 

• Linear polarization: 𝜙𝜙𝑥𝑥 = 𝜙𝜙𝑦𝑦 
• Circular polarization: 𝜙𝜙𝑥𝑥 = 𝜙𝜙𝑦𝑦 + 𝜋𝜋

2 + 𝑛𝑛𝑛𝑛 and 𝐸𝐸0𝑥𝑥 = 𝐸𝐸0𝑦𝑦 
• Elliptic polarization: Otherwise 

In the general case of elliptic polarization, the tip of the electric field vector draws on the 
transverse plane an ellipse that can be characterized by three parameters shown in Figure 
2.8 (Boerner et al., 1981; Cloude, 2009; Lee and Pottier, 2009): 
The amplitude of the ellipse: 

𝐴𝐴𝑒𝑒 = �𝐸𝐸0𝑥𝑥
2 + 𝐸𝐸0𝑦𝑦

2  (2.18) 

The ellipse orientation angle 𝜙𝜙𝑒𝑒 ∈ [−𝜋𝜋 2⁄ , 𝜋𝜋 2⁄ ]: 

tan(2𝜙𝜙𝑒𝑒) = 2
𝐸𝐸0𝑥𝑥𝐸𝐸0𝑦𝑦

𝐸𝐸0𝑥𝑥
2 − 𝐸𝐸0𝑦𝑦

2 cos�𝜙𝜙𝑦𝑦 − 𝜙𝜙𝑥𝑥� (2.19) 

The ellipticity 𝜏𝜏𝑒𝑒 ∈ [−𝜋𝜋 4⁄ , 𝜋𝜋 4⁄ ]: 
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|sin(2𝜙𝜙𝑒𝑒)| = 2
𝐸𝐸0𝑥𝑥𝐸𝐸0𝑦𝑦

𝐸𝐸0𝑥𝑥
2 + 𝐸𝐸0𝑦𝑦

2 �cos�𝜙𝜙𝑦𝑦 − 𝜙𝜙𝑥𝑥�� (2.20) 

The sense of rotation is determined by the sign of the 𝜏𝜏𝑒𝑒, while looking in the direction of 
propagation 𝑘̂𝑘 = 𝑧𝑧.̂ A right hand rotation is linked to a negative sign, whereas a positive sign 
is connected to a left hand rotation (Boerner et al., 1981). 

An alternative and compact way to describe a plane monochromatic wave is given by the 
Jones vector:  

𝐸𝐸𝑖𝑖𝑖𝑖 = �
𝐸𝐸𝑖𝑖
𝐸𝐸𝑗𝑗

� (2.21) 

where 𝐸𝐸𝑖𝑖 and 𝐸𝐸𝑗𝑗  are the complex components of the field in two orthogonal coordinate 
transverse to the propagation direction. One of the commonly used orthogonal basis is the 
horizontal (ℎ) and vertical (𝑣𝑣) polarizations basis, hence the Jones vector is expressed 
as 𝐸𝐸ℎ𝑣𝑣 = [𝐸𝐸ℎ 𝐸𝐸𝑣𝑣] (Lee and Pottier, 2009). 

2.2.2. Scattering Matrix and Pauli Vector 

The incident and the scattered Jones vectors (𝐸𝐸𝑖𝑖,𝐸𝐸𝑠𝑠  respectively) are related by the 
complex 2x2 scattering matrix 𝑆𝑆: 

�𝐸𝐸ℎ
𝑠𝑠

𝐸𝐸ℎ
𝑠𝑠� = 𝐹𝐹(𝑠𝑠) �𝑆𝑆ℎ̇ℎ 𝑆𝑆ℎ̇𝑣𝑣

𝑆𝑆𝑣̇𝑣ℎ 𝑆𝑆𝑣̇𝑣𝑣𝑣
� �𝐸𝐸ℎ

𝑖𝑖

𝐸𝐸ℎ
𝑖𝑖 � (2.22) 

where  𝐹𝐹 (𝑠𝑠) is the spherical wave factor of far field zone. The diagonal elements of 𝑆𝑆 
describe the changes in the scattered wave depending on the incident wave that has the 

 

Figure 2.8 – Polarization ellipse. 
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same basis as the scattered one, therefore they are called the co-polar channel coefficients. 
The off-diagonal elements describe the relation of the scattered wave with the incident wave 
of the orthogonal base, as part of the incident wave with a certain polarisation is transferred 
to the orthogonal polarisation in the scattering process, therefore the off-diagonal elements 
are known as the cross-polar channel coefficients. With transmitter and receiver collocated 
(monostatic radar), the cross-polar channel coefficients are almost identical 𝑆𝑆ℎ̇𝑣𝑣 ≈ 𝑆𝑆𝑣̇𝑣ℎ (with 
the exception of noise) under the reciprocity theorem (Cloude, 2009; Lee and Pottier, 2009). 
As a consequence, 𝑆𝑆 is characterized by 3 rather than 4 complex scattering coefficients. This 
leads to a vector rather than matrix representation, which is often easier to handle. Two 
standard basis, Lexicographic (indicated with subscript 𝐿𝐿 ) and Pauli (indicated with 
subscript 𝑃𝑃 ), define the homonym scattering features vectors: 

𝑘𝑘𝐿𝐿 = �𝑆𝑆ℎ̇ℎ  
√

2𝑆𝑆ℎ̇𝑣𝑣  𝑆̇𝑆𝑣𝑣𝑣𝑣�
𝑇𝑇  (2.23) 

and 

𝑘𝑘𝑃𝑃 = 1√
2

�𝑆𝑆ℎ̇ℎ + 𝑆𝑆𝑣̇𝑣𝑣𝑣  𝑆𝑆ℎ̇ℎ − 𝑆𝑆𝑣̇𝑣𝑣𝑣  2𝑆𝑆ℎ̇𝑣𝑣�
𝑇𝑇  (2.24) 

2.2.3. Second Order Statistic 

The scattering matrix 𝑆𝑆 describes the scattering from a point target, but it is insufficient to 
describe the scattering from a distributed target such as natural scenes. Statistically based 
matrices are required for the full description of such cases.  

The outer product of the scattering vector 𝑘𝑘𝐿𝐿 (𝑘𝑘𝑃𝑃 ) and its adjoint vector, together with an 
averaging operation 〈⋅〉, leads to the covariance matrix C3 (coherency matrix T3), which is 
3x3 as only monostatic case is considered (Cloude, 2009; Elachi et al., 1990; Lee and Pottier, 
2009): 

C3 = 〈𝑘𝑘𝐿𝐿 ⋅ 𝑘𝑘𝐿𝐿
𝐻𝐻〉 =

⎣
⎢
⎡
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∗ � �𝑆𝑆ℎ̇ℎ𝑆𝑆𝑣̇𝑣𝑣𝑣

∗ �
√

2�𝑆𝑆ℎ̇𝑣𝑣𝑆𝑆ℎ̇ℎ
∗ � 2��𝑆𝑆ℎ̇𝑣𝑣�2�

√
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∗ �
�𝑆𝑆𝑣̇𝑣𝑣𝑣𝑆𝑆ℎ̇ℎ

∗ �
√

2�𝑆𝑆𝑣̇𝑣𝑣𝑣𝑆𝑆ℎ̇𝑣𝑣
∗ � ��𝑆𝑆𝑣̇𝑣𝑣𝑣�2� ⎦

⎥
⎤

 (2.25) 

and 

T3 = 〈𝑘𝑘𝑃𝑃 ⋅ 𝑘𝑘𝑃𝑃
𝐻𝐻〉

= 1
2
⎣
⎢
⎡

��𝑆𝑆ℎ̇ℎ + 𝑆𝑆𝑣̇𝑣𝑣𝑣�2� �(𝑆𝑆ℎ̇ℎ + 𝑆𝑆𝑣̇𝑣𝑣𝑣)(𝑆𝑆ℎ̇ℎ − 𝑆𝑆𝑣̇𝑣𝑣𝑣)∗� 2�(𝑆𝑆ℎ̇ℎ + 𝑆𝑆𝑣̇𝑣𝑣𝑣)𝑆𝑆ℎ̇𝑣𝑣
∗ �

�(𝑆𝑆ℎ̇ℎ − 𝑆𝑆𝑣̇𝑣𝑣𝑣)(𝑆𝑆ℎ̇ℎ + 𝑆𝑆𝑣̇𝑣𝑣𝑣)∗� ��𝑆𝑆ℎ̇ℎ − 𝑆𝑆𝑣̇𝑣𝑣𝑣�2� 2�(𝑆𝑆ℎ̇ℎ − 𝑆𝑆𝑣̇𝑣𝑣𝑣)𝑆𝑆ℎ̇𝑣𝑣
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⎤

 (2.26) 

where (⋅)𝐻𝐻 is the adjoint operator and (⋅)∗ is the conjugate operator. 
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As can be seen in Equation (2.25), the diagonal elements of C3 correspond to the power of 
each channel, while the off-diagonal are the correlation coefficient between those channels. 
Equivalently from Equation (2.26), the diagonal elements of T3 are the power of the Pauli 
components and the off-diagonal are the correlation between them. An import property of 
C3 and T3 is that both are Hermitian positive semi-definite matrices which implies that they 
possess only real non-negative eigenvalues with orthogonal eigenvectors. C3  and T3  are 
related to each other by a unique transformation (Cloude, 2009; Elachi et al., 1990; Lee and 
Pottier, 2009; Mott, 2006). 

The received SAR signal of almost any natural media is a mixed response of different 
scattering processes occurring within the resolution cell. Therefore polarimetric 
decomposition techniques have been developed and used to separate the different scattering 
contributions (Cloude and Pottier, 1996). Two different types of incoherent decompositions 
can be deduced for polarimetric SAR data analyses: eigenvalue decompositions and model-
based decompositions. 

2.2.4. Eigenvalue decomposition 

Eigen decomposition is a technique to decompose the second order statistic matrixes into a 
maximum of three scattering mechanisms where each can be represented with a single 
scattering matrix and it is orthogonal to the others. The outputs of the eigenvalue 
decomposition are the polarimetric parameters entropy, mean alpha angle and anisotropy. 
These are in turn used to interpret the scattering mechanisms even if they are not 
completely orthogonal or in case of more than three scattering mechanisms exist within the 
observed cell. Given the properties of the second order statistic matrixes (coherency and 
covariance), the eigenvalue decomposition can be applied indifferently to one of them as the 
eigenvalues are equal. For purely annotation purposes, the formulation is given for the 
coherency matrix T3.  

The diagonalization of T3 is described in Equation (2.27): 

 T3 = [𝑒𝑒1  𝑒𝑒2  𝑒𝑒3] �
𝜆𝜆1 0 0
0 𝜆𝜆2 0
0 0 𝜆𝜆3

� [𝑒𝑒1  𝑒𝑒2  𝑒𝑒3]−1 = �𝜆𝜆𝑗𝑗

3

𝑗𝑗=1
𝑒𝑒𝑗𝑗 ⋅ 𝑒𝑒𝑗𝑗

𝐻𝐻 (2.27) 

where 𝜆𝜆𝑗𝑗  and 𝑒𝑒𝑗𝑗  is the j-th eigenvalue, eigenvector. The coherency matrix is usually of 
𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(T3) = 3, which is the extreme case when T3 is made up of three different scattering 
mechanisms, i.e., 𝜆𝜆1 = 𝜆𝜆2 = 𝜆𝜆3 ≠ 0 . This is the case of completely de-correlated, non-
polarized random scattering behaviour. On the other hand for 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟(T3) = 1 , i.e., one 
nonzero eigenvalue, a single scattering mechanism exists within the observed resolution cell. 
Partially polarized scatterers, i.e., nonzero and nonequal eigenvalues, occur between these 
two cases (Cloude, 2009; Elachi et al., 1990; Lee and Pottier, 2009; Mott, 2006). The spread 
of total scattered power across the eigenvalues is evidently a good indicator of 
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depolarization. By first normalizing the eigenvalues to unit sum, the three probabilities 𝑃𝑃𝑗𝑗 
are defined as: 

𝑃𝑃𝑗𝑗 =
𝜆𝜆𝑗𝑗

𝜆𝜆1 + 𝜆𝜆2 + 𝜆𝜆3
    𝑃𝑃𝑗𝑗 ∈ [0, 1] (2.28) 

The spread of probabilities can then be represented by a single scalar, the entropy defined as: 

𝐻𝐻 = −� 𝑃𝑃𝑗𝑗 log3𝑃𝑃𝑗𝑗

3

𝑗𝑗=1
   𝐻𝐻 ∈ [0, 1] (2.29) 

which is zero for zero depolarisation, and one for maximum depolarisation. To account for 
the polarised component, from each eigenvector 𝑒𝑒𝑗𝑗 = [𝑒𝑒1,𝑗𝑗  𝑒𝑒2,𝑗𝑗  𝑒𝑒3,𝑗𝑗] a scattering mechanism 
𝛼𝛼𝑗𝑗 can be selected as a suitable basic rotation invariant polarised parameter (Cloude, 2009): 

𝑒𝑒𝑗𝑗 = [cos 𝛼𝛼𝑗𝑗exp (𝑖𝑖𝜙𝜙1,𝑗𝑗) sin 𝛼𝛼𝑗𝑗 cos 𝜓𝜓𝑗𝑗 exp�𝑖𝑖𝜙𝜙2,𝑗𝑗� sin 𝛼𝛼𝑗𝑗 sin 𝜓𝜓𝑗𝑗 exp�𝑖𝑖𝜙𝜙3,𝑗𝑗�]𝑇𝑇  (2.30) 

with 𝛼𝛼𝑗𝑗 = cos−1��𝑒𝑒1,𝑗𝑗�� and 𝛼𝛼𝑗𝑗 ∈ [0°, 90°]. 𝜓𝜓 is the rotation angle around the line of sight 
(LOS) and 𝜙𝜙 is the scattering phase angle which accounts for the phase relations between 
the elements of the vector. The statistical interpretation suggests forming an average as a 
sum of the three 𝛼𝛼𝑗𝑗 values, weighted by their probabilities 𝑃𝑃𝑗𝑗, so it is possible to form the 
average alpha angle (Cloude, 2009): 

𝛼𝛼 = 𝑃𝑃1𝛼𝛼1 + 𝑃𝑃2𝛼𝛼2 + 𝑃𝑃3𝛼𝛼3 (2.31) 

which has the physical interpretation given in Figure 2.9. 

An effective method to aid the interpretation of different types of polariser/depolariser, is 
the bi-dimensional distribution of the two parameters entropy and alpha derived from T3. In 
fact, 𝐻𝐻 rises when the degree of statistical disorder increases and 𝛼𝛼 can be used to identify 
the average underlying scattering mechanism. Such scatterplot is shown in Figure 2.10 and is 
commonly named 𝐻𝐻/𝛼𝛼 plane (Cloude and Pottier, 1997). 

 

Figure 2.9 – Physical interpretation of the average alpha angle. 
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An additional polarimetric parameter, which is derived from the lower order eigenvalues 
(therefore related to the secondary scattering mechanisms), is the anisotropy (Cloude, 2009; 
Lee and Pottier, 2009): 

𝐴𝐴 = 𝜆𝜆2 − 𝜆𝜆3
𝜆𝜆2 + 𝜆𝜆3

= 𝑃𝑃2 − 𝑃𝑃3
𝑃𝑃2 + 𝑃𝑃3

 (2.32) 

2.2.5. Model based decomposition 

For the sake of completeness, model-based decomposition theory is briefly introduced 
although this approach is not taken into account. This type of decomposition uses pre-
defined physical scattering models to interpret the scattering process. An example is the 
Freeman-Durden decomposition proposed in (Freeman and Durden, 1998). It considers three 
simple and primary scattering mechanisms: surface, dihedral and volume. The mechanisms 
are modelled and incoherently added such that the total coherency matrix is considered to 
be the accumulation of the three main contributions:  

T3 = [T𝑆𝑆] + [T𝐷𝐷] + [T𝑉𝑉 ] (2.33) 

The total power 𝑃𝑃𝑡𝑡  can be retrieved from the trace of the single scattering component 
matrices (Freeman and Durden, 1998): 

𝑃𝑃𝑡𝑡 = 𝑇𝑇𝑇𝑇([T𝑆𝑆]) + 𝑇𝑇𝑇𝑇([T𝐷𝐷]) + 𝑇𝑇𝑇𝑇([T𝑉𝑉 ]) = 𝑃𝑃𝑆𝑆 + 𝑃𝑃𝐷𝐷 + 𝑃𝑃𝑉𝑉 , (2.34) 

which is generally used to normalize the power of each scattering component and enables a 
fair comparison of the strength of the different scattering contributions. In comparison to the 

 

Figure 2.10 – Two-dimensional  𝐻𝐻/𝛼𝛼 plane for 3x3 coherency (covariance) matrix. 
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eigenvalue decomposition, scattering mechanisms with a rank higher than one can be 
included in the modeling. 

2.3. New Generation High Resolution SAR: TerraSAR-X 
The TS-X mission began on June 15th 2007 with the launch of the first of the 2 satellites 
that forms the TanDEM-X (TD-X) mission (TerraSAR-X add-on for Digital Elevation 
Measurements). The TD-X satellite, near identical to the TS-X one, has been launched in 
June 2010. The two satellites, flying in a close orbit configuration, form a single-pass radar 
interferometer. The instruments on both satellites are high-resolution X-band SARs based on 
active phased array technology. The center frequency is 𝑓𝑓0 = 9.65 GHz with a selectable 
chirp bandwidth 𝑊𝑊𝑟𝑟 of up to 300 MHz. With a nominal range bandwidth of 150 MHz and 
an azimuth antenna length of 4.8m, theoretical 𝛿𝛿𝑟𝑟 = 0.89m and 𝛿𝛿𝑎𝑎 = 2.4m are achievable for 
single polarization StripMap acquisitions. In order to improve the 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴, 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 and the 
shape of the point target response (𝑃𝑃𝑃𝑃𝑃𝑃), the range and azimuth resolutions are degraded to 
constant 1.2m and 3.3m, respectively, making use of Hamming weighting function.  

A TS-X acquisition is a non-coordinated SAR instrument data take by one of satellites of 
the TD-X constellation (either TS-X or TD-X satellite) that is not in the radar shadow of 
the other one. All investigations in the context of this thesis are based on TS-X data.  

2.3.1. First Spaceborne X-band SAR with coherent polarimetric 
capabilities 

The TS-X mission provides a selection of SAR products, ranging from 10 km swath width at 
~1m resolution to 100 km swath width at ~18m resolution, operationally to the scientific and 
commercial community. The satellite offers 3 different acquisition modes – ScanSAR (SC), 
StripMap (SM) and Spotlight (SL) – in a full performance incidence angle acquisition range 
between 20° and 45° (extended to 55° for SL). The High resolution Spotlight (HS) exploits a 
faster beam steering resulting in an additional gain in azimuth resolution at expenses of 
azimuth coverage (5 km instead of 10 km). In 2013 the product portfolio has been extended 
at both edges, adding a 6 beams ~40m resolution Wide-ScanSAR (WSC) mode and the new 
Staring Spotlight (ST) mode capable to achieve azimuth resolution below 24 cm (Breit et al., 
2014; Prats-Iraola et al., 2012). 

The SM mode can operate in single or in dual polarization mode, resulting in one or two 
image layers. Each layer is identified by two letters indicating the transmitted and received 
polarization (H for horizontal, V for vertical). Dual polarization SM products are selectable 
between one of the following combination HH-HV, HH-VV and VH-VV. Due to the 
constraint of the SL imaging mode, the only dual polarization combination possible is HH-
VV. SC and WSC products are available only in single polarization mode and selectable as 
one among the four possible combination HH, HV, VH or VV.  
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The acquisition of the two image layers with different transmitting/receiving antenna 
polarization is implemented by toggling transmit and/or receive polarization between 
consecutive pulses (pulse interleaved). The effective 𝑃𝑃𝑃𝑃𝑃𝑃  in each channel is thus half of the 
total 𝑃𝑃𝑃𝑃𝑃𝑃 . In order to sample properly the antenna azimuth spectrum in each channel, the 
total 𝑃𝑃𝑃𝑃𝑃𝑃  should be increased up to the double compared to the one in single polarization 
mode. Because of an upper total 𝑃𝑃𝑃𝑃𝑃𝑃  limit of 6.5 kHz, the effective 𝑃𝑃𝑃𝑃𝑃𝑃  per channel in SM 
dual polarization products is decreased. As consequence the effective azimuth resolution is 
worsened by a factor of 2 (i.e. 6.6m). Moreover, due to the increased total 𝑃𝑃𝑃𝑃𝑃𝑃 , the 
maximum ground swath width is only half of the single polarization mode in order to keep 
range and azimuth ambiguities under the design goal. 

2.3.2. Experimental Dual Receive Antenna DRA mode 

The DRA of the TS-X/TD-X instrument is used for experimental data acquisitions in SM 
mode only. The whole antenna (4.8 m) is electrically split into two halves (2.4 m each). The 
preceding and the succeeding halves in flight direction are called the fore- and aft-channels, 
respectively. Figure 2.11 depicts the DRA of TS-X, which is used for along track 
interferometry (ATI, with a spatial baseline of 2.4 m between both channel phase centers) or 
fully polarized acquisitions (HH-HV-VH-VV, via toggling the two linear polarizations in 
transmission and receiving both linear polarizations using the redundant receiving chain) 
(Mittermayer and Runge, 2003). 

 

 

Figure 2.11 – TerraSAR-X DRA realization with block diagram and transmit/receive pulse 
timing diagram for fully polarized acquisitions. 
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3. Marine Pollution Detection and Discrimination 

Pollution is the term used to indicate the introduction of harmful contaminants that are 
outside the norm for a given ecosystem. Common man-made contaminants (or pollutants) 
that reach the oceans include: pesticides, herbicides, chemical fertilizers, detergents, oil, 
sewage, plastics, and other solids. The dumping of man-made pollutants into ocean 
ecosystems was legal until 1970's when it became regulated. Nevertheless, the implemented 
laws by the 1972 Stockholm Conference didn’t stop the illegal dumping of waste into the 
ocean. On this matter, the United Nations (UN) met in London in 1975 to begin the 
Convention on the Prevention of Marine Pollution by Dumping of Wastes and Other Matter. 
The International Maritime Organization (IMO) was given responsibility for this convention 
and a protocol for the prevention of pollution from ships (MARPOL 73/78) was adopted as 
major step in the regulation of sea pollution caused by oil and harmful substances. 

As known, petroleum products play an important role in modern society. The term Oil is 
used to indicate any type of hydrocarbon and petroleum products. An oil spill can occur in 
water, ice or land and may be due to a number of reasons. Marine oil spills can be highly 
dangerous since wind, waves and currents can scatter a large oil spill over a wide area within 
a few hours in the open sea (Fingas, 2012). The environmental impacts of an oil spill can be 
considerable, as it causes a decline in phytoplankton and other aquatic organisms. The 
livelihood of many coastal people can be impacted by oil spills, particularly those whose 
livelihood is based on fishing and tourism (Al-Khudhairy, 2002).  

In the event of an anthropogenic, natural or accidental oil spill, information about the size 
and extent of the spill is critical to assist the government and industry in oil spill 
contingency planning.  

3.1. Introduction 

Remote sensing is particularly useful to detect and monitor oil spill in the marine 
environment. Although satellite remote sensing suffers from low temporal (and in same case 
spatial) resolution, it provides a synoptic view and a cost effective approach compared to 
traditional monitoring system operated either by airborne or shipborne. 

Nowadays, remote sensing sensors used for operational marine oil spill detection and 
classification include infrared video and photography, thermal infrared imaging, airborne 
laser fluoro-sensor, optical sensor, microwave radiometer and radar. Table 3.1 summarizes 
their main technical characteristics in the context of oil spill application (Al-Khudhairy, 
2002; Jha et al., 2008; Klemas, 2010). 

For oil spill contingency planning the following information must be timely provided (Fingas, 
2012; National Research Council, 2003): 
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• The location and spread of oil spill over a large area; 
• The thickness distribution of an oil spill to estimate the quantity of spilled oil; 
• A classification of the oil type in order to estimate environmental damage and to take 

appropriate response activities; 
• Any other valuable information to assist the clean-up operations. 

Table 3.1 – Characteristics of various types of sensors used for operational oil spill detection 
in European waters. 
 LFS/UV Visible  Infrared Microwave 

Radiometer 
Radar 

Wavelength 0.3 -0.4 𝜇𝜇m 0.4 -0.7 𝜇𝜇m 0.7 -14 𝜇𝜇m 0.2 -0.8 cm 1 -30 cm 
Type Active/Passive Passive Passive Passive Active 

Measure 
Fluorescence 
/Reflectivity 

Reflectivity Emissivity Emissivity Reflectivity 

Oil 
appearance 

Bright Bright Dark/Bright Bright Dark 

Oil 
Thickness 

Yes 
<20 𝜇𝜇m 

No 
Yes 

Relative 

Yes 
<1 mm 
>50 𝜇𝜇m 

Not sensible to 
thin layer 

Platform Aircraft Aircraft Aircraft Aircraft/Satellite Aircraft/Satellite 

Coverage Small Medium Medium Large 
Large/Very 

Large 
Resolution High 1D High High Low High/Very High 
False 
alarms 

None/Low High Medium Low High 

Operability 
24h/7d 

Clear sky 
Daylight 
Clear sky 

24h/7d 
No cloud 
and heavy 

fog 

24h/7d 
No heavy rain 

24h/7d(1) 
Wind speed 

limited(2) 

Cost (K€) 100-2000 0.25-20 1-200 400-2000 1200-8000 
(1) Atmospheric blockage phenomenon at high frequencies might hamper sea monitoring reducing the operability. 
(2) The lower bound is related to the scattering, while the upper bound is related to the breaking of the oil film, i.e. not a sensor limitation. 

It must be noted that these information can’t be delivered by a single sensor but only using 
a combination of them (see Table 3.1). An example of maritime pollution system, that 
combines several of these sensors, is represented by the Dornier DO 28 D2 aircraft. A fleet 
composed by 2 aircrafts has been set-up by the German Federal Ministry of Transport to 
monitor the North and Baltic Sea. Each of them is equipped with Side-Looking Airborne 
Radar (SLAR), UV/IR scanner and MWR. Since 1991 the Dornier DO 228-212 aircraft 
substitute the predecessor with an update on the sensors portfolio that includes a LSF 
(Grüner et al., 1991).  

Figure 3.1 shows an example of oil spill accidental disaster observed by MODIS-AQUA 
optical satellite (left) and TS-X radar satellite (right) within a short time difference. 
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Last but not least, multi-temporal observations can provide important information required 
to model oil spill drift and spreading. Oil spill models may be useful for clean-up operations 
and controlling the oil spill (Baschek et al., 2011).  

Among the sensors listed in Table 3.1, satellites equipped with SAR are particularly suitable 
as early warning detection of oil spills, thanks to the superiority in terms of operability, 
coverage and resolution compared to other sensors (Table 3.1). On the other hand, the 
drawbacks are the SAR inability to classify different oil types and the high number of false 
alarms.   

This chapter is dedicated to the Objective 1. After a brief theoretical introduction to the 
scattering of EM wave from rough surfaces and a model for ocean radar backscatter, it 
follows the State-of-Art of oil spill detection using single-polarized satellite SAR data and a 
short summary of the methodology proposed in A.1 to exploit dual-polarization VHR TS-X 
SAR data.  

3.1.1. Rough Surface Scattering 

The interaction between the transmitted radar EM signals with the Earth’s surface is 
governed by the surface roughness and dielectric properties (assuming negligible atmospheric 
influence in the microwave spectrum).  

The relation between surface roughness and EM scattering is illustrated in Figure 3.2 by 3 
meaningful cases: Figure 3.2(a) depicts a smooth surface with specular reflection symmetric 
to the incident angle and no backscatter; Figure 3.2(b) depicts a slightly rough surface with 

     

Figure 3.1 – Satellite observations of oil spill disaster in Timor Sea caused by blowout from 
the Montara wellhead platform on 21 August 2009. [Left] MODIS-AQUA optical image 
acquired on August 30, 2009 at 05:20UTC. [Right] TS-X radar image acquired on August 30, 
2009 at 09:58 UTC. 
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a component of specular reflection (also known as coherent component) and a backscatter 
component (also known as incoherent or diffuse component); Figure 3.2(c) depicts a very 
rough surface with only diffuse components without any component of specular reflection. 
Rough surfaces hence produce more radar backscatter (Ulaby et al., 1982).  

The observable surface roughness depends on the EM incident wavelength, meaning that at 
decreasing frequencies the surface appears lesser rough. This turns, for instance, a rough 
surface sensed at X-band (𝜆𝜆 = 3𝑐𝑐𝑐𝑐) into a smooth surface at L-band (𝜆𝜆 = 23𝑐𝑐𝑐𝑐). The 
surface roughness is defined by the Rayleigh or Fraunhofer Criterion. The Rayleigh criterion 
states that a surface may be considered smooth if the phase difference between two reflected 
rays is less than 𝜋𝜋 2⁄  rad, which leads to: 

Δℎ < 𝜆𝜆
8 cos 𝜗𝜗

 , (3.1) 

where Δℎ is the standard deviation of the surface height. When the EM wavelength is in the 
order of Δℎ, Fraunhofer criterion is used instead (Ulaby et al., 1982): 

ℎ < 𝜆𝜆
32 cos 𝜗𝜗

 , (3.2) 

The complex dielectric constant is a measure of the medium response to an EM signal. This 
response is composed of two parts, and defined in terms of real and the imaginary parts as 
function of the incident wave frequency 𝑓𝑓 (Hippel, 1954; Stratton, 2007): 

𝜖𝜖(𝑓𝑓) = 𝜖𝜖′(𝑓𝑓) − 𝑗𝑗𝜖𝜖′′(𝑓𝑓), (3.3) 

where 𝜖𝜖′(𝑓𝑓) is referred to the permittivity of the material, whereas 𝜖𝜖′′(𝑓𝑓) is referred to the 
dielectric loss factor of the material. It is common to refer to the relative permittivity 𝜖𝜖𝑟𝑟, i.e., 
𝜖𝜖𝑟𝑟(𝑓𝑓) = 𝜖𝜖(𝑓𝑓) 𝜖𝜖0⁄ , where 𝜖𝜖0  is the permittivity of vacuum. For most natural surfaces 
𝜖𝜖′′(𝑓𝑓) ≪ 𝜖𝜖′(𝑓𝑓)  (Hippel, 1954). The permittivity of the material 𝜖𝜖(𝑓𝑓) affects the penetration 
depth (𝛿𝛿𝑝𝑝) of the EM signal into the medium. 𝛿𝛿𝑝𝑝 is by definition the distance in the medium 

over which the intensity of the propagating radiation is attenuated by the exponential factor 

 

Figure 3.2 - Pictorial interpretations of the relationship between surface roughness and EM  
scattering pattern 
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𝑒𝑒−1. Following this definition, a convenient 𝛿𝛿𝑝𝑝 expression (known ask skin depth) as function 

of 𝜖𝜖(𝑓𝑓) is given by (Ulaby et al., 1982) 

𝛿𝛿𝑝𝑝 = 𝜆𝜆
√

𝜖𝜖′
2𝜋𝜋𝜋𝜋′′

, (3.4) 

 

3.1.2. Bragg Surface Scattering 

Besides surface properties, there are a number of environmental factors (e.g., wind speed and 
direction relative to the radar beam) and sensor related parameters (e.g., incidence angle, 
polarization and frequency) that affect the radar backscatter from ocean surface. For 
example, an increase in wind speed results in a rougher surface and a stronger backscatter 
signal. Radar backscatter is max if the radar looks in the upwind direction and minimum if 
the radar looks in the direction normal to the wind direction (Ulaby et al., 1982). The ocean 
backscatter is known to decrease with increasing incidence angle. Stronger signals are 
obtained in VV compared to HH and the difference increases with incidence angle and the 
relative dielectric constant. The cross-polarization backscatter from ocean surface lays 
around 5 dB below the HH one, and can therefore easily reach the sensor noise floor (noise 
equivalent sigma naught, NESN) (Holt, 2004; Valenzuela, 1978). 

The scattering from sea surfaces is commonly described using the Bragg scattering model 
(small perturbation model). Ocean wave spectrum contains waves ranging from short ripples 
of a few millimetres to waves of hundreds of meters long. In the simple case of only short 
ocean wave components, the ocean backscatter within typical SAR incidence angles (20° - 
60°) is dominated by Bragg or resonance scattering. The backscatter arises from the 
resonance of incident EM wave (in the order of cm) with ocean wave components with 
similar wavelength, i.e. capillary and short gravity waves (Holt, 2004; Ulaby et al., 1986, 
1982; Valenzuela, 1978). When an incoming EM wave with wavelength 𝜆𝜆 reaches the sea 
surface, the transmitted signal hits each successive surface crest at a slightly different time. 
If the excess distance from the radar to each crest is 𝜆𝜆/2 (or a multiple of this), the phase 
difference between the return signals from each crest is 360°, and the signals add in phase. 
Otherwise, they add out of phase. The Bragg wavelength, 𝜆𝜆𝐵𝐵, of ocean waves resulting in 
resonance is hence given by 

𝜆𝜆𝐵𝐵 = 𝑛𝑛𝑛𝑛
2 sin 𝜗𝜗

, (3.5) 

where 𝑛𝑛 = 1,2,… is the order of resonance (𝑛𝑛 = 1 produces the dominant return) (Ulaby et 
al., 1982; Valenzuela, 1978). From Equation (3.5) it is evident that for a given 𝜆𝜆 the 
resonant waves are shorter at more oblique incidence angles, and at a given 𝜗𝜗, 𝜆𝜆𝐵𝐵 increases 
with radar wavelength. 

The first order ocean backscatter coefficients 𝜎𝜎0 following Bragg theory model are given by 
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𝜎𝜎0
𝑋𝑋𝑋𝑋 (𝜗𝜗) = 4𝜋𝜋𝑘𝑘4 cos4(𝜗𝜗)|𝑔𝑔𝑋𝑋𝑋𝑋 (𝜗𝜗)|2 𝑊𝑊(2𝑘𝑘 sin(𝜗𝜗) , 0), (3.6) 

where 𝑊𝑊(⋅) is the two-dimensional wave number spectral density of the surface roughness 
and the indices 𝑋𝑋 and 𝑌𝑌  denote the polarization of the incident and backscattered radiation, 
respectively. The first-order scattering coefficients 𝑔𝑔𝑋𝑋𝑋𝑋 (𝜗𝜗) for horizontal-horizontal (𝐻𝐻𝐻𝐻 ) 
and vertical-vertical (𝑉𝑉𝑉𝑉 ) incident and backscattered polarization are given by 

𝑔𝑔𝐻𝐻𝐻𝐻(𝜗𝜗) = (𝜖𝜖𝑟𝑟 − 1)
�cos(𝜗𝜗) + �𝜖𝜖𝑟𝑟 − sin2(𝜗𝜗)�2 , (3.7) 

and 

𝑔𝑔𝑉𝑉𝑉𝑉 (𝜗𝜗) = (𝜖𝜖𝑟𝑟 − 1)[𝜖𝜖𝑟𝑟(1 + sin2(𝜗𝜗)) − sin2(𝜗𝜗)]
�𝜖𝜖𝑟𝑟cos(𝜗𝜗) + �𝜖𝜖𝑟𝑟 − sin2(𝜗𝜗)�2  . (3.8) 

with cross-polarization (𝐻𝐻𝐻𝐻  or 𝑉𝑉𝑉𝑉) returns that are null (Ulaby et al., 1982; Valenzuela, 
1978). It is clear from Equation (3.6) that only the coefficient 𝑔𝑔𝑋𝑋𝑋𝑋  changes depending on the 
incident/backscattered polarizations, hence 𝜎𝜎0

𝑉𝑉𝑉𝑉 𝜎𝜎0
𝐻𝐻𝐻𝐻 = 𝑔𝑔𝑉𝑉𝑉𝑉 𝑔𝑔𝐻𝐻𝐻𝐻⁄⁄ . It follows that the ratio of 

the backscatter coefficients depends only on 𝜗𝜗  and 𝜖𝜖𝑟𝑟 , and is independent of surface 
roughness. It can hence be used to evaluate the dielectric properties of the illuminated 
surface. Nevertheless, if second order terms in Equation (3.6) are not negligible, 
depolarization effects may be introduced with the consequence that the cross-polarization 
returns are no longer null (Valenzuela, 1967). 

3.2. Oil spill monitoring by means of Single polarized 
SAR data 

Anthropogenic inputs of materials to the sea surface microlayer include point sources as 
coastal industrial activity, agricultural and storm-water run-off, spills of mineral oil from 
coasts and vessels, natural oil seeps. The lipids molecules of oil (independently of the source 
it comes from) are characterized by long tails of atoms which forces the substance to stick 
out of sea water. A combined effect of their low water solubility and high intermolecular 
attraction results in a high surface viscosity and thus a high short-wave damping effect 
through an increase in surface tension and a reduction in wind friction (Espedal et al., 1996). 
Figure 3.3 summarizes the interaction of EM wave emitted by the radar with the ocean 
surface covered and not-covered by oil following the concepts previously introduced.  

Being the EM pulse, emitted by the radar, sensitive to small scale surface roughness, the sea 
surface smoothed by the oil spill scatter away most of the incident EM energy, in contrast to 
the surrounding clean sea surface which backscatter is dominated by Bragg scattering. 
Visualizing the normalized radar cross section (NRCS) in a grayscale picture with low values 
given to black and high values given to white, the reduction of radar backscatter caused by 
the presence of an oil spill appears in SAR images as black area (see Figure 3.1 [Right]). 
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It is however evident that SAR operability for oil spill detection is wind speed limited. A low 
wind speed will not produce the described contrast as consequence of the absence of wind 
driven ocean capillary waves. In high wind speed condition, oil surface damping reduces as 
increase the energy of ocean waves with oil starting to get mixed with waves (no longer 
smooth). According to the findings in (Gade et al., 2000; Litovchenko et al., 1999) oil spills 
are visible in the wind speed range 3-12m/s.    

Since ocean is non-static water body, the fate of spilled oil in the marine environment 
depends upon factors such as the quantity of oil, the oil’s initial physical and chemical 
characteristics, the prevailing climatic and sea conditions and whether the oil remains at sea 
or is washed ashore. The various physical-chemical-oceanographic processes acting on spilled 
oil are collectively known as weathering. Although some of these processes have long time 
scale (tens of years or more) they influence the detectability in SAR images. Weathering 
processes are graphically depicted in Figure 3.3 while a brief description of each phenomena 
is given in the following  (ITOPF, 2011). 

Spreading: As soon as oil is spilled, it starts immediately to spread over the sea surface. The 
speed at which this takes place depends to a great extent on the viscosity of the oil and the 
volume spilled. In open water, wind circulation patterns tend to cause oil to form narrow 
bands or 'windrows' parallel to the wind direction.  

 

 

Figure 3.3 - Pictorial interpretations of physical-chemical processes involving oil on the sea 
surface.  
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Evaporation: The more volatile components of oil will evaporate to the atmosphere. The rate 
of evaporation depends on ambient temperatures and wind speed. In general those oil 
components with a boiling point below 200°C will evaporate within a period of 24 hours in 
temperate conditions. The initial spreading rate of the oil also affects the rate of evaporation 
since the larger the surface area, the faster light components will evaporate. Rough seas, high 
wind speeds and warm temperatures also increase evaporation. 

Dispersion: The rate of dispersion is largely dependent upon the nature of the oil and the sea 
state, proceeding most rapidly with low viscosity oils in the presence of breaking waves. 
Waves and turbulence at the sea surface can cause all or part of a slick to break up into 
droplets of varying sizes which become mixed into the upper layers of the water column. 

Emulsification: Many oils take up water and form water-in-oil emulsions. This can increase 
the volume of pollutant by a factor of up to five times. Formation of water-in-oil emulsions 
reduces the rate of other weathering processes and is the main reason for the persistence of 
light and medium crude oils on the sea surface and shoreline. Although stable water-in-oil 
emulsions behave similarly to viscous oils, differences in their compositions have implications 
for effective response options. 

Dissolution: The rate and extent to which an oil spill dissolves depends upon its composition, 
spreading, the water temperature, turbulence and degree of dispersion. Because only the 
most volatile oil components are slightly soluble, they evaporate much faster than they 
dissolve. 

Oxidation: It is promoted by sunlight and, although it occurs for the entire duration of the 
spill, its overall effect on dissipation is minor compared to that of other weathering 
processes. 

Sedimentation: oil droplets can interact with sediment particles and organic matter 
suspended in the water column so that the droplets become dense enough to sink slowly to 
the sea bed. Sedimentation is one of the key long term processes leading to the accumulation 
of spilled oil in the marine environment. 

Biodegradation: Sea water contains a range of marine micro-organisms capable of 
metabolizing oil compounds. Such organisms are more abundant in areas with natural seeps 
of oil. 

Unfortunately, the reduced radar backscatter on the sea surface is not unique to oil. Low 
winds, biogenic slicks, wind sheltering by land or oceanic structures, grease ice, internal 
waves, ship wakes, and convergence zones also create areas of reduced radar backscatter. It 
is evident that a basic processing of searching in SAR images zones of low backscatter signal 
it is not sufficient as these phenomena might cause false alarms. Among this class of false 
alarms, biogenic slicks, internal waves and ship wakes are called look-alikes as in many cases 
their shape resemble operational discharges of oil, i.e. vessel discharge of bilge water from 
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machinery spaces, fuel oil sludge, oily ballast water from fuel tanks. Some examples of look-
alikes are shown in Figure 3.4. 

The literature on SAR oil spill detection is vast as during the last decades different 
approaches have been proposed. The investigated methods include: theoretical modelling of 
the damping ratio (Gade et al., 1998a, 1998b), ocean wave spectrum attenuation by surface 
films (Alpers and Hühnerfuss, 1989; Lombardini et al., 1989; Trivero et al., 1998), SAR 
ocean surface simulation and EM models (Franceschetti et al., 2002; Nunziata et al., 2009), 
statistical and probabilistic classifier (Fiscella et al., 2000; Solberg et al., 2007, 1999), 
machine learning techniques (Frate et al., 2000; Keramitsoglou et al., 2006; Kubat et al., 
1998; Mercier and Girard-Ardhuin, 2005; Topouzelis et al., 2007).  

3.2.1. State-of-the-Art in operational pollution monitoring 

Through CleanSeaNet, EMSA provides a State-of-the-Art oil spill monitoring service, which 
can be integrated into national oil spill response chains. Since 2007, CleanSeaNet 
supplements existing surveillance systems at national or regional level, strengthens member 
state responses to illegal discharges, and supports response operations to accidental spills. 
The service is based on radar images obtained from SAR satellites (European Maritime 
Safety Agency, 2015).  

The processing phases commonly performed by a SAR oil spill detection algorithm are 
composed of the following four steps (Brekke and Solberg, 2005): 

1. land masking 

2. dark region detection 

3. region feature extraction 

4. region classification 

 

Figure 3.4 - Interpretation of different natural, atmospheric and man-made phenomena 
causing low backscatter region in SAR image.  
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The land masking procedure is applied in order to speed-up the second step as dark regions 
needs to be sought only over ocean area. The dark region detection step consists of locating 
ocean regions which have low radar backscatter and assign them the label of being potential 
oil spills. This phase can be pursued manually via human operator intervention or 
automatically via image segmentation processing. Subsequently, meaningful features are 
extracted (manually or automatically) from each potential oil spill and surrounding area, and 
used to classify (manually or automatically) the identified low backscatter region in either 
one of the two classes: oil spill, look-alike.  
Depending on the human operator interactions in the processing chain described, it is 
possible to have full automatic, semi-automatic or manual approach. Detailed description of 
different approaches can be found in (Frate et al., 2000; Keramitsoglou et al., 2006; Solberg 
et al., 1999; Trivero et al., 1998) and references therein. 
Once a dark region in the satellite radar image has been detected as oil spill, an alert with 
the confidence level of the detection is generated and sent to the national or local anti-
pollution authority for further actions, e.g. identification of oil type, clean-up operation, 
culprit prosecute, etc. In (Ferraro et al., 2010) some guidelines on how the alert should be 
generated and which information should contain are given. An overview of different oil spill 
detection approaches and classification systems adopted by satellite service providers is given 
in (Ferraro et al., 2012). 

3.2.2. The Neural-Network approach developed for TerraSAR-X 

Following the initial development, data collection and validation, a NRT TS-X oil spill 
monitoring service has been established at DLR ground station Neustrelitz. With an 
elevation of approximately five degree, the ground station Neutrelitz has an acquisition circle 
that covers most of the European waters (Schwarz et al., 2015). The service is based on the 
State-of-the-Art in oil pollution monitoring steps described in the previous paragraph. It is a 
semi-automatic approach with dark spot selection performed via Graphical User Interface 
(GUI) by a human operator and classifier based on a pre-trained Neural Network (NN). NN 
is a well-established classifier able to deal with oil spill classification problem (Frate et al., 
2000), (Ziemke, 1996), (Topouzelis et al., 2007). The initial development and results are 
reported in (Avezzano et al., 2011) while the application on the monitoring of offshore 
platforms in North Sea is demonstrated in (Singha et al., 2014).  

In this section we briefly review the NN architecture employed and the results obtained. The 
NN topology used is an 8-8-8-1 Multi-Layer Perceptron network (MLP) with 8 inputs, 2 
hidden layers composed of 8 neurons and one output (Figure 3.5). The feature vector (area, 
perimeter, complexity, spreading, standard deviation dark object, standard deviation 
background, max and min contrast) has been previously used for oil spill detection in C-band 
SAR data (Frate et al., 2000) and therefore adapted for TS-X data. 
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The net has been trained using an error backpropagation algorithm, which iteratively adjusts 
the weights of the neuron’s connections to minimize an error function. For the training 
process, 39 TS-X images (containing 60 oil spills and 58 look-alikes, hence 118 vectors of 
features) have been collected during known spill accidents and weather conditions. This 
dataset has been divided in two blocks: one set containing 94 vectors of features used for 
training and containing equally oil spill and look-alike samples, a second set containing 24 
vectors of features used for testing. In addition to the dataset for training purposes, a 
mutually exclusive set of 11 TS-X images (containing 25 oil spills and 25 look-alikes) has 
been collected for algorithm validation purpose (Avezzano et al., 2011). The results are 
summarized by the confusion matrix in Figure 3.6. 

3.3. Observation of Marine Slicks exploiting the Co-Polar 
channel correlation 

This section describes the main research activities conducted to pursue the Objective 1 
defined in Chapter 1. In A.1 a study exploiting dual-polarimetric X-band SAR data to 
observe oil at sea is undertaken for the first time.  

 

Figure 3.5 - Topology of Neural Network: MLP feed-forward 8-8-8-1 network. The input 
vector components are the features extracted from the dark spot, the output value represent 
the actual probability of the object being an oil spill.  

 

Figure 3.6 - Validation of the Neural Network approach developed for TS-X.  
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The polarimetric electromagnetic model proposed in (Migliaccio et al., 2009a, 2009b) for oil 
slicks observation in L- and C-band PolSAR data predicts a Bragg (non-Bragg) scattering 
behaviour in accordance with a high (low) inter-channel correlation between the co-polarized 
channels, i.e. HH and VV. The inter-channel correlation between the co-polarized channels is 
able to observe oil discharged at sea getting rid of the primary class of look-alikes 
characterized by weak-damping properties. The extension of the model in X-band PolSAR 
data it is not direct, as phenomena like white capping and wave breaking, might play a role 
in this case. Moreover, it is straightforward that, to take full benefit of the model a viable 
and robust estimator is a key issue. 

The estimation of the inter-channel correlation is a non-trivial problem and various methods 
have been developed (Touzi et al., 1999). In (Migliaccio et al., 2009a, 2009b), the standard 
deviation of the Co-polarized Phase Difference (CPD) is proposed as estimator of the inter-
channel correlation for the observation of oil spills. In (Velotto et al., 2011), first and second 
moments of the polarimetric parameters CPD and Coherence are investigated for the 
observation of oil-spill in X-band TS-X data.  

3.3.1. Co-Polarized Phase Difference (CPD) and Coherence 

As discussed in the section 2.3.1, TS-X provides coherent SAR data in dual polarization SM 
mode in different combinations. For the observation of marine oil slicks the Co-Polar 
channels, i.e. HH-VV, are needed. 

The Lexicographic scattering vector basis, generally defined in Equation (2.23) for fully 
polarized data, becomes in case of dual polarization (where the subscript 𝐷𝐷2 it refers to the 
possible dual polarization combination HH-VV): 

𝑘𝑘𝐷𝐷2 = [𝑆𝑆ℎ̇ℎ 𝑆𝑆𝑣̇𝑣𝑣𝑣]
𝑇𝑇  (3.9) 

which leads to the following covariance matrix (see Equation (2.25)): 

C2 = �𝑘𝑘𝐷𝐷2𝑘𝑘𝐷𝐷2
𝐻𝐻� = �

��𝑆𝑆ℎ̇ℎ�2� �𝑆𝑆ℎ̇ℎ𝑆𝑆𝑣̇𝑣𝑣𝑣
∗ �

�𝑆𝑆𝑣̇𝑣𝑣𝑣𝑆𝑆ℎ̇ℎ
∗ � ��𝑆𝑆𝑣̇𝑣𝑣𝑣�2�

� = 𝜂𝜂 �
𝛾𝛾 𝜌𝜌�̇𝛾𝛾

𝜌𝜌∗̇�𝛾𝛾 1
� (3.10) 

where the elements of C2 are: 

𝜂𝜂 = ��𝑆𝑆𝑣̇𝑣𝑣𝑣�2�  𝛾𝛾 =
��𝑆𝑆ℎ̇ℎ�2�
��𝑆𝑆𝑣̇𝑣𝑣𝑣�2�

  𝜌𝜌 ̇ =
�𝑆𝑆ℎ̇ℎ𝑆𝑆𝑣̇𝑣𝑣𝑣

∗ �

���𝑆𝑆ℎ̇ℎ�2���𝑆𝑆𝑣̇𝑣𝑣𝑣�2�
 (3.11) 

The elements of C2 defined in Equation (3.11) are knows as: power, polarization ratio and 
complex coherence. A direct estimator of the co-polar inter-channel correlation is provided 
by the amplitude of complex coherence: 𝜌𝜌 ̇ = 𝜌𝜌𝑒𝑒𝑗𝑗𝜑𝜑����, where 𝜌𝜌 is the amplitude and 𝜑𝜑���� is the 
mean phase. Once ergodicity is invoked, the maximum likelihood estimator (MLE) of 𝜌𝜌 is 
given by replacing the expectation operator with a spatial averaging window 
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𝜌𝜌 ̂ =  
�∑ 𝑆𝑆ℎ̇ℎ[𝑛𝑛]𝑆𝑆𝑣̇𝑣𝑣𝑣

∗ [𝑛𝑛]𝐿𝐿
𝑛𝑛=1 �

�∑ �𝑆𝑆ℎ̇ℎ[𝑛𝑛]�2𝐿𝐿
𝑛𝑛=1 ∑ �𝑆𝑆𝑣̇𝑣𝑣𝑣[𝑛𝑛]�2𝐿𝐿

𝑛𝑛=1

, (3.12) 

Statistical analysis of 𝜌𝜌 ̂has been described in (Bamler and Hartl, 1998; Touzi et al., 1999) 
and its first moment 𝐸𝐸[𝜌𝜌]̂ varying the number of independent samples 𝐿𝐿 is given by: 

𝐸𝐸[𝜌𝜌]̂ = Γ(𝐿𝐿)Γ(1 + 1 2⁄ )
Γ(𝐿𝐿 + 1 2⁄ )

× (1 − 𝜌𝜌2)𝐿𝐿 × 3𝐹𝐹2��
3
2
, 𝐿𝐿, 𝐿𝐿�; �𝐿𝐿 + 1

2
�; [1]; [𝜌𝜌2]� (3.13) 

As pointed out in (Joughin et al., 1994; Touzi et al., 1999), this estimate is biased, i.e. values 
of low coherence are overestimated. This is clearly shown in Figure 3.7(a) where Equation 
(3.13) is plotted as function of 𝜌𝜌 and 𝐿𝐿. It must be noted that only using a large numbers of 
samples 𝐿𝐿 it becomes asymptotically unbiased.  

An alternative method to estimate the inter-channel correlation is given by the standard 
deviation of the CPD (Migliaccio et al., 2009b). The CPD is defined as follows: 

𝜑𝜑 = ∠𝑆𝑆ℎ̇ℎ𝑆𝑆𝑣̇𝑣𝑣𝑣
∗ = 𝜑𝜑ℎℎ − 𝜑𝜑𝑣𝑣𝑣𝑣 (3.14) 

The probability density function (pdf) of the CPD is shown in Figure 3.7(b) for 𝐿𝐿 = 1, 
𝜑𝜑���� = 0° and varying 𝜌𝜌. The mathematical formulation has been derived in terms of the 
complex coherence (Joughin et al., 1994; Lee et al., 1994; Sarabandi, 1992): 

𝑝𝑝(𝜑𝜑) = (1 − 𝜌𝜌2)𝐿𝐿 Γ(2𝐿𝐿)
2𝐿𝐿+1 2 ⁄

√
𝜋𝜋 Γ(𝐿𝐿)

� 1
1 − 𝛽𝛽2�

(𝐿𝐿+1 2⁄ ) 2⁄
𝑃𝑃𝐿𝐿−3 2⁄

𝐿𝐿−1 2⁄ (−𝛽𝛽) (3.15) 

where, 𝑃𝑃(⋅) is the Legendre function of the first kind, Γ(⋅) is the Gamma function, and 
𝛽𝛽 = 𝜌𝜌 cos(𝜑𝜑 − 𝜑𝜑����). It is easier to interpret the behaviour of the CPD in regards the inter-

 

Figure 3.7 - (a) First moment  𝐸𝐸[𝜌𝜌]̂ of the coherence amplitude as function of true coherence 
 𝜌𝜌  and number of looks 𝐿𝐿  equal to 4, 10 and 20; (b) theoretical CPD pdfs for 𝜌𝜌 ∈
{0.9, 0.7, 0.4, 0.1}, 𝜑𝜑���� = 0° and 𝐿𝐿 = 1. 
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channel correlation as follow: when 𝜌𝜌 tends to zero, i.e. HH and VV channels uncorrelated, 
𝑝𝑝(𝜑𝜑) tends to a uniform distribution (hence, large standard deviation, see Figure 3.7(b)); 
when 𝜌𝜌 approaches the unity, i.e. HH and VV channels fully correlated,  𝑝𝑝(𝜑𝜑) tends to a 
Dirac delta function (hence, small standard deviation, see Figure 3.7(b)). It is evident that 
the standard deviation of the CPD gives information on the inter-channel correlation. Once 
ergodicity is invoked, the standard deviation of the CPD can be estimated as: 

𝜎̂𝜎 = ��1
𝐿𝐿

� �∠𝑆𝑆ℎ̇ℎ[𝑛𝑛]𝑆𝑆𝑣̇𝑣𝑣𝑣
∗ [𝑛𝑛]�2𝐿𝐿

𝑛𝑛=1
� − �1

𝐿𝐿
� �∠𝑆𝑆ℎ̇ℎ[𝑛𝑛]𝑆𝑆𝑣̇𝑣𝑣𝑣

∗ [𝑛𝑛]�
𝐿𝐿

𝑛𝑛=1
�

2
 (3.16) 

Furthermore, in (Velotto et al., 2011) the Cramer-Rao bounds of the two estimation 
methods are compared to analyze their effectiveness. It is noted that for low coherence 
values (𝜌𝜌 < 0.3), 𝜎̂𝜎 provides an efficient inter-channel correlation estimation, while for high 
coherence values (𝜌𝜌 > 0.5), the efficient estimator is 𝜌𝜌.̂  

It is now important to link the polarimetric model, whose based on the inter-channel 
correlation estimated either via 𝜎̂𝜎  or 𝜌𝜌 ̂, with respect to SAR oil spill application, i.e. 
discrimination of oil from look-alikes. 

Slick-free and weak-damping slicks, e.g. biogenic slicks, ship wakes, calling for a high inter-
channel correlation are expected to be characterized by (Migliaccio et al., 2009b; Velotto et 
al., 2011): 

• Narrow CPD pdf → low 𝜎̂𝜎 values. 

• High 𝜌𝜌 ̂values. 

Oil-covered sea surface, calling for a low inter-channel correlation, is expected to be 
characterized by (Migliaccio et al., 2009b; Velotto et al., 2011): 

• Broaden CPD pdf → high 𝜎̂𝜎 values. 

• Low 𝜌𝜌 ̂values. 

As a matter of fact, the two proposed estimators are expected to be both able to observe oils 
and to distinguish them from weak-damping look-alikes. In (Velotto et al., 2011) the 
proposed model has been tested for the first time in X-band dual-polarized HH-VV coherent 
SAR data. For the estimation 𝜎̂𝜎 and 𝜌𝜌,̂ different window sizes are evaluated and the 
influence of the instrument noise is taken into account. 

3.3.2. Case studies  

This section is dedicated at verifying the proposed polarimetric model for the observation of 
oil spill in TS-X data, in which both certified oil slicks and weak damping look-alikes are 
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present. The results reported in this paragraph are extracted from the paper A.1, which 
constitutes integral part of this dissertation. 

Figure 3.8(a) shows the NRCS, 𝜂𝜂 in dB, where a low backscatter area, due to an accidental 
oil spill, is clearly visible. The Region Of Interest (ROI) displayed in Figure 3.8(a) is a sub-
image of approx. 3km x 4km, extracted from a standard TS-X dual-polarized HH-VV data 
acquired consequently an oil tanker wreck (see (Velotto et al., 2011) for further details).  𝜎̂𝜎 
and 𝜌𝜌  ̂estimated by using 𝐿𝐿 = 3 × 3 moving window are shown in grey tones in Figure 
3.8(b)-(c). It is important to note that, due to the high dynamic range of 𝜂𝜂 values, a contrast 
stretching is needed in Figure 3.8(a). No contrast stretching is indeed performed for Figure 
3.8(b)-(c). Figure 3.8(b)-(c) shows that 𝜎̂𝜎 (𝜌𝜌)̂ is higher (lower) within the oil covered area. In 
both cases the oil slick is clearly distinguishable from the surrounding sea. Results confirm 
the theoretical model which predicts that the Bragg scattering mechanism dominates 
everywhere but within the oil-covered sea surface. The CPD standard deviation approach 
(𝜎̂𝜎) makes the oil brighter than the background, while the sample coherence approach (𝜌𝜌)̂ 
makes it darker.  

It is noteworthy that, the interpreted behaviour of  𝜎̂𝜎 and 𝜌𝜌 ̂over the oil spill is not due to 
the low NRCS measured over the oil area, but due to a departure from Bragg scattering 
mechanism. A further confirmation of this interpretation is provided by the signatures in 𝜎̂𝜎 
and  𝜌𝜌 ̂ maps of the ships present in Figure 3.8(a). Although ships have higher NRCS 
compared to oil they appear as well brighter (darker) than surrounding sea in 𝜎̂𝜎 (𝜌𝜌)̂ domain 
as characterized by a complex scattering mechanism that departs from Bragg as well. 

Figure 3.9(a) shows the NRCS, 𝜂𝜂 in dB, where a low backscatter area, due to a weak-
damping look-alike, is visible in the middle of the image. 𝜎̂𝜎  and 𝜌𝜌 ̂ estimated by using 
𝐿𝐿 = 3 × 3 moving window are shown in grey tones in Figure 3.9(b)-(c). The marine feature 
is not clearly distinguishable from the surrounding sea in the 𝜎̂𝜎 (𝜌𝜌)̂ domain, i.e. low (high) 𝜎̂𝜎 

     
 (a) 𝜂𝜂 (dB)  (b) 𝜎̂𝜎 for 𝐿𝐿 = 3 × 3 (°)  (c) 𝜌𝜌 ̂for 𝐿𝐿 = 3 × 3  

Figure 3.8 - Excerpt of TS-X SAR data in sensor coordinate (slant range and azimuth) 
showing an ocean area polluted by of an oil spill caused by an oil tanker wreck. (a) NRCS 
 𝜂𝜂, (b)-(c) 𝜎̂𝜎 and 𝜌𝜌 ̂by using 𝐿𝐿 = 3 × 3 moving window. 
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(𝜌𝜌)̂ values following the polarimetric model prediction. As matter of fact, this look-alike is 
characterized by damping properties such to reduce the measured NRCS but not to be a 
departure from Bragg mechanism. 

To quantitatively validate the previous results, the probability density functions (pdf) of the 
CPD are compared in Figure 3.10.  

Figure 3.10(a) plots the densities of the CPD for the oil-covered and sea region for the case 
shown in Figure 3.8. It can be noted that their standard deviation values are completely 
different, i.e. 85° and 30°. The mean values of 𝜌𝜌,̂ for both oil-covered and sea surface are 
equal to 0.53 and 0.91, respectively. To investigate the influence of the instrument noise on 
the estimation of the inter-channel correlation and of the soundness of the polarimetric 
model, the CPD densities of noise-free (only data above the NESZ have been considered) 
and noise-covered data are plotted in Figure 3.10(b). The annotated average NESZ for the 
SAR data shown in Figure 3.8 is equal to -25dB. Most of the noisy pixels belong to the oil-

      
 (a) 𝜂𝜂 (dB)  (b) 𝜎̂𝜎 for 𝐿𝐿 = 3 × 3 (°)  (c) 𝜌𝜌 ̂for 𝐿𝐿 = 3 × 3  

Figure 3.9 - Excerpt of TS-X SAR data in sensor coordinate (slant range and azimuth) 
showing a low backscatter region caused by weak-damping look-alike. (a) NRCS  𝜂𝜂, (b)-(c) 𝜎̂𝜎 
and 𝜌𝜌 ̂by using 𝐿𝐿 = 3 × 3 moving window. 

   
 (a) (b) (c) 

Figure 3.10 – Qualitative comparison of the CPD densities. (a) Sea and oil CPD densities. 
(b) Noise influence on the CPD densities. (c) Sea and look-alike CPD densities. 
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covered area. The two densities in Figure 3.10(b) are quite close, with standard deviation 
values equal to 82° and 85° for noise-free and noise-covered oil area. This result witness that 
the effect of the instrument noise is negligible in this case, but it must be taken into account. 
TS-X instrument noise is reported to be between  -19dB and -26dB, increasing in this range 
with increasing incidence angle (Schwerdt et al., 2010). For these reasons it is found not 
recommendable to use dual-polarization TS-X data acquired with incidence angles above 35° 
as noise could influence the estimation of the inter-channel correlation even over sea area.  

Figure 3.10(c) plots the densities of the CPD for the low backscatter area due to weak-
damping look-alike and sea region for the case shown in Figure 3.9. In this case, the CPD 
density distributions for the look-alike and sea region are almost overlapping with very close 
standard deviation values, i.e. 38° and 32°. Similarly 𝜌𝜌 ̂is estimated to be equal to 0.87 and 
0.91. 
To further compare the performances of 𝜎̂𝜎 and 𝜌𝜌 ̂using different window sizes the contrast 
parameters are defined and adapted to the different outputs: 

𝑐𝑐𝜎𝜎� = 𝜎̂𝜎𝑂𝑂𝑂𝑂𝑂𝑂
𝜎̂𝜎𝑆𝑆𝑆𝑆𝑆𝑆

 (3.17) 

𝑐𝑐𝜌𝜌̂ =
𝜌𝜌𝑆̂𝑆𝑆𝑆𝑆𝑆
𝜌𝜌𝑂̂𝑂𝑂𝑂𝑂𝑂

 (3.18) 

Table 3.2 summarizes the results obtained in (Velotto et al., 2011) listing the obtained 𝑐𝑐𝜎𝜎� 
and 𝑐𝑐𝜌𝜌 ̂for different oceanic surfactants analysed. These are namely: oil spill caused by ship 
accident, fresh spill from moving ship, look-alike caused by weak damping surface film, ship 
wakes. 𝜎̂𝜎 (𝜌𝜌)̂ values significantly larger (smaller) than slick-free ones are observed over oil-
covered sea surface. 𝜎̂𝜎 and 𝜌𝜌 ̂values similar to the slick-free ones are observed over areas 
where a weak damping look-alike is present. It must be noted that no peculiar trend related 
to the CPD mean value 𝜑𝜑���� over the oil-covered and slick-free sea surface are revealed in this 
study even using different window sizes. CPD standard deviation works better than 
coherence amplitude when smaller windows size is employed. However, despite the fast 
computation of  𝜎̂𝜎 and 𝜌𝜌 ̂via boxcar filtering, adaptive solution like the directional filter (Lee 
et al., 1998) or non-local means filter (NL-means) (Buades et al., 2010) might help the 
estimation accuracy. Being 𝜑𝜑 and 𝜌𝜌 ̇characterized by the same statistical distribution of the 
interferometric phase and coherence, the NL-means filter applied to interferometric SAR 
(NL-InSAR filter) recently proposed in (Zhu et al., 2014), is a promising method to avoid 
the drawbacks of the boxcar implementation.  
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TABLE 3.2 – Summary of the obtained results. 
DATA SET 

𝐿𝐿 
Surfactant1 

Mean 𝜎̂𝜎 
slick [°] 

Mean 𝜎̂𝜎  
sea [°] 

Mean 𝜌𝜌 ̂
slick 

Mean 𝜌𝜌 ̂ 
sea 

Mean 𝜑𝜑���� 
slick [°] 

Mean 𝜑𝜑����  
sea [°] 

𝑐𝑐𝜎𝜎� 𝑐𝑐𝜌𝜌̂ 

Kerch Strait 
[3x3] 

Oil 1 85.0 30.2 0.53 0.91 0.17 2.10 2.81 1.72 

Oil 2 61.3 28.9 0.69 0.92 1.53 2.44 2.12 1.33 

Oil 3 45.0 25.0 0.81 0.94 2.22 1.43 1.80 1.16 

Kerch Strait 
[5x5] 

Oil 1 93.1 34.5 0.38 0.91 0.18 2.10 2.69 2.39 

Oil 2 67.8 33.2 0.63 0.92 1.51 2.44 2.04 1.46 

Oil 3 50.5 28.8 0.81 0.95 2.21 1.42 1.75 1.17 

Kerch Strait 
[7x7] 

Oil 1 95.6 36.1 0.3 0.91 0.20 2.10 2.64 3.03 

Oil 2 70.0 34.7 0.62 0.92 1.50 2.44 2.01 1.48 

Oil 3 52.5 30.4 0.81 0.95 2.21 1.42 1.72 1.17 
  

Black Sea  
[3x3] 

Spill 90.7 60.5 0.50 0.68 3.36 9.21 1.49 1.36 

Black Sea 
[5x5] 

Spill 98.5 66.8 0.34 0.62 3.34 9.21 1.47 1.82 

Black Sea 
[7x7] 

Spill 100.8 69.0 0.26 0.61 3.30 9.20 1.46 2.34 

  

Kerch Strait 
[3x3] 

LA 38.6 32.3 0.87 0.91 1.08 1.36 1.19 1.05 

Kerch Strait 
[5x5] 

LA 43.5 36.8 0.86 0.90 1.07 1.35 1.18 1.05 

Kerch Strait 
[7x7] 

LA 45.2 38.4 0.86 0.90 1.04 1.35 1.18 1.05 

  

Ischia wake1 
[3x3] 

LA 36.0 33.4 0.85 0.90 1.47 1.87 1.08 1.06 

Ischia wake1 
[5x5] 

LA 40.3 37.5 0.88 0.90 1.46 1.86 1.07 1.02 

Ischia wake1 
[7x7] 

LA 41.8 39.0 0.88 0.90 1.45 1.86 1.07 1.02 

  

Ischia wake2 
[3x3] 

LA 37.6 33.4 0.85 0.88 1.97 1.47 1.12 1.04 

Ischia wake2 
[5x5] 

LA 42.0 37.5 0.86 0.88 1.97 1.47 1.12 1.02 

Ischia wake2 
[7x7] 

LA 43.6 39.0 0.86 0.88 1.98 1.47 1.12 1.02 

1 Oil 1, 2, 3 refers to accidental oil spill; Spill is a fresh spill from ship; LA stands for look-alike 
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3.3.3. Polarimetric features extracted from the 2x2 Covariance Matrix 

This last section is dedicated to a short review of recent studies on the use of PolSAR data 
for oil spill detection. Of particular interest for this dissertation are the methods based on 
polarimetric features extracted from the 2x2 covariance matrix (or the equivalent coherency 
matrix) in case of dual-polarized HH-VV data, i.e. C2 in Equation (3.10). Algorithms that 
make use of full-polarized data are not included here but can be found in the reference list 
therein the bibliography. 

The relevance of polarimetric features 𝐻𝐻,𝛼𝛼 and 𝐴𝐴 to assist oil spill classification has been 
firstly investigated in (Migliaccio et al., 2007). As outcome of this analysis, 𝐻𝐻 showed to be 
the main polarimetric feature able to distinguish oil-free with oil-covered area and in some 
cases to distinguish among biogenic and anthropogenic slicks. One attractive feature of the 
eigenvalue decomposition approach is that it scales easily to different dimensions. The 
method described in the section 2.2.4 for the 3x3 case can be applied to the simpler 2x2 case 
to obtain the polarimetric parameters entropy 𝐻𝐻2 , and mean alpha angle 𝛼𝛼2������� where the 
subscripts have been added to indicate the 2x2 case (Cloude, 2007). This has motivated the 
study in (Velotto et al., 2012) where 𝐻𝐻2  has been compared with 𝜎̂𝜎 , 𝜌𝜌 ̂ and 𝜂𝜂 . The 
polarimetric features 𝐻𝐻2, 𝜎̂𝜎 and 𝜌𝜌 ̂gave good results in terms of detecting fresh spillage from 
offshore platforms as well as floating oil due to oil rig blowout when compared to the 
intensity based feature 𝜂𝜂. On the other hand 𝜎̂𝜎 and 𝜌𝜌 ̂gave better look-alike discrimination 
power than  𝐻𝐻2. (Liu et al., 2011) have indeed proposed a linear combination of 𝐻𝐻, 𝛼𝛼, 𝐴𝐴 and 
𝜌𝜌,̂ as an effective way for oil slick segmentation. 

In (Kudryavtsev et al., 2013) the use of only the amplitudes of the co-polar channels HH and 
VV, has been found to be sufficient in distinguishing between different mechanisms affecting 
ocean radar backscatter. Dark oceanic patches associated to oil spills have shown a high 
contribution to the NRCS difference between VV and HH channels, named PD image, while 
the non-polarized scattering from breaking waves, named NP image, is almost null. 
Moreover, the polarization ratio, named PR and here indicated with 𝛾𝛾, is suggested as a 
promising parameter to discriminate oil spill from look-alike features caused by low-wind 
conditions and surface current effects. Similarly (Skrunes et al., 2014) have discarded the 
cross-polarization channels as found not strong enough for the analysis of oil slick 
characteristics, i.e. noise corrupted, and focused on polarimetric features from the coherency 
matrix T2. A k-means classifier based on geometric intensity (similar to the span of the T2 
but based on the determinat of T2) and the magnitude of the real part of the co-polar 
correlation (magnitude of the real part of one of the non-diagonal elements of C2) has been 
found useful to discriminate simulated biogenic slick and mineral oil. 
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4. Marine Target Detection and Discrimination 

Oceans are exploited in many different ways: transport, fishing, oil and gas extraction, as 
source for renewable energy, etc. These activities put the world Oceans to face different type 
of environment threats. The threats include water pollution, climate change, shipping 
accidents, unsustainable fishing, coastal erosion, etc. Many of the cited threats are often 
associated with illegal human activities that don’t only affect sea wildlife (flora and fauna), 
but also human life. 

In the communication (EU -COM(2009)/538, 2009), the European Commission undertook to 
“take steps towards a more interoperable surveillance system to bring together existing 
monitoring and tracking systems used for maritime safety and security, protection of the 
marine environment, fisheries control, control of external borders and other law enforcement 
activities”. The aim of integrated maritime surveillance is to generate a situational awareness 
of activities at sea, impacting on maritime safety and security, border control, the marine 
environment, fisheries control, trade and economic interests. Equivalently, the IMO has 
defined Maritime Situational Awareness (MSA) as the effective understanding of activity 
associated with the maritime domain that could impact the security, safety, economy, or 
environment (“International Maritime Organization,” 2015). As part of the research in the 
national masterplan for maritime technologies, DLR is leading the joint project 
Echtzeitdienste für die Maritime Sicherheit – Security (EMSec) funded by the Federal 
Ministry of Education and Research (BMBF). EMSec belongs to the DLR programme 
research and development for maritime security and related real-time services, which focus 
on integrate various sea-, air- and satellite-based data to respond better and more efficiently 
to critical situations at sea (Figure 4.1). 

 
Figure 4.1 – Pictorial description of Maritime Situational Awareness. ©DLR, 2015 (Project 
EMSec) 
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Figure 4.2 – Maritime domain awareness phases. TS-X assisted the rescue of the Rena cargo 
ship ran aground on coral reef and helped the contingency planning during the accident. 
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Figure 4.2 shows in a time series of TS-X images, several events following the aground on 5th 
October, 2011 of the container ship MV Rena on the Astrolabe Reef off the Bay of Plenty, 
New Zealand. In particular, Figure 4.2(a) shows the location of the ship and the surrounding 
area, which could be affected by drifting lost containers (some of the containers were 
carrying hazardous materials) as well as by leakage of the fuel oil. Due to stormy weather, 
the ship broke in two on 8th January, 2012, as clearly shown by the TS-X image in Figure 
4.2(b)-(c), raising the additional potential threat of oil leakage. Figure 4.2(d) is an aerial 
survey picture showing the status of the shipwreck, while Figure 4.2(e)-(f) are TS-X images 
acquired after the oil spill event which can be distinctly detected. In this framework, 
monitoring of maritime metallic targets, i.e. ships, offshore platforms, wind-park, navigation 
aids, etc., accomplished via space-borne SAR is an essential part of such integrated 
environment. 

4.1. State of the Art 

This section is dedicated to briefly summarize the state of the art regarding SAR detection 
of marine metallic targets, hereafter referred simply as marine targets. Since the vast amount 
of scientific research papers on this topic, only the techniques that are closely related with 
the objectives of this dissertation are reviewed. This section starts giving the general 
concepts, while at the beginning of each sub-section the pertinent literature review is 
provided. 

Marine target detection algorithms are composed of five steps (Crisp, 2004; Lehner et al., 
2014): 

1. Pre-processing 

2. Land masking 

3. Pre-screening 

4. Discrimination 

5. Feature extraction 

The pre-processing and land masking procedures are steps which are commonly performed 
also in SAR oil spill detection and therefore, already motivated in this dissertation. 
Pre-screening is the key processing step. The purpose is to find all possible targets with 
negligible missing and false alarm rates. However, is preferable during pre-screening phase to 
examine all ocean pixels with a high probability of false alarm in order to avoid missing 
some targets and set-up more restricting rules during the discrimination phase. Pre-screening 
algorithms are global thresholding or adaptive thresholding. In the latter one falls the 
Constant False Alarm Rate (CFAR). The CFAR algorithm consists of three nested sliding 
windows: the target window 𝑤𝑤𝑡𝑡, guard window and background window 𝑤𝑤𝑏𝑏. The intensity of 
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the target window is compared to a local threshold 𝑇𝑇ℎ𝑟𝑟, which changes according to the 
statistics of the background window, so that the specified Probability of False Alarm (PFA) 
remains constant (Crisp, 2004). A comprehensive survey of the different CFAR methods is 
given in (El-Darymli et al., 2013). Among them, the most common are the two-parameter 
CFAR (2P-CFAR) and the cell averaging CFAR (CA-CFAR). In the 2P-CFAR, 
the 𝑇𝑇ℎ𝑟𝑟 changes iteratively depending on the mean and the standard deviation of the 
intensity signal over the background window: 

𝑇𝑇ℎ𝑟𝑟 = 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(𝑤𝑤𝑏𝑏) + 𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ∗ 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑤𝑤𝑏𝑏) (4.1) 

whereas, in the CA-CFAR it depends only on the mean: 

𝑇𝑇ℎ𝑟𝑟 = 𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ∗ 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(𝑤𝑤𝑏𝑏) (4.2) 

where, 𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is the design parameter which controls the PFA (Crisp, 2004). 
The discrimination stage is thought to make more discerning decisions about the likelihood 
of a candidate being a target of interest. As matter of fact, the rejection of some false alarms 
is done by setting empirical rules about target size and electromagnetic properties, as well as 
oceanographic and meteorological conditions. The pre-screening and discrimination steps 
form together the detector. 
The last stage, feature extraction, is an optional step that is intended to provide some 
characteristics of the marine target of interest.  

It is important to note, that ship detection algorithm differs from the marine target 
detection procedure described above only in the discrimination and feature extraction steps. 
If ships are the targets of interest, it is common to use ancillary data, e.g. Automatic 
Identification System (AIS), fixed object maps, etc., during the discrimination stage to reject 
all marine targets that are not ships. Features of interest are in this case: length, width, 
heading and possibly the speed. 

4.1.1. Single Polarization Target Detector 

Single polarization target detectors are based on the physical fact that man-made marine 
targets are made up of metallic plates and corners, which are responsible of stronger 
coherent radar returns than the surrounding ocean surface. For the simplest SAR 
configuration where only one polarisation is accessible, the linear horizontal co-polar channel 
in transmission and reception, HH, seems to be the best choice (Crisp, 2004). This is 
motivated by the fact that most of marine targets develop mainly in the horizontal plane, 
facilitating direct reflection and double bounce with the ocean surface. In this case the

��𝑆𝑆ℎ̇ℎ�2� > 𝑇𝑇ℎ𝑟𝑟 (4.3) 
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pre-screening phase is accomplished via Equation (4.3). Speckle reduction is necessary to 
avoid false alarms due to intensity spikes over the ocean surface. This is accomplished in 
Equation (4.3) by using a boxcar filter. 

For application like ship detection, the linear co-polarisation (HH or VV) is found to be not 
always the best choice, as the ocean backscatter can be particularly high in certain 
circumstances, e.g. high wind speed. For radar configurations that are able to acquire the 
cross-polarisation channel (HV or VH), rough sea condition don’t produce high ocean clutter 
enhancing the presence of ships. (Touzi et al., 2010) suggest the use of the co-polarisation 
channel HH to detect ship in SAR images with incidence angle larger than 55°, while for 
steep incidence angle HV is the best choice. In the latter case, the pre-screener becomes: 

��𝑆𝑆ℎ̇𝑣𝑣�2� > 𝑇𝑇ℎ𝑟𝑟 (4.4) 

The benefit of adopting a one polarisation approach is the relatively low complexity of the 
acquisition system. The drawback is that the performance is rather poor in terms of missed 
detections and false alarms. For example, if the marine targets of interest are offshore 
platforms and the selected polarisation is HH, the target backscatter is likely to be below the 
clutter return as offshore platforms are mainly vertical metallic structures. In such situation

 

Figure 4.3 – Example of marine metallic targets with co-pol null. (a)-(b) TS-X calibrated 
intensity of the HH and HV channels. (c)-(d) Zoom-in of the are indicated by the red square.  
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the missed detection is caused by the so called co-pol null (Boerner et al., 1992; Mott, 2006). 
An example of such situation is provided in Figure 4.3. TS-X calibrated intensity of HH and 
HV channel are shown in greyscale in Figure 4.3(a)-(b). The observed area is a known 
cluster of offshore platforms in Gulf of Mexico. The sub-scenes shown in Figure 4.3(c)-(d) are 
the color-coded normalized intensities of the two channels (from blue to red), which illustrate 
that the targets are giving reasonable backscatter in HV but negligible in HH. 

The Gaussian GLRT (G-GLRT) is a detector that belongs to the likelihood ratio test in 
which the decision is made by comparing the likelihood ratio defined in Equation (4.5) 

𝑃𝑃(𝑥𝑥|𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡)
𝑃𝑃 (𝑥𝑥|𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)

> 𝑇𝑇ℎ𝑟𝑟 (4.5) 

where 𝑥𝑥 is the data under test, 𝑃𝑃(𝑥𝑥|𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡) is the pdf of 𝑥𝑥 given that target is present and 
𝑃𝑃(𝑥𝑥|𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)  is the pdf of 𝑥𝑥  given that only background clutter is present. A closed 
mathematical formulation of the two pdfs is generally unknown but they can be estimated 
from the target and background window. 

In order to avoid the spatial resolution degradation caused by speckle filtering, (Gambardella 
et al., 2008) propose a simple but very effective ship detector on full-resolution Single Look 
Complex (SLC) SAR images. The detector is based on a physical approach, which considers 
ships as dominant scatterers and, therefore, responsible for a strong and coherent 
backscattered signal. The presence of a non-negligible coherent component in the 
backscattered sea surface signal can be highlighted by evaluating the Rice Factor, which, 
according to (Gambardella et al., 2008), follows a log-normal distribution and a CFAR pre-
screener could be implemented. The authors did not mention any polarization or incidence 
angle preference for the dataset analyzed.  

The use of discrete wavelet transform for ship detection was firstly investigated in (Tello et 
al., 2005). The proposed method takes advantage of the difference of statistical behavior 
among the ships and the surrounding sea, interpreting the information through the wavelet 
coefficients in order to provide a more reliable detection. Detection performances are 
evaluated against 2P-CFAR for both real and simulated SAR data. Also in this case, it is 
not mentioned if the performances of wavelet transform method change with SAR 
acquisition geometries and polarizations. 

4.1.2. Target Detector based on spectral analysis 

Sub-aperture processing is an effective technique developed to exploit the information of the 
phase contained in SAR data. The key point is based on the SAR imaging mechanism that 
relates the azimuth time with the azimuth frequency content. Figure 4.4 shows the Figure 
2.1 in the viewing plane (y,s) with the corresponding azimuth time-frequency relation, i.e. 
positive frequency Doppler shift at early times (𝑡𝑡 < 𝑡𝑡0 ), zero Doppler shift at closest 
approach (𝑡𝑡0) and negative frequency Doppler shift at late times (𝑡𝑡 > 𝑡𝑡0).  
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The Doppler shift variation is continuous and approximately linear (assuming low squint 
angle and stationary targets) within the illumination time, i.e. time equivalent of synthetic 
aperture length 𝐿𝐿𝑠𝑠𝑠𝑠 . This property suggests dividing 𝐿𝐿𝑠𝑠𝑠𝑠 in two (or more) apertures by 
considering the negative and positive time echoes, independently. This procedure is justified 
by the linearity between azimuth time and frequency. Each sub-aperture image can be 
formed by applying the inverse Fourier transform to each azimuth spectrum portion selected. 
Consequently, each sub-aperture image will have a worse azimuth space resolution, e.g. for 
two non-overlapping portion of the azimuth spectrum, two sub-aperture images are obtained 
with half azimuth resolution. Moreover, the sub-aperture technique can be applied to focused 
SLC data, as the azimuth compression step in raw SAR data processing is a completely 
linear filter, i.e. the linear relation azimuth time frequency in the raw signal is kept after this 
step. Sub-aperture processing is, therefore, a useful tool for the spectral analysis of the 
illuminated target (Ferro-Famil et al., 2003; Souyris et al., 2003). It gives the possibility to 
analyze the target radar response by slightly different viewing angles in the azimuth 
footprint of the SAR acquisition, e.g. observations at early times 𝑡𝑡 < 𝑡𝑡0 and late times 𝑡𝑡 > 𝑡𝑡0. 
It must be noted that the sub-aperture processing can be performed also in range or even 
contemporary in range and azimuth directions. Without loss of generality the analysis and 
description is limited at the principle of sub-aperture in azimuth. 

Figure 4.5 illustrates the processing workflow of the sub-aperture method for the specific case 
of n=2 sub-apertures with both a synthetic aperture length 𝐿𝐿𝑠𝑠𝑠𝑠𝑠𝑠 = 𝐿𝐿𝑠𝑠𝑠𝑠/2, i.e. no bandwidth 
overlap. It has been shown that spectral analysis might help in detecting ships (but can be 
generalized to marine target) which have a poor Target to Clutter Ratio (TCR) (Arnaud, 
1999; Ouchi et al., 2004). The principle relies on the assumption that the electromagnetic 
behavior of the ship, or part of the ship (comers, pillars), is similar to a

 

Figure 4.4 – Azimuth time-frequency relation in SAR imaging. 
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point-like response, i.e. target response isotropic at different viewing angles. While on the 
other hand, the sea surface is subject to continuous changes during the synthetic aperture, 
i.e. clutter response dependent on the viewing angle. This peculiarity has led to the 
development of several approaches for ship detectors by varying the strategy of the sub-
aperture method (e.g. number of sub-apertures, direction in range or azimuth, etc.) and the 
way sub-apertures are employed (e.g. how the resulting apertures are combined). 

 

Figure 4.5 – Processing workflow of the sub-aperture method. The example shown refers to 
the generation of n=2 sub-apertures with non-overlapping bandwidth. The shown SLC data 
are transformed to amplitude for visualization purposes. 
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(Arnaud, 1999; Ouchi et al., 2004) proposed to generate two non-overlapping sub-apertures 
(as the example shown in Figure 4.5) and used the magnitude of the interferometric 
coherence: 

𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠 =
��𝑠𝑠𝑠𝑠𝑠𝑠̇ 1𝑠𝑠𝑠𝑠𝑠𝑠̇ 2

∗��

���𝑠𝑠𝑠𝑠𝑠𝑠̇ 1�2���𝑠𝑠𝑠𝑠𝑠𝑠̇ 2�2�
 (4.6) 

where 𝑠𝑠𝑠𝑠𝑠𝑠̇ 1 and 𝑠𝑠𝑠𝑠𝑠𝑠̇ 2 are the two SLC sub-apertures. In brief, 𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠 assumes values between 
zero and one, where ships are characterized by high value of coherence in contrast to the low 
value expected from the sea clutter. Therefore the detector is summarized as 

��𝑠𝑠𝑠𝑠𝑠𝑠̇ 1𝑠𝑠𝑠𝑠𝑠𝑠̇ 2
∗��

���𝑠𝑠𝑠𝑠𝑠𝑠̇ 1�2���𝑠𝑠𝑠𝑠𝑠𝑠̇ 2�2�
> 𝑇𝑇ℎ𝑟𝑟 (4.7) 

However, (Souyris et al., 2003) found the use of 𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠 disappointing for target detection. The 
main reason is that the normalization factor in Equation (4.6) does not permit to consider 
radiometry in the detection aspect. To remove this drawback, (Souyris et al., 2003) proposed 
to use the cross-correlation between the sub-apertures (naming it Internal Hermitian 
Product, IHP) as it is more suitable to capture both radiometric and phase behaviours, 
leading to the detector:  

𝐼𝐼𝐼𝐼𝐼𝐼𝑠𝑠𝑠𝑠𝑠𝑠 = ��𝑠𝑠𝑠𝑠𝑠𝑠̇ 1𝑠𝑠𝑠𝑠𝑠𝑠̇ 2
∗�� > 𝑇𝑇ℎ𝑟𝑟 (4.8) 

(Brekke et al., 2013) pointed their attention to study the effects of 𝐿𝐿𝑠𝑠𝑠𝑠𝑠𝑠 and bandwidth 
overlap using two sub-apertures. Their analysis revealed enhancements in the TCR for large 
ranges of sub-aperture bandwidths, including cases of partial overlap. (Greidanus, 2006) 
tested three non-overlapping sub-apertures and several methods to combine them. Based on 
a limited dataset, it was found that ship targets show a very low correlation between (three 
non-overlapping) sub-apertures. This has been noticed for small fishing vessels, which are 
usually subject to azimuth smearing due to sea-state induced motions, and as well for large 
vessels in the favorable case of low sea state. (Greidanus, 2006) motivated these findings as a 
possible (but not necessary) combination of the look-to-look fading caused by few dominant 
scattering centers and azimuth displacements due target rotational motions. In (Marino et 
al., 2015) an extensive performance analysis of spectral analysis techniques for ship detection 
has been conducted. The study includes sub-aperture method performed, only in range and 
only in azimuth, for different polarizations and working frequencies. Besides the detectors 
based on 𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠 and 𝐼𝐼𝐼𝐼𝐼𝐼𝑠𝑠𝑠𝑠𝑠𝑠, the sub-aperture entropy 

𝐻𝐻𝑠𝑠𝑠𝑠𝑠𝑠 = − �𝑃𝑃𝑗𝑗 log3𝑃𝑃𝑗𝑗

3

𝑗𝑗=1
 (4.9) 

where  𝑃𝑃𝑗𝑗 = 𝜆𝜆𝑗𝑗 (𝜆𝜆1 + 𝜆𝜆2 + 𝜆𝜆3)⁄ , with  𝑗𝑗 ∈ {1,2,3} , are the probabilities obtained after 
diagonalization of the covariance matrix using n=3 sub-apertures, and a Generalized 
Likelihood Ratio Test (GLRT) have been taken into account. 
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4.2. Multi-Polarization Target Detectors 
This section is dedicated to summarize the main research activities carried to pursue the 
Objective 2 defined in Chapter 1. The first part is dedicated to an overview of polarimetric 
detectors. Next to the theoretical part, the proposed approaches developed in the framework 
of this thesis are discussed showing the obtained results and validation. 

4.2.1. Overview of target detection using multi polarization SAR data 

In this sub-section, an overview of marine target detection algorithms that make use of multi 
polarization SAR data is given. The first part introduces algorithms that need a full 
scattering matrix (quad-pol data), while in the second part are discussed the one that can 
perform well also for a simpler SAR configuration as for dual-pol acquisitions or that can be 
adapted to it. 

Considering multi polarization SAR data as the contemporaneous availability of different 
image layers, a very simple strategy is to apply a single-pol pre-screener separately to each 
polarimetric channel. The final pre-screener has the task to properly combine the individual 
results. This strategy has been proven to be a solution to reduce the number of false alarms 
in non-homogeneous ocean clutter in CFAR approaches (Sciotti et al., 2002). On the other 
hand, fusing the polarimetric channels and then apply a pre-screener algorithm is a strategy 
that introduces polarimetric knowledge into the detector. One approach is to extract the 
total backscattered power from the scattering matrix. The detector in this case is provided 
by 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆([𝑆𝑆]) = ��𝑆𝑆ℎ̇ℎ�2� + 2��𝑆𝑆ℎ̇𝑣𝑣�2� + ��𝑆𝑆𝑣̇𝑣𝑣𝑣�2� > 𝑇𝑇ℎ𝑟𝑟 (4.10) 

which should furnish a way to reduce the rate of missed detection due to possible nulls of the 
target in one polarization. However, the 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  detector doesn’t ensure an increase of 
detection rate for targets with low backscatter power. 

(Novak et al., 1993) firstly demonstrated the Polarimetric Whitening Filtering (PWF) as a 
technique able to optimally reduce the standard deviation of the backscattering intensity 
associated with the speckle in PolSAR data. It was mathematically proved that via 
manipulation of the PolSAR basis, it is possible to have an equally distributed power making 
the clutter appear as white noise. The new basis is provided by the vector in Equation (4.11) 

�𝑆𝑆ℎ̇ℎ
𝑆𝑆ℎ̇ℎ√

𝜀𝜀
𝑆𝑆𝑣̇𝑣𝑣𝑣 − 𝜌𝜌∗̇√𝛾𝛾𝑆𝑆ℎ̇ℎ

�𝛾𝛾(1 − |𝜌𝜌|̇2)
�

𝑇𝑇

 (4.11) 

where 𝛾𝛾 and 𝜌𝜌 ̇are the polarization ratio and complex coherence defined in Equation (3.13) 
and 𝜀𝜀 = 〈�𝑆̇𝑆ℎ𝑣𝑣�

2〉 〈�𝑆̇𝑆ℎℎ�
2〉� . Similarly with the Lexicographic basis and the  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 detector, the 

PWF detector can be summarized by 
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|𝑖𝑖𝑃𝑃𝑃𝑃𝑃𝑃 | = �𝑆𝑆ℎ̇ℎ�2 +
�𝑆𝑆ℎ̇𝑣𝑣�2

𝜀𝜀
+

�𝑆𝑆𝑣̇𝑣𝑣𝑣 − 𝜌𝜌∗̇√𝛾𝛾𝑆𝑆ℎ̇ℎ�2

𝛾𝛾(1 − |𝜌𝜌|̇2)
> 𝑇𝑇ℎ𝑟𝑟 (4.12) 

(Liu et al., 2005) adapted the G-GLRT to PolSAR data, namely PO-LRT. Assuming that 
the scattering features vector 𝑘𝑘𝐿𝐿 = [𝑆𝑆ℎ̇ℎ 𝑆𝑆ℎ̇𝑣𝑣 𝑆𝑆𝑣̇𝑣ℎ 𝑆𝑆𝑣̇𝑣𝑣𝑣]𝑇𝑇  is characterized by its elements being 
jointly complex Gaussian variables, 𝑘𝑘𝐿𝐿 is a random vector with pdf  

𝑃𝑃(𝑘𝑘𝐿𝐿) = 1
(2𝜋𝜋)2�det (C4)

𝑒𝑒𝑒𝑒𝑒𝑒�−1 2⁄ (𝑘𝑘𝐿𝐿−𝜇𝜇)𝐻𝐻C4
−1(𝑘𝑘𝐿𝐿−𝜇𝜇)� (4.13) 

where 𝜇𝜇 is the mean vector and C4 is the 4x4 polarimetric covariance matrix obtained by the 
outer product of the features vector. (Liu et al., 2005) assumes that both ocean and ship 
backscatter have zero mean vector (𝜇𝜇 = 0), therefore, the detector in the G-GLRT sense 
given in Equation (4.5) can be written as 

𝑘𝑘𝐿𝐿
𝐻𝐻(C4

𝑏𝑏)−1𝑘𝑘𝐿𝐿 − 𝑘𝑘𝐿𝐿
𝐻𝐻(C4

𝑡𝑡 )−1𝑘𝑘𝐿𝐿 > 𝑇𝑇ℎ𝑟𝑟 (4.14) 

where C4
𝑏𝑏  and C4

𝑡𝑡  are the polarimetric covariance matrix of background and target, 
respectively. Furthermore, it is typically found that the elements of the covariance matrix 
for target samples are much larger in magnitude than those of the background samples. 
Taken this into account the PO-LRT detector can be further simplified with the following 
approximation 

𝑘𝑘𝐿𝐿
𝐻𝐻(C4

𝑏𝑏)−1𝑘𝑘𝐿𝐿 > 𝑇𝑇ℎ𝑟𝑟 (4.15) 

In (Marino, 2013) the Geometrical Perturbation-Polarimetric Notch Filter (GP-PNF) is 
developed and applied to detect ships in PolSAR images. The general idea of the GP-PNF is 
a filter able to reject sea clutter returns and extract the remaining features. Therefore, it is 
applied for ship detection but it can be generalized as detector of marine target. Considering 
the scattering features vector 𝑘𝑘𝐿𝐿 = [𝑆𝑆ℎ̇ℎ 𝑆𝑆ℎ̇𝑣𝑣 𝑆𝑆𝑣̇𝑣𝑣𝑣]𝑇𝑇  (with 𝑆𝑆ℎ̇𝑣𝑣 ≈ 𝑆𝑆𝑣̇𝑣ℎ ) of fully polarimetric 
SAR data, the features partial scattering vector is introduced as: 

𝑘𝑘 = 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇([C3]Ψ) = ���𝑆𝑆ℎ̇ℎ�2� ��𝑆𝑆ℎ̇𝑣𝑣�2� ��𝑆𝑆𝑣̇𝑣𝑣𝑣�2� �𝑆𝑆ℎ̇ℎ
𝐻𝐻 𝑆𝑆ℎ̇𝑣𝑣� �𝑆𝑆ℎ̇ℎ

𝐻𝐻 𝑆𝑆𝑣̇𝑣𝑣𝑣� �𝑆𝑆ℎ̇𝑣𝑣
𝐻𝐻 𝑆𝑆𝑣̇𝑣𝑣𝑣��

𝑇𝑇 (4.16) 

where Ψ is a set of 3x3 basis matrices under a Hermitian inner product and therefore the 
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇(⋅) operator is applied to a vector of six matrices. The partial scattering vector 𝑘𝑘 ∈ ℂ6 and 
has the first three elements real positive and the second three complex numbers. The final 
version of the detector is given by 

𝛾𝛾𝑛𝑛 = 1

�1 + 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅
𝑘𝑘𝐻𝐻𝑘𝑘 − �𝑘𝑘𝐻𝐻𝑘̂𝑘𝑏𝑏�2

> 𝑇𝑇ℎ𝑟𝑟 
(4.17) 

58 



 
 

where 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 stands for reduction ratio, as nomenclature inheritance of the Partial Target 
Detector (PTD) which inspired (Marino et al., 2012). The term 𝑘𝑘𝐻𝐻𝑘𝑘 in the Equation (4.17) 
is the total power, whereas the term �𝑘𝑘𝐻𝐻𝑘̂𝑘𝑏𝑏�2  is the background power (sea clutter). 
Therefore, 𝑘𝑘𝐻𝐻𝑘𝑘 − �𝑘𝑘𝐻𝐻𝑘̂𝑘𝑏𝑏�2  represents the power of marine targets. For sea surface 𝛾𝛾𝑛𝑛  is 
proximal to zero, while in the presence of a target it approximates the unity (Marino, 2013). 

It is important to note that both approaches proposed by (Liu et al., 2005) and (Marino, 
2013) can be adapted for dual-pol SAR data. Both studies agree on the fact that the 
proposed detectors, PO-LRT and GP-PNF, obtain the best ship detection performances 
when applied to full polarimetric SAR or for dual-pol configuration when the co-pol channels 
(HH and VV) are available. 

(Shirvany et al., 2012) investigated the complementary of the Degree of Polarization (DoP), 
thus defined as Degree of Depolarization (DoD), as a potential detector of ships under 
different linear, hybrid/compact dual-pol SAR configuration. Here we consider the results 
obtained in (Shirvany et al., 2012) only regarding ship detection using DoD in linear dual-
pol SAR. Defined the scattering vectors for dual-pol radar configuration as  

𝑘𝑘𝐷𝐷1 = [𝑆𝑆ℎ̇ℎ 𝑆𝑆ℎ̇𝑣𝑣]𝑇𝑇

𝑘𝑘𝐷𝐷2 = [𝑆𝑆ℎ̇ℎ 𝑆𝑆𝑣̇𝑣𝑣𝑣]𝑇𝑇

𝑘𝑘𝐷𝐷3 = [𝑆𝑆𝑣̇𝑣ℎ 𝑆𝑆𝑣̇𝑣𝑣𝑣]𝑇𝑇
 (4.18) 

which provides three different combination depending on the transmitted and received linear 
polarization, the DoD is related to the Stokes vector [𝑔𝑔0 𝑔𝑔1 𝑔𝑔2 𝑔𝑔3]

𝑇𝑇  by the following relation 
(Cloude, 2009; Lee and Pottier, 2009) 

DoD = 1 −
�𝑔𝑔1

2 + 𝑔𝑔2
2 + 𝑔𝑔3

2

𝑔𝑔0

 (4.19) 

The elements of the Stokes vector are called Stokes parameters, which are four real values 
capable to characterize the polarization state of a wave. If any of the Stokes parameters has 
a nonzero value, it indicates the presence of a polarized component in the plane wave. Being 
𝑔𝑔0 equal to the total power (density) of the wave, DoD assumes values between zero and one 
quantifying the amount of de-polarization in the EM wave. A depolarizing interaction causes 
totally polarized states to emerge with DoD > 0 and this can be related to presence of a ship 
or marine target on the ocean surface. Hence, the detector is summarized as 

1 −
�𝑔𝑔1

2 + 𝑔𝑔2
2 + 𝑔𝑔3

2

𝑔𝑔0

> 𝑇𝑇ℎ𝑟𝑟 (4.20) 

Based on their experimental results, (Shirvany et al., 2012) concluded that linear HH-VV 
dual-pol configuration deliver better detection performance compared to the other two 
possible combinations.  
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4.2.2. An approach for target detection using reflection symmetry in 
Dual-Pol data 

The target detector developed for X-band dual-polarimetric co- and cross-pol SAR data has 
been published in the paper A.3, which constitutes integral part of this dissertation. 

In (Migliaccio et al., 2011; Nunziata et al., 2012) a physically-based approach to observe 
man-made marine metallic targets using coherent dual-polarimetric L- and C-band SAR data 
has been proposed. It is based on the fact that sea surface, being reflection symmetric, calls 
for a negligible correlation between the co- and cross-polarized channels; whereas the 
reflection symmetry no longer applies for man-made metallic targets that, hence, results in a 
larger correlation. In (Nunziata et al., 2012) a meaningful dataset of HH-HV marine images 
acquired by space-borne L- and C-band SARs, have been processed to show the effectiveness 
of the proposed approach. The number of targets present in the dataset is quite large and 
composed of offshore platforms (with available ground-truth) and visually inspected ships 
(with no available ground-truth). The overall performance of the proposed filter gives a low 
number of false positives (~1.6%) and false negatives (~2.5%). (Velotto et al., 2013) 
extended to X-band the physical rational proposed in (Nunziata et al., 2012). It must be 
noted that X-band SAR observation of man-made metallic targets at sea is more challenging 
than in L- and C-band. At X-band the probability of occurrence of high coherent returns 
(and, therefore, false positives) is very high, also at intermediate incidence angles, and it 
depends on sea state conditions (Migliaccio et al., 2012). Moreover, atmospheric disturbances 
are more pronounced in X-band than in lower frequencies and a detector not sensible to 
these disturbances is preferable. The polarimetric background that lies at the basis of 
symmetry properties and the polarimetric model used for target detection are briefly 
reviewed. 

Symmetry is a property of natural targets that, if satisfied, leads to an easier scattering 
problem. In (Lee and Pottier, 2009; Nghiem et al., 1992) reflection, rotation and azimuthal 
symmetry properties have been formulated in terms of the covariance and coherency matrix 
previously defined by Equation (2.25) and Equation (2.26), respectively. It has been shown 
that geophysical media that holds symmetry properties can be characterized by a covariance 
matrix (the explicit formulation is given only for the covariance matrix to save space) with 
less independent backscattering coefficients. In the context of this thesis, only the reflection 
symmetry is considered.  

The covariance matrix C3 of a geophysical media under the reflection symmetry, in the 
plane normal to the Line-of-Sight (LoS), is given by (Nghiem et al., 1992): 

[C3]𝑟𝑟𝑟𝑟𝑟𝑟 =

⎣
⎢
⎡

��𝑆𝑆ℎ̇ℎ�2� 0 �𝑆𝑆ℎ̇ℎ𝑆𝑆𝑣̇𝑣𝑣𝑣
∗ �

0 2��𝑆𝑆ℎ̇𝑣𝑣�2� 0
�𝑆𝑆𝑣̇𝑣𝑣𝑣𝑆𝑆ℎ̇ℎ

∗ � 0 ��𝑆𝑆𝑣̇𝑣𝑣𝑣�2� ⎦
⎥
⎤

 (4.21) 
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This symmetry forces the polarimetric scattering coefficient for the correlation between the 
co- and cross-polarized scattering amplitudes to be nullified. Hence, the modulus: 

𝑟𝑟 = ��𝑆𝑆ℎ̇ℎ𝑆𝑆ℎ̇𝑣𝑣
∗ �� = ��𝑆𝑆𝑣̇𝑣ℎ𝑆𝑆𝑣̇𝑣𝑣𝑣

∗ �� (4.22) 

is the natural norm to measure the departure from the reflection symmetry case. This means 
that when 𝑟𝑟 tends to 0, the observed scene is characterized by the symmetry property, while 
for larger 𝑟𝑟 value departure from reflection symmetry is achieved.  
To specialise symmetry properties to the observation of metallic targets at sea in X-band 
dual-polarization SAR measurements, the following scenarios are expected (Velotto et al., 
2013):  

• Sea surface is a natural distributed target where reflection symmetry properties are 
expected, which implies 𝑟𝑟 ≈ 0. 

• Ocean targets are man-made complex structures where reflection symmetry properties 
are not expected, which implies 𝑟𝑟 ≫ 0. 

It must be noted that, because of the misalignment between radar coordinates and the scene 
symmetry axis, a slight departure of 𝑟𝑟 from zero for sea surface target is predicted (Nunziata 
et al., 2012). Last but not least, it is important to remind that coherent co- and cross-pol 
SAR products are sufficient to apply the Equation (4.22), which is beneficial for SAR 
configuration which due to the acquisition mode, e.g. TOPSAR in Sentinel-1, or simplicity in 
the hardware on board, e.g. ENVISAT, are not able to acquire dual-pol channels HH-VV. 

In brief, the marine target detector proposed for X-band coherent dual-pol data (depending 
on the selected combination) is summarized in the Equation (4.23).  

��𝑆𝑆ℎ̇ℎ𝑆𝑆ℎ̇𝑣𝑣
∗ �� > 𝑇𝑇ℎ𝑟𝑟  ;  ��𝑆𝑆𝑣̇𝑣ℎ𝑆𝑆𝑣̇𝑣𝑣𝑣

∗ �� > 𝑇𝑇ℎ𝑟𝑟 (4.23) 

4.2.3. Results and algorithm validation 

In this section, the effectiveness of target detection based on the reflection symmetry model 
is verified using actual TS-X data and ground truth target positions provided by time and 
space collocated AIS data, static oil rig database, and nautical charts to identify known 
navigation aids and buoys. This sub-section summarizes the findings published in the paper 
A.3 and contains additional material not included in the manuscript.  

The dataset analyzed is composed of seven TS-X SM SSC dual polarization HH-HV and VV-
VH standard products, which is described in details in Table 4.1. Ancillary external wind 
information (extracted from model data, buoys, and scatterometer data) is also provided to 
show the dataset heterogeneity. 
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Table 4.1 – TS-X dual-polarimetric dataset 

ID Date & Time (UTC) Location Polarization Inc. angle (°) Wind speed (m/s) Wind dir. 

img-1 2009-07-11; 18:14 Gibraltar HH-HV 34.73 2.7 SE 

img-2 2011-08-30; 14:15 San Francisco VV-VH 39.69 2.2 SE 

img-3 2009-07-15; 06:29 Gibraltar HH-HV 30.51 5.1 SW 

img-4 2009-09-21; 18:06 Spain VV-VH 20.00 5.5 SE 

img-5 2012-03-29; 23:57 Gulf of Mexico VV-VH 43.00 5.0 SE 

img-6 2012-04-12; 16:49 Naples HH-HV 28.16 3-5 SW 

img-7 2011-10-06; 09:28 South Korea VV-VH 39.68 10-12 NW 

Figure 4.6(a) shows the HH-polarized calibrated amplitude image, where land is masked in 
purple and 19 targets are highlighted by white rectangles (labeled as T1−T19). The ROI 
displayed in Figure 4.6(a) is a sub-image of approx. 7km x 18km, extracted from the TS-X 
dual-polarized HH-HV data (img-1 in Table 4.1). According to the AIS information, the 
targets T1−T16 are ships whose sizes range from 40m up to 300m. No ground truth is 
available for targets T17−T19, which have been consequently flagged as visually inspected. 

 

Figure 4.6 – TS-X data collected off the coast of Gibraltar on July 11, 2009, at 18:14 UTC 
with land masked in purple. (a) Sub-scene of approximately 7km x 18km showing, in radar 
coordinates, the HH-polarized calibrated amplitude image, where: T1−T16 are AIS-
confirmed ships, T17−T19 are visually inspected targets. (b) Gray-tone  𝒓𝒓 image estimated 
using 3x3 window. (c)  𝒓𝒓-based logical true (sea) and false (target) detection output, where 
targets confirmed by AIS and visually inspected are marked in red and blue, respectively. 
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Figure 4.6(b) displays the reflection symmetry 𝑟𝑟 parameter using a 3x3 moving window. To 
visually compare the 𝑟𝑟 image (Figure 4.6(b)) with the calibrated HH amplitude (Figure 
4.6(a)) on both data the same histogram stretching procedure has been applied (bottom 
scale of the colorbar). It can be noted that 𝑟𝑟 is close to 0 everywhere but in correspondence 
of targets. This confirms the polarimetric model described in the previous section. To discuss 
the capability of the 𝑟𝑟-based approach in observing metallic targets at sea, with respect to 
conventional single-pol ones, mean values of 𝑟𝑟 , HH and HV calibrated amplitudes are 
evaluated for both targets and their surrounding sea area. The results, obtained for the 19 
targets present in Figure 4.6(a), are summarized in the stacked histogram plot in Figure 
4.7(a). It is noticeable that the measured mean value of  𝑟𝑟 over sea surface is negligible and 
always less that both HH and HV. On the other hand, the mean value of  𝑟𝑟 over targets is

 
(a) 

 
(b) 

Figure 4.7 – Qualitative and quantitative comparison of  𝒓𝒓 -based approach for target 
detection, with respect to conventional single-polarization ones. (a) Stacked histogram of 
mean values of  𝒓𝒓, HH and HV measured over target (red) and surrounding sea surface 
(blue). (b) Measured TCR for the 3 parameters:  𝒓𝒓 (red), HH (blue) and HV (green).  
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always less than HH and in the majority of the cases higher than HV. This suggests to 
quantitatively analysing the TCR. As can be deduced by the TCR histogram plot in Figure 
4.7(b), the 𝑟𝑟𝑇𝑇𝑇𝑇𝑇𝑇 is at least one order of magnitude higher than  𝐻𝐻𝐻𝐻𝑇𝑇𝑇𝑇𝑇𝑇 and 𝐻𝐻𝐻𝐻𝑇𝑇𝑇𝑇𝑇𝑇. From 
the trends shown in Figure 4.7(a)-(b) are of particular interest the targets T5, T10 and T16. 
In fact, although the mean 𝑟𝑟 value over these targets is lower than the mean value of the 
single-pol channel ones, the measured TCR is found to be quite higher. To examine in depth 
this performance, the normalized HH, HV, and 𝑟𝑟 data that include the ship T16, is shown in 
Figure 4.8. The target T16 (which happens to be the smallest one) is centred in a 200 x 200 
pixel sea area.  

The results shown in Figure 4.8 suggests that the 𝑟𝑟-based approach acts as a clutter 
suppression filter while enhancing the target. Accordingly with these findings, a fixed 
threshold 𝑇𝑇ℎ𝑟𝑟 can be adopted to conceive an unsupervised filter both robust and effective. 
Detection output with an empirical threshold 𝑇𝑇ℎ𝑟𝑟 = 0.1 is shown in Figure 4.6(c), where 
targets, confirmed by AIS and visually inspected, are marked in red and blue, respectively. 

Figure 4.9(a) shows the HH-polarized calibrated amplitude image, where the targets are 
highlighted by white rectangles. The ROI displayed in Figure 4.9(a) is a sub-image of 
approx. 15km x 30km, extracted from the TS-X dual-polarized HH-HV data (img-3 in Table 
4.1). All targets present in the ROI were matched with a valid AIS message. In particular 
these are cargo and tanker ships, whose sizes range from 49m to 274m. A pronounced 
wavelike pattern (see upper-left side of the image) and atmospheric-related phenomena (see 
bottom side of the image) make this scene very challenging for conventional SAR-based 
target detectors (Brusch et al., 2011; Crisp, 2004; Gambardella et al., 2008). Due to the 
fluctuation in the backscatter caused by these phenomena, some targets are hardly visually 
distinguishable in the HH amplitude image (e.g., the 49m ship in the middle right of the 
Figure 4.9(a)). Moreover, the performance of a CFAR detector, based only on backscatter 
signal of single-pol data, might drop and change between different polarizations. To further 
investigate this point, the targets in Figure 4.9(a) labeled as Ship1 and Ship2 

 
 (a) (b) (c) 

Figure 4.8 – (a) and (b) Normalized HH and HV calibrated amplitudes and (c)  𝒓𝒓 parameter, 
measured over a sea surface area that includes the ship labeled as T16. 
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have been used to generate Receiver Operating Characteristic (ROC) curves (Fawcett, 
2006). These two targets have been chosen because are two different types of ship with 
similar length (138m and 128m, respectively) imaged by TS-X with similar angle of 
incidence, but characterized by different surrounding sea state. This can be qualitatively 
appreciated in the zoom-in of the two ships shown in Figure 4.9(b), where embedded in the 
figures are reported the mean values of the radar backscatter (in linear unit) associated with 
the target and clutter. It can be mainly noted that, based on local measured TCR, HH is the 
preferable polarization for detecting the target Ship1, while for Ship2 is HV. This behavior is 
better highlighted by the ROC curves, generated from an ocean region that includes Ship1 
and Ship2, shown in Figure 4.10(a)-(b). The detectors’ performance based on HH, HV and 𝑟𝑟 
can be directly compared. The 𝑟𝑟-based detector outperforms the ones based on single-pol, 
independently of the local clutter level. This finding is further confirmed by the ROC curves 
in Figure 4.10(c), which is obtained considering all targets and clutter variations in Figure 
4.9(a).  

The detection output for the example in Figure 4.9 can be found in the annex reference 
paper (Velotto et al., 2013). 

 
(a) (b) 

Figure 4.9 – TS-X data collected off the coast of Gibraltar on July 15, 2009, at 06:29 UTC 
(indicated as img-3). (a) Sub-scene of approximately 15km x 30km showing, in radar 
coordinates, the HH-polarized calibrated amplitude image. (b) Colour coded radar 
backscatter of the targets Ship1 and Ship2 at different polarizations. 
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The experiments conducted on the TS-X dual-pol VV-VH, show that 𝑟𝑟-based detector is 
suitable for such case, as further confirmation of robustness and effectiveness (Velotto et al., 
2013). This aspect of the 𝑟𝑟-based detector is important for the new European Space Agency 
(ESA) SAR mission Sentinel-1, since it provides routinely Interferometric Wide Swath (IWS) 
dual-pol VV-VH data over European waters. 

A preliminary validation of an automatic target detection based on the proposed 𝑟𝑟 filter is 
given in Table 4.2. It summarizes the results obtained by processing the data set detailed in 
Table 4.1 with a total number of 191 targets. The proposed filter correctly detects 175 
targets with 16 false negatives. The latter are always related to small targets whose sizes are 
less than 10m. 

   
(a) (b) 

 
(c) 

Figure 4.10 – ROC curves, HH in blue, HV in green and  𝒓𝒓 in red. (a) Target labeled Ship1. 
(b) Target labeled Ship2. (c) All targets present in Figure 4.9(a). 
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Table 4.2 – Summary of the target detection results obtained by processing the dataset 
through the 𝑟𝑟 filter 

ID Targets Ground truth Detected targets False negatives False positives 

img-1 70 57 68 2 0 

img-2 50 21 48 2 0 

img-3 8 7 8 0 0 

img-4 7 5 5 2 0 

img-5 14 7 12 2 0 

img-6 13 0 12 1 0 

img-7 29 4 22 7 0 

No false positive is present (excluding a buffer zone from the coastline of ~500m). The 
minimum sizes of the detected AIS-confirmed and visually inspected targets are 20m and 
10m, respectively. Nine lighted buoys, whose sizes are around 2m, are also detected. Note 
that, even in high-wind conditions (see img-7 in Table 4.1), no false positive is present (see 
Table 4.2), while the seven false negatives are due to visually inspected targets whose sizes, 
estimated by the SAR image, are less than 5 m. Despite these encouraging results, an 
extensive validation of the automatic approach, which should include also ship parameters 
estimation, is yet to be done and is planned in the future work. 

4.3. Discrimination of False Positives caused by Azimuth 
Ambiguity 

This section is dedicated to summarize the main research activities carried to pursue the 
Objective 3 defined in Chapter 1. After giving the motivations of this research and a 
summary on the theory of the proposed method, the results and an initial validation of the 
algorithm are discussed. A comparison of the proposed method with other techniques able to 
remove or reduce azimuth ambiguities in PolSAR data concludes this chapter. 

In the Chapter 2, range and azimuth ambiguities have been introduced as SAR artefacts. 
Although the term artefact is not totally appropriate for what is a system limitation, it has 
been used since azimuth ambiguities are among the main sources of false alarms in marine 
target detection algorithms. The signal intensity of replicas of point-like targets, e.g. ships, 
or distributed targets located in coastal area, e.g. harbor metallic structures, can easily 
exceed the level of radar backscatter recorded over the ocean surface generating ghosts that 
behave or have shapes similar to marine target. This concept is clarified by two exemplary 
cases of SAR image given in Figure 4.11. In Figure 4.11(a), the ghost replicas of the Oakland 
naval supply deposit are clearly visible over the sea surface. These ambiguities make the 
detection of targets like the ships T2 and T3 more challenging, as well as the erroneous 
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detection of the ghosts A1 and L1. The discrimination between real targets and ghosts 
becomes even harder when the source of the ghost replica is actually not present in the 
focused SAR image. Figure 4.11(b) depicts this circumstance, where the last patch in 
azimuth of a SAR acquisition is overlaid to an optical image (© Google Earth) of the same 
area. What can be visually, because of their shapes similar to ships, misinterpreted in the 
SAR patch (indicated with white circles) as possible marine targets, are actually ghosts’ 
replica of the structures identified on the optical image (indicated with red circles). It is 
obvious at this point that the discrimination of real marine targets from false detections 
caused by ambiguities is not a trivial task.  

Azimuth ambiguities in SAR images are spatially displaced in range and azimuth directions 
at approximate locations: 

𝛥𝛥𝛥𝛥𝐴𝐴𝐴𝐴 ≈
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑣𝑣𝑆𝑆

𝑓𝑓DR
 (4.24) 

𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅 = 𝑚𝑚𝜆𝜆𝑃𝑃𝑃𝑃𝑃𝑃
𝑓𝑓DR

�𝑓𝑓DC + 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
2

� (4.25) 

where 𝑚𝑚 is the ambiguity index, 𝑓𝑓DR and 𝑓𝑓DC are the Doppler rate and centroid frequency 
used in the processor (Curlander and McDonough, 1991). Substituting the equation of the 
𝑓𝑓DR  and 𝑓𝑓DC, the following relation between 𝛥𝛥𝛥𝛥𝐴𝐴𝐴𝐴 and 𝛥𝛥𝛥𝛥RG is obtained: 

    
 (a) (b) 

Figure 4.11 – Examples of possible false alarms caused by azimuth ambiguities. (a) Ships 
and harbour structures replicas over the ocean. (b) Ship-like ghosts in SAR image due to 
metallic objects not illuminated by the radar antenna.   
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𝛥𝛥𝛥𝛥𝐴𝐴𝐴𝐴 ≈ 𝑚𝑚 𝜆𝜆𝜆𝜆𝜆𝜆𝜆𝜆
2𝑣𝑣𝑆𝑆

𝑠𝑠0 (4.26) 

𝛥𝛥𝛥𝛥𝑅𝑅𝑅𝑅 = (𝛥𝛥𝛥𝛥𝐴𝐴𝐴𝐴)2

2𝑠𝑠0
 (4.27) 

The azimuth displacement is proportional to the ambiguity index and 𝑃𝑃𝑃𝑃𝑃𝑃 , while the range 
displacement is proportional to the square of the azimuth displacement. Because of these 
displacements, ambiguities appear blurred in the focused image as results of the incorrect 
range migration correction. (Li and Johnson, 1983) provides the number of range cells that 
the ambiguity is dispersed, as quantity to measure the blurring effect: 

𝑁𝑁𝑅𝑅𝑅𝑅 ≈
𝑚𝑚𝜆𝜆2𝑃𝑃𝑃𝑃𝑃𝑃
4𝑣𝑣𝑆𝑆𝛿𝛿𝑎𝑎𝛿𝛿𝑟𝑟

𝑠𝑠0 (4.28) 

A large 𝑁𝑁𝑅𝑅𝑅𝑅 is desirable since the ambiguity will be dispersed in the image. 𝑁𝑁𝑅𝑅𝑅𝑅 is directly 
proportional to: - the square of 𝜆𝜆, which indicates that ambiguity defocusing is less relevant 
for high frequency systems, e.g. X-band; - the ambiguity index 𝑚𝑚, which indicates a linear 
increase of the dispersed ambiguity energy.  

The discrimination of false positives caused by ambiguities proposed in (Brusch et al., 2011) 
for single-pol TS-X data is based on the rationale that the shifts in position of the ghosts, 
with respect to the original targets, can be evaluated as a function of the radar system 
parameters given by Equation (4.28). From a pre-screener point of view, e.g. 2P-CFAR, all 
possible bright anomalies in the image are detected, only the ones that do not follow at 
distance of ±𝛥𝛥𝛥𝛥𝐴𝐴𝐴𝐴 from each other are retained as valid targets. Note that, in (Brusch et 
al., 2011), 𝛥𝛥𝛥𝛥RG and 𝑚𝑚 > 1 have not been considered because the shift in range for 𝑚𝑚 = 1 is 
negligible and higher order ambiguity are considered rare. Although this approach is suitable 
for NRT ship detection service, it suffers of the following drawbacks: 

1) It raises the possibility of missed targets, i.e. a true target is discarded because it is 
close to the ambiguity of another target (this scenario might happen in harbours with 
intense ship traffic). 

2) It fails to discard ambiguities caused by man-made metallic structures over land, i.e. 
the ambiguities are caused by distributed targets. 

3) It fails to remove false alarms caused by targets that lie outside the focused image, i.e. 
the replica is not removed if its source is not detected. 

The method in (Brusch et al., 2011) tackle the problem of false alarms caused by ambiguity 
during the discrimination steps adding the mentioned discriminative rule. A different way to 
deal with the ambiguity issue is in pre-processing, improving the precision of SAR processing 
(Bamler and Runge, 1991). (Moreira, 1993) proposed a method for suppressing the azimuth 
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ambiguities in SAR images based on the idea of the ideal filter, i.e. convolution of the 
sampled azimuth signal with a correction function. However, in order to build the 
deconvolving function, the phase and amplitude of the ambiguities must be precisely known, 
which limits its applicability only to the suppression of ambiguities caused by point-like 
targets. In situations where the source of the ambiguity is a distributed target, i.e. in coastal 
zone over sea, the concept of selective filter has been found more appropriate (Li and 
Johnson, 1983; Monti Guarnieri, 2005). The idea is to use only the part of the azimuth 
spectrum that is less affected by aliasing. This results in an unavoidable resolution loss, but 
can be used in cases of ambiguity caused by both point and distributed targets. In 
particular, (Monti Guarnieri, 2005) suggested an adaptive Wiener filter, in order to both 
minimize the degradation in resolution and limit it to the area affected by the ambiguities. 
The proposed method is, therefore, composed of two steps: identification of areas affected by 
ambiguities and local estimation of 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴. (Villano and Krieger, 2014) proposed a new 
technique for the local estimation of the 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 in SAR images, based on the spectral 
properties of the image. The spectral-based method developed in (Villano and Krieger, 2014) 
doesn’t suffer the drawback of the backscatter-based method proposed in (Monti Guarnieri, 
2005), which requires that the areas responsible for the ambiguities to be within the focused 
image. Moreover, by means of Monte Carlo simulations, the spectral-based method has 
shown to be more accurate than the backscatter-based method, e.g. in case of high values of 
the local 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴. (Di Martino et al., 2014) pointed out that the method proposed in (Monti 
Guarnieri, 2005) may fail to identify areas affected by ambiguities for the current 
configurations of the antenna pattern and 𝑃𝑃𝑃𝑃𝑃𝑃  of the in-orbit high-resolution space-borne 
SARs, e.g. TS-X. In particular, the original Wiener filter is not adequate when the peak of 
one folded 𝐴𝐴𝐴𝐴𝐴𝐴  sidelobe, e.g. the right one, is close to the null of the other one, i.e. the left 
one, see Figure 4.12. Starting from this observation (Di Martino et al., 2014) proposed an 
asymmetric filtering approach, where only the ambiguity due to one folded sidelobe is

 
Figure 4.12 – TS-X left and right secondary lobes of the AAP folded into the processed 
azimuth angle for SRA system configuration. 
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present at time. A noteworthy benefit of the developed approaches in (Di Martino et al., 
2014; Villano and Krieger, 2014), over the original idea proposed in (Monti Guarnieri, 2005), 
is that it can be employed even when sources of ambiguities are not inside the focused 
image. 

4.3.1. Removing Azimuth Ambiguities using Cross-Pol channels 

A method to discriminate false positives caused by azimuth ambiguity in marine target 
detection using X-band quad-polarimetric DRA data acquired by TS-X, has been published 
in the paper A.4, which constitutes integral part of this dissertation. 

As discussed in the previous section, azimuth ambiguities are less dispersed at higher 
frequencies, e.g. X-band, and the ambiguous signal depends on the system configuration, e.g. 
𝐴𝐴𝐴𝐴𝐴𝐴  and 𝑃𝑃𝑃𝑃𝑃𝑃 . Before proceeding further, it is important to briefly compare TS-X SRA and 
DRA system configurations in terms of azimuth ambiguities. Figure 4.13(a)-(b) illustrate the 

   
 (a) (b) 

 
(c) 

Figure 4.13 – AASR for SRA and DRA. (a)-(b) In green the energy of main signal, i.e. un-
ambiguous signal; In red the energy of ambiguous signal. (c) AASR at changing the PRF for 
SRA and DRA system configuration. 
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un-ambiguous signal (in green) and the ambiguous signal (in red) according to the TS-X 
SRA (𝑃𝑃𝑃𝑃𝑃𝑃 = 3802 Hz, 𝑃𝑃𝑃𝑃𝑃𝑃 = 2765 Hz) and DRA system configurations (𝑃𝑃𝑃𝑃𝑃𝑃 = 2945 Hz, 
𝑃𝑃𝑃𝑃𝑃𝑃 = 1380 Hz), respectively. The widen main lobe in the DRA configuration, is due to 
the reduction of the antenna length in azimuth (see Figure 2.11 for DRA operation) which 
would provide an enhancement in the geometrical resolution. However, it is also noticeable 
an increase in the energy of the sidelobes, which would provide a poor 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 with azimuth 
ambiguities that become too high. (Mittermayer and Runge, 2003) have analysed the 
performance of TS-X DRA with different configuration and pointed out that, although TS-X 
was not originally designed to operate in DRA mode, with a reduction of the processed 
bandwidth, azimuth ambiguity ratio better than 15dB could be obtained for full polarimetric 
acquisitions. Figure 4.13(c) shows the behaviour of the 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 as function of the 𝑃𝑃𝑃𝑃𝑃𝑃  for 
SRA and DRA system configurations (𝑃𝑃𝑃𝑃𝑃𝑃  is set equal to 2765 Hz and 1380 Hz for SRA 
and DRA configurations).  

With the reference to TS-X DRA operating mode sketched in Figure 2.11, assuming that the 
first transmitted pulse is H-polarized, then HH and HV channels are measured at the same 
time and formed first, whereas the VH and VV channels are measured at the same time and 
formed with a delay of 𝑃𝑃𝑃𝑃𝑃𝑃/2. Knowing that the radar acquires a range line whenever it 
travels the distance 𝑣𝑣S ⋅ 𝑃𝑃𝑃𝑃𝑃𝑃 , the 𝑛𝑛-th HV sample has azimuth position 𝑥𝑥𝑛𝑛 = 𝑣𝑣S(𝑛𝑛 ⋅ 𝑃𝑃𝑃𝑃𝑃𝑃), 
while the 𝑛𝑛-th VH sample has azimuth position 𝑥𝑥𝑛𝑛

′ = 𝑥𝑥𝑛𝑛 + (𝑣𝑣S ⋅ 𝑃𝑃𝑃𝑃𝑃𝑃/2). In order to co-
register the polarimetric channels a linear interpolation approach is commonly used. Keeping 
this in mind, recalling the received signal formula given in Equation (2.10), it is specialized 
for the signals HV and VH as 

𝑠𝑠𝐻𝐻𝐻𝐻 (𝜏𝜏, 𝑥𝑥𝑛𝑛) = 𝐴𝐴𝑤𝑤 ⋅ 𝐿𝐿𝑐𝑐 ⋅ 𝑆𝑆ℎ𝑣𝑣 ⋅ 𝑔𝑔 �𝜏𝜏 − 2
𝑐𝑐
𝑠𝑠(𝑥𝑥𝑛𝑛)� ⋅ 𝑒𝑒𝑒𝑒𝑒𝑒 �−𝑖𝑖 4𝜋𝜋

𝜆𝜆
𝑠𝑠(𝑥𝑥𝑛𝑛)� (4.29) 

𝑠𝑠𝑉𝑉𝑉𝑉(𝜏𝜏, 𝑥𝑥𝑛𝑛
′ ) = 𝐴𝐴𝑤𝑤 ⋅ 𝐿𝐿𝑐𝑐 ⋅ 𝑆𝑆𝑣𝑣ℎ ⋅ 𝑔𝑔 �𝜏𝜏 − 2

𝑐𝑐
𝑠𝑠(𝑥𝑥𝑛𝑛

′ )� ⋅ 𝑒𝑒𝑒𝑒𝑒𝑒 �−𝑖𝑖 4𝜋𝜋
𝜆𝜆

𝑠𝑠(𝑥𝑥𝑛𝑛
′ )� (4.30) 

where the azimuth time variable 𝑡𝑡 has been changed to the azimuth position 𝑥𝑥𝑛𝑛. 𝑆𝑆ℎ𝑣𝑣 and 𝑆𝑆𝑣𝑣ℎ 
are the RCS coefficients. The signal 𝑠𝑠𝑉𝑉𝑉𝑉 given in Equation (4.30) at azimuth positions 𝑥𝑥𝑛𝑛 is 
obtained by linear interpolation 

𝑠𝑠𝑉𝑉𝑉𝑉(𝜏𝜏, 𝑥𝑥𝑛𝑛) ≅ � 𝑘𝑘𝑝𝑝
𝑝𝑝

⋅ 𝑠𝑠𝑉𝑉𝑉𝑉 �𝜏𝜏, 𝑥𝑥𝑛𝑛 + 𝑝𝑝 𝑣𝑣𝑆𝑆𝑃𝑃𝑃𝑃𝑃𝑃
2

� (4.31) 

where 𝑘𝑘𝑝𝑝  is the interpolation coefficient and 𝑝𝑝 ∈ {1,3,5, … } the odd index (assuming the 
symmetry in the interpolation process). Approximating the target to sensor distance 𝑠𝑠 in 
Equation (4.31) with the first two terms of its Taylor series: 

𝑠𝑠�𝑥𝑥𝑛𝑛 + 𝑝𝑝 𝑣𝑣𝑆𝑆𝑃𝑃𝑃𝑃𝑃𝑃
2

� ≅ 𝑠𝑠(𝑥𝑥𝑛𝑛) + 𝛿𝛿
𝛿𝛿𝑥𝑥𝑛𝑛

𝑠𝑠(𝑥𝑥𝑛𝑛) ⋅ 𝑝𝑝 𝑣𝑣𝑆𝑆𝑃𝑃𝑃𝑃𝑃𝑃
2

 (4.32) 

it leads to the following approximation of the VH signal: 
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𝑠𝑠𝑉𝑉𝑉𝑉(𝜏𝜏, 𝑥𝑥𝑛𝑛) ≅ 𝐴𝐴𝑤𝑤 ⋅ 𝐿𝐿𝑐𝑐 ⋅ 𝑆𝑆𝑣𝑣ℎ ⋅ 𝑔𝑔 �𝜏𝜏 − 2
𝑐𝑐
𝑠𝑠(𝑥𝑥𝑛𝑛)� ⋅ 𝑒𝑒𝑒𝑒𝑒𝑒 �−𝑖𝑖 4𝜋𝜋

𝜆𝜆
𝑠𝑠(𝑥𝑥𝑛𝑛)� 

⋅�𝑘𝑘𝑝𝑝
𝑝𝑝

 𝑒𝑒𝑒𝑒𝑒𝑒 �−𝑖𝑖
2𝜋𝜋
𝜆𝜆
⋅ 𝑝𝑝𝑣𝑣𝑆𝑆𝑃𝑃𝑃𝑃𝑃𝑃 ⋅

𝛿𝛿
𝛿𝛿𝑥𝑥𝑛𝑛

𝑠𝑠(𝑥𝑥𝑛𝑛)� 
(4.33) 

Making use of the reciprocity property of monostatic radar (𝑆𝑆ℎ𝑣𝑣 = 𝑆𝑆𝑣𝑣ℎ) and comparing 
Equation (4.33) with Equation (4.29), the relationship between HV and VH signals is:  

𝑠𝑠𝑉𝑉𝑉𝑉(𝜏𝜏, 𝑥𝑥𝑛𝑛) ≅ 𝑠𝑠𝐻𝐻𝐻𝐻 (𝜏𝜏, 𝑥𝑥𝑛𝑛)𝐹𝐹(𝑥𝑥𝑛𝑛) (4.34) 

where: 

𝐹𝐹(𝑥𝑥𝑛𝑛) = � 2𝑘𝑘𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐 �2𝜋𝜋
𝜆𝜆
⋅ 𝑝𝑝𝑣𝑣𝑆𝑆𝑃𝑃𝑃𝑃𝑃𝑃 ⋅ 𝛿𝛿

𝛿𝛿𝑥𝑥𝑛𝑛
𝑠𝑠(𝑥𝑥𝑛𝑛)�

𝑝𝑝
 (4.35) 

is the last exponential term in Equation (4.33) expressed in terms of trigonometric function. 
It follows that to keep the reciprocity property 𝑠𝑠𝑉𝑉𝑉𝑉 ≅ 𝑠𝑠𝐻𝐻𝐻𝐻  the term 𝐹𝐹(𝑥𝑥𝑛𝑛) ≅ 1. Assuming 
that the target position is 𝑥𝑥𝑇𝑇 , such that 𝛿𝛿𝑟𝑟(𝑥𝑥𝑇𝑇 ) 𝛿𝛿𝑥𝑥𝑇𝑇 = 0⁄ , and the first ambiguities index 
positions are 𝑥𝑥𝐴𝐴

± , such that the phase shift between adjacent samples is ±2𝜋𝜋, i.e. the Doppler 
frequency is ±𝑃𝑃𝑃𝑃𝑃𝑃, the argument of the cosine function: 

4𝜋𝜋
𝜆𝜆
⋅ 𝑣𝑣𝑆𝑆𝑃𝑃𝑃𝑃𝑃𝑃 ⋅ 𝛿𝛿

𝛿𝛿𝑥𝑥𝐴𝐴
𝑠𝑠(𝑥𝑥𝐴𝐴) = ±2𝜋𝜋  →   

2𝜋𝜋
𝜆𝜆
⋅ 𝑣𝑣𝑆𝑆𝑃𝑃𝑃𝑃𝑃𝑃 ⋅ 𝛿𝛿

𝛿𝛿𝑥𝑥𝐴𝐴
𝑠𝑠(𝑥𝑥𝐴𝐴) = ±𝜋𝜋 (4.36) 

where due to the cosine symmetry, it is easy to observe that: 
𝑠𝑠𝑉𝑉𝑉𝑉(𝜏𝜏, 𝑥𝑥𝑛𝑛) ≅ 𝑠𝑠𝐻𝐻𝐻𝐻 (𝜏𝜏, 𝑥𝑥𝑛𝑛) 𝑥𝑥𝑛𝑛 = 𝑥𝑥𝑇𝑇

for
𝑠𝑠𝑉𝑉𝑉𝑉(𝜏𝜏, 𝑥𝑥𝑛𝑛) ≅ −𝑠𝑠𝐻𝐻𝐻𝐻 (𝜏𝜏, 𝑥𝑥𝑛𝑛) 𝑥𝑥𝑛𝑛 = 𝑥𝑥𝐴𝐴

±
 (4.37) 

which leads to the following theoretical conclusions: 

• HV and VH channels are approximately equal in magnitude and phase for targets’ 
pixels. 

• HV and VH channels are each other’s complex conjugate for azimuth ambiguity 
pixels. 

In other words, due to the acquisition mode of two channels PolSAR systems and the 
processing applied to the measured received signals, even though reciprocity applies for 
targets, azimuth ambiguities break the reciprocity law being each other its complex 
conjugate. It is important to note that the property in Equation (4.37) is valid for any 𝑚𝑚 
index. Similar theoretical conclusions have been found in (Liu and Gierull, 2007). This 
outcome has been used by (Liu and Gierull, 2007) as clutter cancellation approach to 
highlight moving targets. 
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In (Velotto et al., 2014) a complete marine target detection processing chain has been 
developed for VHS X-band PolSAR data. The proposed algorithm performs the 
discrimination of marine targets from ambiguity first and the target detection after. The 
sketch of the processing chain is shown in Figure 4.14 and each step will be explained in 
details in the following. 

The pre-processing step consists in the calibration and incidence angle correction of the SSC 
full polarimetric X-band SAR data. Both cross-polarized channels, i.e., HV and VH, are then 
used to create an ambiguity free image, hereafter called 𝐻𝐻𝐻𝐻𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓. To perform the 
discrimination step, according to the Equation (4.37), the following combination of the cross-
polarized channels is proposed: 

𝐻𝐻𝐻𝐻𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 1
2

�(𝑆𝑆ℎ̇𝑣𝑣 + 𝑆𝑆𝑣̇𝑣ℎ)(𝑆𝑆ℎ̇𝑣𝑣 + 𝑆𝑆𝑣̇𝑣ℎ)∗� (4.38) 

Although, Equation (4.38) is mathematically equivalent to 𝑎𝑎𝑎𝑎𝑎𝑎(𝑆𝑆ℎ̇𝑣𝑣 + 𝑆𝑆𝑣̇𝑣ℎ)2 , the formula 
given for 𝐻𝐻𝐻𝐻𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓  is preferred, because it is of an easier interpretation of the property 
expressed in Equation (4.37). In addition to an ambiguity free image, merging the complex 
signals of the cross-pol channels of a time-multiplexed coherent radar, as in Equation (4.38), 
provides an additional free 3dB in SNR (Raney, 1988). 

For the detection of marine targets, the gamma index extracted from the Generalized-K 
(GK) distribution proposed in (Migliaccio et al., 2007), is adapted here for the 𝐻𝐻𝐻𝐻𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓. The 

 
Figure 4.14 – Sketch of the marine target detection processing chain developed for TS-X 
DRA full polarimetric mode. 
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GK distribution has been proposed as suitable parametric model of the sea clutter in C-band 
full-resolution SAR data (Ferrara et al., 2011; Migliaccio et al., 2007; Ward et al., 2006) and 
for the first time tested on SSC X-band SAR data in (Velotto et al., 2014). The GK 
expression is given by (Jakeman and Pusey, 1976; Jakeman and Tough, 1987; Maffett and 
Wackerman, 1991; Ward et al., 2006) 

𝑃𝑃(𝐼𝐼) = 2𝛼𝛼
Γ(𝛼𝛼)𝜂𝜂𝛼𝛼+1 � 𝛼𝛼

1 + 𝑎𝑎
�

𝛼𝛼−1
2 𝐼𝐼

𝛼𝛼−1
2 𝐼𝐼𝑜𝑜 �𝜈𝜈

𝜂𝜂
√

𝐼𝐼� 𝐾𝐾𝛼𝛼−1 �2
𝜂𝜂

[(1 + 𝑎𝑎)𝛼𝛼𝛼𝛼]1 2⁄ � (4.39) 

Where 𝐼𝐼 is the intensity of the backscattered field, Γ(⋅) is the gamma function, 𝐼𝐼𝑜𝑜(⋅) is the 
first kind zero-order modified Bessel function, 𝐾𝐾𝛼𝛼−1(⋅)  is the second kind 𝛼𝛼 − 1 order 
modified Bessel function, and 𝑎𝑎 = (𝜈𝜈2 4𝛼𝛼⁄ ). The parameters 𝛼𝛼, 𝜂𝜂 and 𝜈𝜈 are shape, slope and 
departure from the uniform distribution of the phase parameters. It is worth to note that for 
𝜈𝜈 = 0 (strong scattering regime), Equation (4.39) becomes the two parameters K-distribution 
(Corona et al., 2004). Equation (4.39) for 𝛼𝛼 → ∞ becomes: 

𝑃𝑃(𝐼𝐼) = 1
𝜂𝜂2 𝑒𝑒𝑒𝑒𝑒𝑒 �− 𝜈𝜈2

4
�  𝑒𝑒𝑒𝑒𝑒𝑒 �− 𝐼𝐼

𝜂𝜂2� 𝐼𝐼𝑜𝑜 �𝜈𝜈
𝜂𝜂

√
𝐼𝐼� (4.40) 

In (Migliaccio et al., 2007), the Equation (4.40) has been reformulated in terms of the Rice 
factor, i.e. the coherent to incoherent mean intensity field ratio 𝑅𝑅 = 𝐼𝐼𝑐̅𝑐 𝐼𝐼𝑖̅𝑖⁄ , 

𝑃𝑃(𝐼𝐼) = 1 + 𝑅𝑅
𝐼𝐼 ̅ 𝑒𝑒𝑒𝑒𝑒𝑒(−𝑅𝑅) 𝑒𝑒𝑒𝑒𝑒𝑒 �−𝐼𝐼

𝐼𝐼 ̅(1 + 𝑅𝑅)� 𝐼𝐼𝑜𝑜 �2�𝐼𝐼
𝐼𝐼 ̅𝑅𝑅(1 + 𝑅𝑅)� (4.41) 

Leading to the following expression for the parameters 𝜂𝜂 and 𝜈𝜈: 

𝜂𝜂 = � 𝐼𝐼 ̅
(1 + 𝑅𝑅)

 (4.42) 

𝜈𝜈 = 2
√

𝑅𝑅 (4.43) 

where 𝑅𝑅 is valued employing a suboptimal Rice factor estimator 

𝑅𝑅����� =
[𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(𝐻𝐻𝐻𝐻𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓)]2

2[𝑣𝑣𝑣𝑣𝑣𝑣�𝐻𝐻𝐻𝐻𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓�]
 (4.44) 

In (Ferrara et al., 2011), the polarization sensitivity analysis of the parameter 𝜂𝜂 and 𝜈𝜈 
regarding metallic objects observation in C-band, has headed to the following index term 

𝛾𝛾 = (𝜈𝜈 𝜂𝜂⁄ )2 (4.45) 

which shows the best performance for the intensity of HV channel (VH is assumed to give 
the same performance). 
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4.3.2. Results and algorithm validation 

In this section, the effectiveness of the ambiguity discrimination and target detection 
approach is verified using actual TS-X DRA data. Ground truth target positions provided by 
AIS and nautical charts have been used as ancillary information in the validation of the 
algorithm. The results reported in this paragraph are extracted from the paper A.4. 
Additional material and analysis are provided as supplementary to the paper in appendix. 

The dataset analyzed is composed of five TS-X SM SSC quad polarization HH-HV-VH-VV 
products, which is described in details in Table 4.3. Ancillary external wind information, 
extracted from model, buoys, and scatterometer data, is also provided to show the dataset 
heterogeneity. The dataset is characterized by medium high radar angle of incidence, as for 
such geometries the ocean backscatter decreases rapidly and therefore the ambiguous signal 
targets can easily exceed the un-ambiguous one from the sea surface. However, cases of 
ambiguity over sea surface have been found also for lower angle of incidence and with 
moderate to strong wind speed conditions (see Table 4.3 image ID FI). 

Table 4.3 – TS-X DRA quad-polarimetric dataset 

ID Date & Time (UTC) Location Polarization Inc. angle (°) Wind speed (m/s) Wind dir. 

NS_1 2010-04-18; 05:50 North Sea Q 33.04-34.54 3-5 SW 

NS_2 2010-04-29; 05:50 North Sea Q 33.04-34.54 1-3 S 

FI 2010-05-04; 05:59 North Sea Q 27.39-29.10 8-10 NW 

SF 2010-04-11; 14:15 San Francisco Q 39.02-40.37 5-7 SO 

SI 2010-05-01; 23:57 Singapore Q 36.09-37.47 0-2 NO 

The discrimination power of real targets from ghost targets on the ocean surface, based on 
the proposed Equation (4.38), is shown in some explanatory examples in Figure 4.15. It must 
be pointed out that the proposed ambiguity removal is pixel-based and, therefore, does not 
involve any local filtering, e.g. Wiener filters. In other words there is no loss of resolution 
which is beneficial for the detection of small marine targets, e.g. navigation aids. These 
benefits are deducible from the pure visual analysis of Figure 4.15(a)-(c), where there are 
two sub-scenes extracted from TS-X DRA data, which show strong ambiguous signals over 
the ocean area, and the outputs in Figure 4.15(b)-(d), which show that all ghosts are 
cancelled out. Moreover, in both examples is highlighted the presence of real marine targets 
(red square), which were hidden or not easily detectable because of the ambiguities. 

According with the workflow in Figure 4.14 and the theoretical background introduced in 
the previous sections, the detector proposed is summarized as: 

𝛾𝛾𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 = (𝜈𝜈𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 𝜂𝜂𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻⁄ )2 > 𝑇𝑇ℎ𝑟𝑟 (4.46) 
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In (Velotto et al., 2014) a sensitivity study of the 𝛾𝛾𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑒𝑒 for sea surface and targets has 
been firstly performed on X-band data. In particular, it is observed that detection method 

 
 (a) (b) 

 
 (c) (d) 

Figure 4.15 – Explanatory examples of the proposed discrimination procedure. (a) and (c) 
are sub-scenes of TS-X DRA data where ghost targets due to ambiguous signal are clearly 
visible on the ocean surface (in cyan the coastline). (b) and (d) are the respective 𝑯𝑯𝑯𝑯𝒇𝒇𝒓𝒓𝒓𝒓𝒓𝒓 
images where the red square indicates the presence of a real target. 

77 



4 Marine Target Detection and Discrimination 
 

based on GK parameters it is feasible at X-band, and that 𝛾𝛾𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 shows a gain in TCR of 
factor ~2 compared to the 𝛾𝛾𝐻𝐻𝐻𝐻  one. 
As outcome of this sensitivity study, the following empirical rule is established to perform 
target detection 

�
𝛾𝛾𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 < 10 ⟹ target
𝛾𝛾𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 ≥ 10 ⟹ sea     (4.47) 

in this way, target and sea pixels are assigned to 0 and 1 in the logical true-false output 
image, respectively. In order to compute 𝛾𝛾𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻, the estimation of 𝑅𝑅����� is done using a boxcar 
filter for both statistical parameters 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(⋅) and 𝑣𝑣𝑣𝑣𝑣𝑣(⋅), using a kernel size equal to 3x3, 
unless otherwise stated.  

Figure 4.16(a) shows the HH-polarized calibrated amplitude image, where six ships (red 
rectangles), with collocated AIS info (cyan rectangles), are visible together with their first 
order left and right defocused ghost replica (yellow rectangles). Although in this case only 
the first index replicas of the ambiguous left and right signals are evident, ambiguities with 
index 𝑚𝑚 > 1 have been quite often observed, especially for TS-X acquisitions using the DRA 

 

Figure 4.16 – TS-X data collected in North Sea on April 18, 2010, at 05:50 UTC. (a) Sub-
scene of approximately 9km x 14km showing, in radar coordinates, the HH-polarized 
calibrated amplitude image, where ships/targets are indicated with red rectangles, 
ambiguities caused by ships/targets with yellow rectangles, available AIS data with  cyan 
rectangles. (b) Comparison of available AIS geographical info and logical true-false output 
according to the proposed target detection algorithm. 
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configuration and high incidence angle. According to the Equation (4.26), the ghosts are 
displaced in azimuth by ±𝛥𝛥𝛥𝛥𝐴𝐴𝐴𝐴 , where 𝛥𝛥𝛥𝛥𝐴𝐴𝐴𝐴 ≅3.6 km. The ROI displayed in Figure 
4.16(a) is a sub-image of approx. 9km x 14km, extracted from the TS-X DRA data (NS_1 in 
Table 4.3). According to the AIS information, the targets are medium to large cargo and 
tanker ships (length range from 126m up to 347m). Note also the presence of several 
oceanographic processes along the image (internal waves, breaking waves, and sea currents), 
which are possible sources of false detection. Available AIS data (cyan rectangle) overlapped 
on the logical true–false image is shown in Figure 4.16(b). The comparison of ground truth 
data and detection outputs demonstrate the effectiveness of the proposed methodology to 
discriminate real targets from azimuth ambiguities. In the framework of ship detection 
applications, all ground truth targets are correctly detected, and none of the azimuth 
ambiguities is mistaken as target. 

The example provided in Figure 4.17 is selected because it yields a challenging case from 
target detection point of view. In Figure 4.17(a) is displayed the sub-scene of the HH-
polarized calibrated amplitude image extracted from the dataset NS_1. It is relevant to the 
surrounding area of Helgoland Island and it shows the SAR signature of small targets 
(indicated with red rectangles), azimuth ambiguities caused by strong scatterers from 
Helgoland city (indicated with green rectangles) and breaking waves around the southwest 
side of Helgoland. The small targets have been identified as buoys and navigation aids via 

 
 (a) (b) (c) 

Figure 4.17 – TS-X data collected in North Sea on April 18, 2010, at 05:50 UTC. (a) Sub-
scene of approximately 3km x 5.5km showing, in radar coordinates, the HH-polarized 
calibrated amplitude image, where targets are indicated with red rectangles, ghosting of 
Helgoland’s city structures on ocean with green rectangles. (b) Logical true-false output 
according to the proposed target detection algorithm where land is masked in purple. (c) 
Zoom-in of the Helgoland harbor area showing the positions of known metallic water marks 
(top) and the detection output (bottom). 
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nautical charts (not shown here). The challenges are represented by the facts that, the 
ambiguities (green rectangle) have a signature close to the small targets of interest, the 
source of the ambiguous signal is a distributed target, the targets have sizes (<5m) close to 
the sensor resolution and last by not least the presence of breaking waves may generate 
additional false alarms. The corresponding logical true–false output is shown in Figure 
4.17(b) where land has been masked in purple and detected targets are indicated with red 
rectangles. Although the described challenges, only one target is not detected and the 
absence of false alarms confirms that the proposed methodology is applicable on either 
ambiguities caused by point and distributed targets. This is a very interesting outcome 
because such “false” targets are hardly discarded by post-processing ambiguities removal 
techniques, i.e., the one that looks at ±𝛥𝛥𝛥𝛥𝐴𝐴𝐴𝐴 from detected targets. Helgoland’s harbor area 
and the corresponding detection output are shown in full resolution in Figure 4.17(c) in 
order to highlight the presence and the detection of small targets. 

It is important to note that, the proposed methodology has been successfully tested for the 
discrimination of ambiguities replica with order 𝑚𝑚 > 1, and when the source is not inside the 
focused image (Velotto et al., 2014). 

Table 4.4 – Summary of the target detection results obtained by processing the dataset 
through the algorithm sketched in Figure 4.14. 

ID 
No. 

Targets 

Targets 
with AIS 
(detected) 

Visually inspected 
ships     

(detected) 

Visually inspected 
targets   

(detected) 

Total. 
missed 

Ambiguities 
False positive 

caused by 
Ambiguities 

NS_1 18 8(8) 0(0) 10(9) 1 Land&Targets 0 

NS_2 19 5(5) 6(6) 8(7) 1 Land&Targets 0 

FI 23 14(14) 9(9) 0(0) 0 Targets 0 

SF 29 7(7) 18(18) 4(4) 0 Land&Targets 0 

SI 147 0(0) 120(118) 27(24) 5 Land&Targets 0 

A preliminary validation of the novel target detection algorithm developed for X-band 
PolSAR full polarimetric TS-X DRA data is given in Table 4.4. The data set consists of five 
oceanographic scenes that include a total of 236 targets. All 34 ships with valid ground truth 
AIS message are detected and an overall detection performance of 97% is achieved. The 
results show that, independently from the nature of the azimuth ambiguities and weather 
conditions, false alarms caused by ambiguities are reduced to zero without any post-
processing step. 

4.3.3. Discussion on alternative methodologies 

This section is intended to give a short overview of alternative methodologies proposed in 
literature concerning the removal/filtering of azimuth ambiguities in PolSAR data for ship 
detection application. Moreover, a direct comparison is here provided to show the achieved 
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improvement with the respect to the state of the art in this matter (Velotto and Lehner, 
2014). 

Figure 4.18(a) shows the color composite, using the lexicographic scattering features vector 
base, of a TS-X DRA PolSAR acquisition over the Strait of Gibraltar. The inserts on the top 
left of Figure 4.18(a) are showing the intensity signatures of a ship and its first order left and 
right ambiguities. Moreover, in order to emphasize the challenges of marine target detection

 

Figure 4.18 – TS-X DRA PolSAR data acquired over the Strait of Gibraltar. (a) 
Lexicographic color-coded representation (background) with magnified chip of a ship and its 
ambiguities (top left). (b)-(e) Slant-range calibrated intensities of the HH, HV, VH and VV 
channels, respectively, showing ships and ambiguities near Gibraltar’s harbour. 
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in coastal and harbor area, a magnified version of the region indicated with a dashed white 
rectangle is shown on the right hand side of Figure 4.18. In particular, Figure 4.18(b)-(e) are 
the calibrated intensities of the HH, HV, VH and VV channels, respectively. Strong 
ambiguities are clearly present in all channels. 

Based on the property of the cross-polarized channels expressed by the Equation (4.37), (Liu 
and Gierull, 2007) proposed to use the phase difference between HV and VH channels to 
discriminate targets from their ambiguities. However, it is pointed out that the phase 
difference can only be seen reliably if the target-to-clutter ratio is high. Therefore, the 
correlation coefficient between HV and VH averaged over a small area is also investigated 
and found to agree very well with the phase analysis (Liu and Gierull, 2007). Hence, for the 
objectives of this paragraph the correlation coefficient: 

𝜌𝜌𝑐̂𝑐 =  
�∑ 𝑆𝑆ℎ̇𝑣𝑣[𝑛𝑛]𝑆𝑆𝑣̇𝑣ℎ

∗ [𝑛𝑛]𝐿𝐿
𝑛𝑛=1 �

�∑ �𝑆𝑆ℎ̇𝑣𝑣[𝑛𝑛]�2𝐿𝐿
𝑛𝑛=1 ∑ �𝑆𝑆𝑣̇𝑣ℎ[𝑛𝑛]�2𝐿𝐿

𝑛𝑛=1

, (4.48) 

is investigated for the discrimination of ambiguities in X-band PolSAR data. In (Wang et 
al., 2012) the eigenvalues/eigenvectors decomposition of the T3 coherency matrix is used to 
perform ship detection and azimuth ambiguity removal on C-band airborne PolSAR data. 
(Wang et al., 2012) propose the third eigenvalue 𝜆𝜆3 for the discrimination and Gray-Level 
Co-Occurrence Matrix (GLCM) to perform the detection. The eigenvalue decomposition 
theory has been introduced in the section 2.2.4 of this dissertation. 

 
 (a) 5x3 (b) 5x3 (c) 5x3 (d) 1x1 

Figure 4.19 – Visual comparison of different PolSAR techniques for azimuth ambiguity 
removal/filtering with reference to the sub-scene shown in Figure 4.18. (a) Sub-scene of the 
HH-polarized channel, where ships identified with AIS data are marked with a red cross. (b) 
𝝀𝝀𝟑𝟑 using a 5x3 boxcar filter. (c) 𝝆𝝆𝒄̂𝒄  using a 5x3 boxcar filter. (d) 𝑯𝑯𝑯𝑯𝒇𝒇𝒇𝒇𝒇𝒇𝒇𝒇 without filtering. 

82 



 
 

The results of the proposed technique, namely 𝐻𝐻𝐻𝐻𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓, and the previous discussed methods 
proposed in (Liu and Gierull, 2007; Wang et al., 2012), namely 𝜌𝜌𝑐̂𝑐 and 𝜆𝜆3 are shown in 
Figure 4.19. As visual reference, Figure 4.19(a) shows the calibrated intensity of the HH-
polarized channel, where, for an easier interpretation, known marine targets (identified with 
AIS) are marked with red crosses. Thus, bright pixels over the sea area not identified as 
targets are possible source of false alarms. The azimuth ambiguity removal/filtering obtained 
using 𝜆𝜆3, 𝜌𝜌𝑐̂𝑐 and  𝐻𝐻𝐻𝐻𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 are shown in Figure 4.19(b)-(d), respectively. It must be point out 
that,  𝜆𝜆3 and 𝜌𝜌𝑐̂𝑐 are estimated using a boxcar filter of a 5x3 pixels (range and azimuth), 
while  𝐻𝐻𝐻𝐻𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 acts pixel-based with no need of multilooking. The choice of a rectangular 
boxcar filter is justified by the higher resolution in range than azimuth and hence less 
resolution loss (beneficial for small targets). 

The results shown in Figure 4.19 suggest, moreover, investigating the detection performances 
of the three PolSAR features, (𝜆𝜆3, 𝜌̂𝜌𝑐𝑐 and 𝐻𝐻𝐻𝐻𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓) and compare them with standard single 
polarization and multi polarization detectors. This is accomplished by evaluating the ROC 
curves over a sea area where a real target (e.g. a ship) and its ambiguities are present. In 
this way, the estimated false positive rate (𝐹𝐹𝑃𝑃𝑃𝑃) includes both, false alarms over sea surface 
and caused by ambiguities. The ROI used for the ROC curves estimation is displayed in

           
 (a) (b) (c) 

Figure 4.20 – ROI of X-band SAR data showing a known marine target identified with AIS 
data and its ambiguity. (a) Extracted HH-polarized calibrated intensity. (b) Target mask. 
(c) Ambiguity mask. 
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Figure 4.20(a), which includes an ocean region composed of ~107 pixels. The target mask 
shown in the logical true-false (true=ocean, false=target) output in Figure 4.20(b) is 
extracted from the results of the detector in Equation (4.3). Similarly for the ambiguity 
mask, shown in the logical true-false (true=ocean, false=ambiguity) output in Figure 4.20(c). 
Furthermore, the performance analysis is conducted for different boxcar filter sizes, namely 
3x1, 5x3, 7x5 and 9x7 (range and azimuth), as shown by the Figure 4.21(a)-(d). Even 
though 𝐻𝐻𝐻𝐻𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓  doesn’t require any averaging process, it has been applied during the 
processing to generate the Figure 4.21(a)-(d) in order to have a fair comparison. In general, 
the averaging process doesn’t improve the detection performances of single-pol and PolSAR 
detectors under analysis (except 𝜌𝜌𝑐̂𝑐 which is known to be strongly biased). 𝐻𝐻𝐻𝐻𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 seems to

   
 (a) 3x1 (b) 5x3 

   
 (c) 7x5  (d) 9x7 

Figure 4.21 – ROC curves comparison for different PolSAR detectors and ambiguities 
discriminators with standard single-pol detectors. 3x1, 5x3, 7x5 and 9x7 (range, azimuth) 
boxcar filtering results (a)-(d), respectively. 
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have the best performance for small window size (which it is beneficial for detection of 
targets with sizes close to the radar resolution). 

The last analysis concerns the estimation of the ambiguity filtering efficiency of the different 
methods discussed. This is accomplished evaluating the First Ambiguity to Target Ratio 
(FATR) with the help of the target and ambiguity mask shown in Figure 4.20(b)-(c). Once 
again different boxcar filter sizes are evaluated and the results summarized in Table 4.5. 

Table 4.5 – Estimated FATR in dB for the example in Figure 4.20. 
Detector 3x1 5x3 7x5 9x7 

��𝑆𝑆ℎ̇ℎ�2� -15.77 -15.89 -16.02 -16.12 

��𝑆𝑆ℎ̇𝑣𝑣�2� -14.14 -14.17 -14.17 -14.14 

𝑃𝑃𝑃𝑃𝑃𝑃  -5.11 -6.60 -7.45 -8.03 

𝜆𝜆3 -14.92 -14.30 -14.07 -14.05 

𝜌𝜌𝑐̂𝑐 -1.11 -1.98 -2.44 -2.69 

𝐻𝐻𝐻𝐻𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 -22.21 -22.18 -22.12 -22.00 
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5. Synergy between SAR platforms for Maritime 
Surveillance 

It is well known that SAR maritime added value products, such as wind speed, sea state, 
ocean current, wake detection etc., are necessary information when dealing with critical 
situations at sea caused by ship activities. The extraction of each maritime added value 
information from SAR data is subject to different needs in terms of coverage, spatial 
resolution, noise floor and radar polarization. Nevertheless, SAR is a flexible sensor able to 
fulfil users/applications requirements with a single instrument, thanks to the possibility of 
implementing different imaging modes. The instrument can operate, therefore, accordingly to 
the restrictions imposed by the specific application. With the availability of commercial VHS 
X-band SAR sensors like TanDEM-X constellation (TS-X add-on for Digital Elevation 
Measurement, TD-X) and the Italian’s COSMO-SkyMed (CSK) 4 satellites constellation, the 
European Space Agency (ESA) C-band SAR satellites, Senitnel-1A (S1-A) and Sentinel-1B 
(S1-B), have been designed to achieve medium- to high-resolution imaging capabilities and 
wide coverage. In fact, even though the aforementioned SAR flexibility, wide coverage and 
very high resolution imagery at the same time is not possible with the actual SAR design 
technology. 

S1-A 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. pollution and vessel monitoring. IWS in dual-polarization (VV-VH) combination offers 
250 km swath at 5m x 20m (range x azimuth) spatial resolution in single look. These 
imagery characteristics are in line with the needs of the SAR based oil pollution and ship 
detection CleanSeaNet service run by EMSA. As a matter of fact, when a single SAR 
polarization is available, VV polarization is the preferred choice for oil spill detection 
algorithms and HH polarization is preferred for ship detection algorithms (Lehner et al., 
2014). On the other hand, while spatial resolution is generally less important than coverage 
for SAR oil spill detection, it is a critical parameter for both ship detection (regarding small 
vessel as fishing boats) and classification. Hence, taking into account complementary VHS 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 trade-off among SAR maritime services prerequisites. 

Due to the fact that S1-A and TS-X have different orbit characteristics (the first has a mean 
height of 693km 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 S1-A fixed acquisition plan over 
European waters, TS-X acquires data on-demand and has a fast satellite commanding (e.g., 
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emergencies cases). Thanks to these properties and the aforementioned complement between 
the two satellites, S1-A and TS-X form an interesting tandem for maritime surveillance 
applications. 

5.1. C-/X-band analysis and synergy 

This section is dedicated to the research activities conducted in line with the Objective 4 
previously establish in Chapter 1. The results presented in this section are partially 
extracted from the annex paper A.5. 

In the framework of MSA, monitoring of harbour area, detection of small boats without AIS 
(or similar means of anti-collision network), Moving Target Indication (MTI) and ship speed 
measurement, are few examples of applications in the radar surveillance domain, which could 
greatly benefit from the complementary characteristics between S1-A and TS-X. Aiming at 
this investigation, few months after S1-A concluded the commissioning phase, there was an 
opportunity to command TS-X acquisitions very close in time to the planned S1-A. During 
these controlled experiments, ground truth data provided by AIS vessel reports have been 
recorded approximately 1h before and 0.5h after SAR acquisitions (see Figure 5.1). SAR 
dataset details can be reviewed in Table 5.1. It is worth noticing that TS-X imagery have 
been planned in HH (Gulf of Naples) and VV-VH (English Channel) polarization, since it 
was known that S1-A would provide the combination VV-VH. Hence, cross-checking 
between different polarizations could also be accomplished. Moreover, the first dataset 
(Figure 5.1(a)) has been planned in relation to the monitoring of harbour area, while the 
second dataset (Figure 5.1(b)) in relation with MTI and ship speed measurement. Further 
analysis on ship wake signature and monitoring of small boats exploiting the synergy 
between the two platforms can be found in (Velotto et al., 2015a). 

   
 (a) (b) 

Figure 5.1 – Collected AIS messages (green dots) inside the boundary box given by the 
acquired S1-A (dashed black line) and TS-X (continuous black line) SAR data. (a) Gulf of 
Naples case study. (b) English channel case study. 
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Table 5.1 – Multi-platform SAR data description 

Dataset 
Name 

Data 
Time 

Resolution (m) 
Rg x Az 

Inc. angle (°) 
Nr – Fr 

Swath width 
km 

Frequency 
Band 

Polarization 

Gulf of 
Naples 

2014-11-25 
16:50 UTC 

1.2 x 3.3 27.2 – 30.3 32.1 X HH 

2014-11-25 
16:57 UTC 

2.7-3.5 x 21.7 30.0 – 46.0 251.8 C VV-VH 

English 
Channel 

2015-05-03 
06:18 UTC 

1.2 x 6.6 34.1 – 35.5 17.0 X VV-VH 

2015-05-03 
06:15 UTC 

2.7-3.5 x 21.7 30.0 – 46.0 251.8 C VV-VH 

Monitoring of harbours from space can be quite a challenging task. VHR imageries are 
usually preferred for this kind of application. Nevertheless, the VHR SAR data have a 
limited coverage and the contextual surrounding information is unknown by this means. 
Hence, the tandem S1-A/TS-X provides complementing information on: the observation of 
large scale phenomena (like ocean swell, weather fronts, internal waves etc.) that are 
important for the planning and maintenance of harbour and coastal protection, and fine 
scale details (like detection of port watermarks, pilot vessels, buoys, etc.) that are necessary 
for the surveillance of harbour’s activities. 

In Figure 5.2(a)-(b), Naples’s harbour imaged by S1-A and TS-X, respectively. Both sub-
scenes are ground projected and oriented to North, showing the calibrated amplitude of the 

 
 (a) (b) 

Figure 5.2 – Naples’s harbour area where red rectangles indicate non-moving marine targets, 
blue circles indicate moving marine targets and green rectangles are targets identified by 
valid AIS message. (a) S1-A acquired on 25th Nov., 2014 at 16:57 UTC time, VV 
polarization calibrated amplitude; (b) TS-X acquired on 25th Nov., 2014 at 16:50 UTC time, 
HH polarization calibrated amplitude. 
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respective co-pol channels (VV for S1-A and HH for TS-X, see Table 5.1). 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 (5x3 in range x azimuth). Three marine targets are identified as 
ships by co-located AIS messages (green rectangles); two of them are non-moving (red 
rectangles) and one is moving (blue circle). Due to the low ocean clutter both sub-scenes are 
affected by azimuth ambiguities. 

In the framework of target reconnaissance using multi-frequencies radar, the C-/X-band 
analysis of the ship radar signature is conducted taking as example the tanker in Figure 5.2. 
It is an oil/chemical tanker which sizes are: 144m length and 23m 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 negligible. A pictorial 
profile of a typical oil/chemical tanker is illustrated in Figure 5.3(a), where the main 
structures are indicated with letters from A to E. Figure 5.3(b)-(c) show the color-coded C-
band radar signature acquired by S1-A in the VV and VH polarizations, respectively. On the 
other hand, Figure 5.3(d) shows the color-coded X-band radar signature acquired by TS-X in 
the HH polarization. A common byte scaling is applied to the amplitude measurements 
across the dataset to facilitate the analysis. It is easy to recognize in Figure 5.3(b) five 
strong backscattering points along the Tanker length axis, which distribution fits reasonably 
well with the main structures A-E indicated in Figure 5.3 (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 Figure 5.3(c) which is more an indication of volume scattering rather than direct 
or double bounce. The X-band co-pol (HH) radar signature in Figure 5.3(d) is different from 
the C-band co-pol (VV) in Figure 5.3(b). Unlike what has been highlighted for C-band VV 
polarization, a diffuse distribution of strong backscattering points along the tanker length 
axis is in place at X-band (Figure 5.3(d)). The factors that might produce such behaviour in 
the target signatures at C- and X-band are: 1) different radar illumination geometry; 2) 
different polarization; 3) different resolution; 4) different frequency. The first factor is 
excluded a priori since the target is at anchor (according to the AIS message received) in 
harbour 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 a width of 23m, it is reasonable 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 (Velotto et al., 2015b) the influence of the factors 1) and 2) have been 
further analysed for different types of ships (tanker and cargo) using the dataset English 
Channel (see Table 5.1), where S1-A and TS-X data have the same polarization and 
illumination geometry. The conclusions in (Velotto et al., 2015b) 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 Figure 5.3(b)-(d)), it can be 
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(a) 

 
 (b) C-band VV-polarization (c) C-band VH-polarization 

 
(d) X-band HH-polarization (e) X-band HH-polarization reduced azimuth 

resolution 

 
Figure 5.3 – Multi-frequency radar signature of a Tanker ship at anchor in Gulf of Naples 
(see Figure 5.2). All SAR images are ground projected with pixel spacing according to the 
sensor’s resolution (see Table 5.1). (a) Typical Tanker’s profile of the type analysed here; (b) 
S1-A VV-polarization; (c) S1-A VH-polarization; (d) TS-X HH-polarization; (e) TS-X HH-
polarization with azimuth resolution reduced to match the one of the S1-A. 
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discussed individually along these directions. The strong azimuth resolution difference 
between the C- and X-band SAR data (~21m and ~3m, respectively) is evident comparing 
Figure 5.3(b) and Figure 5.3(d). The tanker’s width signature appears in C-band just in few 
pixels 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 (~3m and ~1.5m, 
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 
dataset with reduced azimuth resolution (down to ~21m as for the C-band dataset) has been 
generated from the original X-band TS-X product by extracting a sub-look with reduced 
azimuth processed bandwidth, i.e. 1-look with smaller illumination time, via Time-Frequency 
analysis. The output of this process is shown in Figure 5.3(e), which can be directly 
compared with Figure 5.3(b). Even though range and azimuth resolutions are in this case 
similar, the different radar signature in range persists. To compare the radar range 
signatures at different frequency and resolution, the data extracted from the region given by 
the dashed white frame in Figure 5.3(d) is plotted (after being averaged in azimuth 
direction) in Figure 5.4 for the case of Figure 5.3 (b)-(e). Comparing the target range profiles 
in Figure 5.4, 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 243m of the transect ground range size in Figure 5.4). The radar response in C-band 
(blue curve) is quite low with no significant texture, i.e. mostly specular reflection, while 
both original and reduced resolution X-band dataset (red and black curve) show noticeable 
texture in the radar response. 

 
Figure 5.4 – Tanker ship profiles along radar viewing direction for different frequency and 
polarization. 
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As outcome of this analysis, it is possible to conclude that among the four factors listed, the 
different working frequencies plays the major role in the diverse radar backscatter signatures 
of the tanker ship observed in S1-A and TS-X. Hence, the different information provided by 
the S1-A and TS-X satellite can be exploited to help marine targets classification. An 
applicative example is provided in (Velotto et al., 2015b) where a ship located in coastal 
zone close to a harbour (non-reporting its status via AIS) could be analysed at C- and X-
band frequency and conclude that is probably a cargo at anchor. 

It must be noted that previous works in literature, have shown the potential improvements 
for ship detection application when combining satellite meter-resolution X-band SAR data 
with, optical images (Saur et al., 2011) or airborne centimetre-resolution X-band data 
(Knapskog et al., 2010). Monitoring of harbour area making use of multiple SAR satellite 
operating at different frequencies is therefore here firstly investigated. The findings in the C-
/X-band analysis of the tanker ship, are in partial agreement with the multi-frequency vessel 
scattering simulations provided in (Margarit et al., 2009) for two fishing vessels and a 
passenger ferry. From these simulations, 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 analysing 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 doesn’t 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 ships model 
(which is equivalent to reducing the sensor’s resolution) for the simulations of the vessels 
scattering maps in (Margarit et al., 2009). 

Ship parameters like heading, Course over Ground (CoG) and speed, are not easy to extract 
from single channel SAR imagery or even not possible. Heading extracted from detected ship 
suffers of the 180° ambiguity. Several methods have been proposed to estimate the speed. 
These include: the exploitation of the Doppler shift effect (if the ship’s wake is detectable 
with a contemporary target’s velocity radial component) (Radius and Marques, 2008; 
Tunaley, 2003); target’s azimuth shift when observed at two azimuth times (if radar 
illumination time is sufficient to extract two sub-aperture images able to highlight the 
different position) (Brusch et al., 2011; Kirscht, 1996); Along Track Interferometry (ATI) 
which is, however, sensitive to the SCR (Suchandt et al., 2010). All these methods have been 
proven to be efficient under the circumstances described. Alternatively, multiple satellite 
observations could be used, when none of the previous methods is accessible. Two exemplary 
cases are of moving ships are selected to show the benefits of the synergy given by the 
tandem TS-X/S1-A. 

As first example, the moving ship (identified as passenger vessel by AIS) in Figure 5.2 is 
selected because travelling with almost constant radial velocity component towards radars
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look direction, i.e. range. The Figure 5.5(a)-(b) are the TS-X and S1-A sub-scenes of the 
passenger ship (at respective observation times), that have been augmented by adding the 
available AIS info and predicted track. Although the target is moving with approximately 
constant speed and heading (assumed to be equivalent to the CoG in absence of strong 
current) during the time gap of the two satellite observations, it is remarkable the different 
ship off the wake distance ∆𝑧𝑧 caused by Doppler shift. The higher ratio 𝑠𝑠 𝑣𝑣S⁄ , due to the 
different S1-A orbit characteristics compared to TS-X, produces a larger offset ∆𝑧𝑧, which 
becomes easier to measure when targets have lower speed, i.e. smaller radial component. 
Nevertheless, Figure 5.5(b) also shows the difficulties in determine the heading of the ship 
(that is used to retrieve the 2D speed vector once the radial component is measured) from 
the radar signature (due to the low S1-A azimuth resolution) which in turns can be estimate 
with high accuracy (due to high TS-X azimuth resolution) as can be seen in Figure 5.5(a). 

A second example is given by a tanker ship moving parallel to satellites’ flight directions, i.e. 
azimuth. The AIS track of this ship is marked in red in Figure 5.1(b), where it is possible to 
deduce that a linear trajectory is kept during the SAR overpasses. Figure 5.6 is the color 
composite obtained combining the radar backscatter of the co-polarized channels available in 
the C- and X-band datasets (50-50 resampled at common pixel spacing). The azimuth time 
difference between the two images at target positions is about 160 seconds while the distance 
travelled is about 1200 m. This gives an average speed of 14.7 knots that well compare with 
the 12.9 knots reported via AIS. Moreover, the measured CoG of 12° (AIS reported CoG 
equal to 13°) estimated using the two observations permits to eliminated the 180° ambiguity 
in the heading estimation from the individual SAR ship signature (estimated heading is close 
to 10°/190° for both SAR dataset, AIS reported heading is 8°) (Velotto et al., 2015b). 

 
 (a) (b) 

Figure 5.5 – Moving target in Naples’s harbour identified via valid AIS message as passenger 
ship. The AIS track is given as dashed white line, where have been indicated also velocity 
and heading. (a) TS-X and (b) S1-A sub-scenes (in radar coordinates) of the passenger ship 
at respective observation times. 
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5.2. TanDEM-X constellation prospective for maritime 
applications  

The TD-X constellation is the first bistatic SAR mission, formed by adding a second, almost 
identical spacecraft, to TS-X and flying in a closely controlled formation. Primary mission 
objective is the generation a global DEM. Once the primary objective has been 
accomplished, the high configuration flexibility of the two TD-X satellites can be exploited 
to demonstrate new SAR techniques and applications. In this sense, from October 2014 DLR 
has opened the TD-X science phase, which is fully supported with data acquisition till 
December 2015. The TD-X science phase is split in two periods that are relevant to the two 
main TD-X acquisition configurations, i.e. pursuit monostatic (functioning from October 
2014 to March 2015) and bistatic (functioning from April 2015 to December 2015). In 
addition to that, the experimental DRA mode is activated on both satellites (Hajnsek et al., 
2014). Different image acquisitions scenarios have been proposed in literature to meet the 
needs of applications from different branches. Most of these proposals are specific for the 

 
Figure 5.6 – Tanker ship moving parallel to satellites’ flight directions as imaged by S1-A 
and TS-X. Composite of the co-polarized C- and X-band channels (50-50 resampled at 
common pixel spacing). AIS (black dots) speed reported is 12.9 knot. 
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pursuit monostatic configurations. With the pursuit monostatic configuration, the TD-X 
satellites operate independently having an along track baseline of approximately 76 km 
(corresponding to a temporal baseline of ~10 seconds). The most attractive proposals for 
maritime applications are single look improved resolution, bidirectional SAR (BiDi SAR), 
Ultra Wide, Interferometric traffic monitoring and Zooming. The details of these imaging 
modes are not given here, but can be found in (Lumsdon et al., 2015; Prats et al., 2012). 
According to the results presented in the previous chapters of this dissertation, is indeed 
advisable to exploit TD-X pursuit monostatic configuration combining single and multi-
polarization acquisitions. In this way the drawbacks in coverage and resolution of PolSAR 
acquisitions can be compensated gaining polarimetric information that are useful for oil spill 
and marine targets monitoring. Artist view of this concept is shown in Figure 5.7, where an 
actual oil spill and several marine targets were imaged. 

In order to evaluate the performances and benefits of this new imaging and polarimetric 
arrangement, several data-take orders have been planned and successfully acquired during 
the TD-X pursuit monostatic period. 

The first example is given in Figure 5.8, where the fore platform TS-X has acquired data in 
SM single-pol VV (1.2 x 3.3m nominal resolution) and the aft platform TD-X in SM dual-pol 
HH-VV (1.2 x 6.6m nominal resolution). Figure 5.8(a)-(c) show the details of a moving cargo 
ship (reported AIS info are: length 177m, breadth 29m and speed 7.4kn) at different 
polarization and resolution. Figure 5.8(d) shows the composite of the fore platform (TS-X) 
and aft platform (TD-X) data-takes in VV polarization. The loss in azimuth resolution, due 
to the dual-pol acquisition, does not change considerably the radar signal received from the 
ship structures. This is further shown by the ship signature profiles (along the main axis) in 
Figure 5.8(e). The one dimensional cross-correlation analysis between the retrieved ship’s

 
Figure 5.7 – Artists view of the TD-X pursuit monostatic configuration combined with SRA 
single-pol (fore platform Sat1, in red the swath coverage) and DRA PolSAR (aft platform 
Sat2, in cyan the swath coverage) SM imaging modes. 
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profiles, leads to a travelled distance of 39m, which corresponds to an average speed of 7.6kn 
(temporal baseline 10 seconds). This very preliminary ship speed accuracy analysis of the 
proposed imaging arrangement, is in line with the performances of the classic TD-X dual-
platform SAR-GMTI demonstrated in (Baumgartner and Krieger, 2011). Additional analysis 
on the accuracy of the target true geographical position and heading is left for future work. 

The second example is selected to show the improved capabilities in detecting marine 
targets, when TD-X constellation is employed with the suggested configuration. An extreme 
challenging case is the monitoring of fish farm structures in open water. A model of fish farm 
structure, typically used in the Mediterranean Sea, is shown in Figure 5.9(a). The fish farm 
considered, whose optical picture is given in Figure 5.9(a), is located in the Gulf of Trieste 
and is made of circular cages of two different diameters 12m and 8m (the size of the ring is 
unknown and estimated to be <1m). Monitoring these structures from space is an asset, 
considering their remote locations and that are subject to extreme weather conditions. 
Geocoded and color-coded calibrated amplitudes extracted from the aft platform data-take 
(TD-X dual-pol HH-VV with 1.2 x 6.6m nominal resolution) and fore platform data-take 
(TS-X dual-pol VV with 1.2 x 3.3m nominal resolution) are shown in Figure 5.9(b)-(d), 
respectively. Comparing the Figure 5.9(b)-(d) with the reference picture Figure 5.9(a), it is 
easy to recognize that even the data-take at higher resolution (Figure 5.9(d)) is not able to

 
(a)                                (b) 

 
(e) 

 
(c)                               (d) 

Figure 5.8 – Cargo ship imaged by TD-X satellites in pursuit monostatic configuration: (a) 
color-coded calibrated amplitude sub-scene extracted from TS-X data-take (fore platform) 
acquired in VV polarization with 1.2 x 3.3m nominal resolution; (b)-(c) color-coded 
calibrated amplitude sub-scenes extracted from TD-X data-take (aft platform) acquired in 
VV and HH polarizations, respectively, with 1.2 x 6.6m nominal resolution; (d) VV 
polarization composite of the fore platform (TS-X) and aft platform (TD-X) data-takes; (e) 
ship signal profile along the main target’s axis for different resolution and polarization. 
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clearly detect the cages of the fish farm and only one of the support platform (the white 
target in the middle of Figure 5.9(a)) has a higher signal response compared to sea clutter. 

Better results are obtained from dual-pol HH channel, where also the second support 
platform (the white target in the bottom center of Figure 5.9(a)) appears as strong signal 
above surrounding clutter. In conclusion, making use of the polarimetric phase information 
between the two co-polar channels (as shown in the rgb color-composite in Figure 5.9(e)) it is 
possible (due to the stronger double bounce returns) in fact to completely recognize the all 
fish farm structure, including the cages. 

The applicative examples shown are just few advantages of the TD-X constellation with the 
suggested imaging modes. More consistent research in the field of oil pollution and target 
detection is yet to be completed. 

 
(a) 

  
(b)                                    (c) 

  
(d)                                    (e) 

Figure 5.9 – Fish farm structure in the Gulf of Trieste composed of circular cages of two 
different diameters: 12m and 8m. (a) Reference optical image extracted from Google earth©; 
(b)-(c) HH and VV color-coded ground projected calibrated amplitude sub-scenes extracted 
from TD-X dual-pol data-take with 1.2 x 6.6m nominal resolution; (d) VV color-coded 
ground projected calibrated amplitude sub-scenes extracted from TS-X single-pol data-take 
with 1.2 x 3.3m nominal resolution; (e)  𝒓𝒓𝒓𝒓𝒓𝒓 composite of the TD-X dual-pol data-take with 
 𝒓𝒓 = �𝑺𝑺𝒉̇𝒉𝒉𝒉 + 𝑺𝑺𝒗̇𝒗𝒗𝒗�,  𝒈𝒈 = �𝑺𝑺𝒉̇𝒉𝒉𝒉 − 𝑺𝑺𝒗̇𝒗𝒗𝒗�, and  𝒃𝒃 = �𝑺𝑺𝒉̇𝒉𝒉𝒉 𝑺𝑺𝒗̇𝒗𝒗𝒗

∗ �. 
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6. Summary 

In this dissertation, the capabilities of SAR polarimetry for maritime surveillance are 
investigated for two key applications of this domain, i.e. marine pollution and target 
detection. This chapter starts summarizing the research done in the thesis to accomplish the 
objectives set and the obtained achievements, followed by an outlook about the future works. 

6.1. Discussion and Conclusion 

This thesis has been set out with the goal of improving the State-of-the-Art in SAR oil spill 
and ship detection by exploiting VHS X-band spaceborne PolSAR mission such as TS-X. 
Thanks to the technical progress, from both satellite and ground segment side of the current 
spaceborne SAR missions, is possible to deliver in NRT information to prevent or assist 
accidental events at sea. However, for the fulfilment of the user needs, e.g. EMSA, the 
information reliability of SAR-based marine pollution and target detection products needed 
to be increased. Taking this into account, this dissertation aimed at research, develop and 
test advanced PolSAR techniques and algorithms able to overcome known issues of oil spill 
and ship detection using single-pol SAR data. Furthermore, the intention was also to 
develop algorithms computationally performant in order to meet NRT requirements, i.e. 
delivery within 30 minutes from data record. Discussion and conclusions, drawn separately 
for the different aspects that have been accounted for, are as follow. 

A polarimetric model to read the X-band polarimetric sea surface scattering with and 
without surface slicks has been proposed. The key results emerging from this study can be 
listed as follows. 

• X-band dual-polarimetric SAR data are useful for oil-spill observation purposes. The 
unique capability of TS-X to acquire coherent dual-pol co-pol channels, HH and VV, 
is an advantage. 

• The polarimetric model investigated is based on the inter-channel correlation. This 
feature is sensitive to the departures from the Bragg scattering mechanism, which is 
assumed not to be in place for oil-covered sea surface. On the other hand, because of 
the physical-chemical weak-damping properties of some oil look-alike, the departure 
from Bragg become negligible, hence enabling their discrimination. 

• For the estimation of the inter-channel correlation, two different approaches have 
been investigated, namely the standard deviation of the CPD and coherence 
amplitude. The effectiveness of the two estimators is analysed theoretically and by 
experiments by using different sizes of the estimation window. 

• The system noise (NESZ) influence on the CPD is shown not to play a major role for 
the case studies. This is simply owed to the very high resolution of TS-X and the 
large amount of pixels certainly above the noise even within the oil-covered area. 
However, in simultaneous conditions of low wind regime (low ocean backscatter) and 
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high incidence angle (higher NESZ), the system noise might come to play a role. No 
sensitivity of mean value of the CPD with respect to oil slick has been found. 

• The standard deviation of the CPD works better than coherence amplitude when 
smaller window size is employed. This makes the former approach to be preferred for 
observing illicit oil spills. 

• Beyond all scientific aspects, the general value is even more in operational terms since 
one may think to integrate L-, C-, and X-band spaceborne SAR measurements 
ensuring much more dense spatial/temporal coverage and resolution. 

A dual-polarimetric model to detect metallic targets at sea in dual-polarimetric coherent HH-
HV/VV-VH X-band SAR data has been proposed and verified against actual TS-X imagery 
and ground truth information. The obtained results are 

• Metallic targets can be efficiently distinguished from the surrounding sea using VHS 
X-band dual-polarimetric SAR data. Both the HH–HV and the VV–VH polarimetric 
combinations can be used. 

• The approach exploits the different symmetry properties that characterize sea surface 
with and without metallic targets. Following this rationale, an operational marine 
target detector filter has been developed. A typical TS-X scene is processed in seconds 
by a standard PC processor. 

• The proposed detector allows obtaining binary outputs using a fixed threshold. It is 
proved by experiments that the filter works correctly over a broad range of incidence 
angles and sea state conditions, including high wind. 

• The performances of the proposed detector are evaluated and compared with standard 
single-pol channels detectors by measuring the obtained TCR and evaluating ROC 
curves. 

• According to a preliminary validation, no false positive is obtained, while false 
negatives are always due to small targets (< 15 m). The minimum size of the 
detected ground-truth-verified (visually inspected) target is 2 m (8–10 m). 

• The proposed approach, being able to work on L-, C-, and X-band dual-polarimetric 
SAR data, allows interoperating all the operational/planned dual-polarimetric SAR 
missions and in particular the newly Sentinel-1A with large coverage IWS VV-VH 
standard acquisition mode  over European waters. 

An important aspect in SAR marine target detection is the discrimination of real targets 
from azimuth ambiguities. A complete processing chain is developed and tested for fully 
polarimetric TS-X DRA data. In summary, the key results emerging from this study can be 
listed as follow: 

• In the pre-processing step, both cross-polarization channels can be used to generate an 
ambiguity free image. It is proved theoretically and by experiments the fact that, for 
targets, HV and VH channels are approximately equal in magnitude and phase, i.e., 
the reciprocity theorem applies, but opposed in phase for azimuth ambiguities. 
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• False alarms caused by targets or land azimuth ambiguities over the ocean surface 
can be reduced to zero exploiting PolSAR data, hence improving the reliability of the 
extracted information. 

• The proposed detection methodology shows a good consistency when compared to 
ground truth data, i.e., none of the ambiguities is misguided as target. 

• Small targets are observed and efficiently detected. Moreover, the results obtained 
strongly support the use of X-band PolSAR data for marine target detection 
purposes, particularly where the problem of ambiguities might be critical, i.e., 
harbours and coastal areas. 

• The method proposed requires full polarimetric SAR data. A preliminary comparison 
with other ambiguity filtering/removal techniques published in recent literature shows 
that the method proposed is preferable in terms of detection and discrimination 
capabilities. 

Last, synergetic use of multi-frequency and multi-polarization satellite SAR data in the 
framework of maritime target detection has also been conducted. This research has led to the 
following conclusions: 

• Monitoring of harbours from space can be quite a challenging task. VHS imageries are 
usually preferred for this kind of application. Nevertheless, the VHS SAR data have a 
limited coverage and the contextual surrounding information is unknown by this 
means. The possibility to gather large-scale meteo-ocean information by means of 
complementary wide swath satellite SAR imagery, e.g. S1-A, is highly desired. 

• The joint use of virtual SAR satellites constellation working at different frequencies, 
e.g. TS-X and S1-A, is proved to improve the maritime surveillance capabilities and 
target reconnaissance since they carry different information regarding the target and 
ocean. 

• Ship parameters like heading, Course over Ground (CoG) and speed, are not easy to 
extract from single channel SAR imagery or even not possible. Hence, under certain 
restrictions the tandem S1-A/TS-X can operate as dual-platform Moving Target 
Indicator (MTI). 

Taking into account these final findings, the vision of this thesis is to encourage the geo-user 
community in using PolSAR VHR X-band SAR data for maritime application as the benefits 
overcome the drawbacks which can be easily eliminated making use of other SAR missions 
planned to achieve large coverage. 

6.2. Outlook 
The recommendations for future research that have been already provided in the dissertation 
are here recalled and extended: 
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A larger scale analysis of detection and discrimination of oil spill by using inter-channel 
correlation at varying meteo-ocean conditions and SAR system parameters is recommended. 
The use of Non-Local filter to improve the estimation of phase difference and coherence is 
promising together with the evaluation of computational time for NRT applications. 

X-band quad-pol analysis for oil spill type estimation using VHR TS-X DRA mode. 

Large validation of marine target detection based on the r filter is still to be done. In 
particular the extraction of ship parameters, i.e. length, width, heading, might be more 
accurate when compared to standard extraction methods based only on intensity signatures. 
Moreover, the different signature of the ship’s wake on co- and cross-pol channel is worth to 
investigate for ship speed retrieval. 

Currently the landmasking step of marine target detection is performed using auxiliary low 
resolution (~90m spatial resolution) water-body dataset. As consequence of the much higher 
spatial resolution (~3m) of TS-X, a coastal buffer zone is adapted to avoid false alarms on 
coastal area. This drawback can be removed by extracting directly the coastline from the 
VHR SAR data. On this matter, the clutter suppression efficacy of the r-based filter could 
lead to a robust coastline detector. 

Automatic rejection of non-ship marine target (including false detection caused by costal 
structures not present in the static land-mask) via target classification by using VHR single-
pol and multi-pol SAR data would improve the ship detection service. Identification of static 
marine targets, e.g. platforms, windmill, etc., by multi-temporal medium-high resolution 
SAR acquisitions is an asset. 

The detection of ghost targets over the ocean surface caused by range ambiguity are an issue 
left for further research. 
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Dual-Polarized TerraSAR-X Data
for Oil-Spill Observation

Domenico Velotto, Student Member, IEEE, Maurizio Migliaccio, Senior Member, IEEE,
Ferdinando Nunziata, Student Member, IEEE, and Susanne Lehner

Abstract—A study exploiting dual-polarimetric X-band syn-
thetic aperture radar (SAR) data to observe oil at sea is un-
dertaken for the first time. The polarimetric model exploits the
interchannel correlation between the like polarized channels. Ac-
cordingly, two parameters related to the interchannel correlation,
namely, the amplitude coherence and the copolarized phase dif-
ference (CPD) standard deviation, are accounted for, and their
performances, with respect to sea oil slick observation, are care-
fully discussed. Single-look Slant range Complex dual-polarized
TerraSAR-X SAR data, in which both certified oil slicks and
weak-damping look-alikes are present, are used to verify the
efficiency of the proposed approaches. Results show the advan-
tage of the CPD approach and the effectiveness of TerraSAR-X
dual-polarized products for such application.

Index Terms—Coherence, copolarized phase difference (CPD),
sea oil slicks, synthetic aperture radar (SAR), TerraSAR-X.

I. INTRODUCTION

SYNTHETIC aperture radar (SAR) is the key sensor to
observe oil at sea, therefore to observe illicit vessel dis-

charges, to support an early warning system, and to support law
enforcement [1]–[3].

In simple terms, oil at sea damps the Bragg waves and
reduces the friction velocity, generating a low backscatter area
which, in the SAR image plane, appears as a dark area. How-
ever, there are other natural phenomena (e.g., biogenic slicks,
ship wakes, low wind areas, etc.) which, producing dark areas
in SAR images [2], make SAR oil slick observation a very
nontrivial task [2], [3]. In fact, although low wind areas can
be easily sorted out by employing external or SAR-based wind
information, natural look-alikes (LAs) (e.g., biogenic slicks,
ship wakes, etc.) are more difficult to be distinguished from oils
and cause the primary source of false alarms.

With this respect, the extra information provided by SAR
polarimetry (PolSAR) has been recognized to be of special
interest in the case [4]. A full-polarimetric SAR transmits and
receives both horizontal (H) and vertical (V) linear polarized
electromagnetic fields, and therefore, at each resolution cell,
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the 2 × 2 complex scattering matrix is measured. Although
full-polarimetric SARs are advisable in many geophysical ap-
plications, there are hardware and budget considerations that
sometimes lead to design a simpler SAR: the dual-polarimetric
SAR. In this case, only two elements of the scattering matrix
are measured. Typically, they are the two copolarized channels,
i.e., the VV and HH ones.

The suggestion to exploit PolSAR for oil slick observation
was demonstrated to be true in [5]–[15]. In particular, in [5] and
[6], a new physically based approach was first proposed and
tested to exploit dual-polarimetric SAR data. It is physically
based on the different backscattering behavior of the oil and
natural slicks which call for different correlation between the
copolarized channels. In fact, oil discharged at sea has strong
damping properties, while natural slicks typically have light
damping properties. Accordingly, the copolarized phase dif-
ference (CPD) procedure [5], [6] was implemented to exploit
the correlation between copolarized channels and successfully
tested over a large data set of C-band [5], [6] and L-band [7]
SAR data. Preliminary encouraging results have been obtained
at X-band [8].

It is important to underline that the extension of the proce-
dure to other bands out of the C-band is not straightforward. In
fact, in the literature, it was first mentioned that L- and X-bands
were not suitable for oil slick observation [16]. In this paper,
for the first time, CPD is exploited over X-band SAR measure-
ments, and this has a paramount operational relevance because
of the new X-band SAR constellations, namely, TerraSAR-X
and Cosmo-SkyMed.

Furthermore, in this paper, in order to best apply the phys-
ical CPD approach, a detailed analysis on the estimation of
the interchannel correlation is first accomplished. Two oper-
ational attractive estimation procedures are theoretically an-
alyzed, and their comparative performances on real data are
evaluated.

Experiments undertaken over TerraSAR-X Single-look Slant
range Complex (SSC) dual-polarized StripMap data, in which
both certified oils and LA are present, show the robustness
of the polarimetric model in describing X-band polarimetric
scattering with and without surface slicks and the superiority
of the CPD standard deviation approach for polarimetric sea
oil slick observation purposes. Results demonstrate the impor-
tant role of dual-polarimetric TerraSAR-X product for such
application.

The remainder of this paper is organized as follows.
Section II describes the polarimetric model, experimental

0196-2892/$26.00 © 2011 IEEE
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Fig. 1. (a) First moment of coherence amplitude at variance of the look number L equal to 4, 10, and 20. (b) Theoretical CPD pdfs for ρ = 0.9, 0.7, 0.4, 0.1,
ϕ = 0◦, and L = 1.

Fig. 2. Standard deviations of the ML estimates of (a) coherence amplitude and (b) CPD are compared with the pertinent CR bound for the numbers of
independent samples equal to 10 and 20.

results are shown in Section III, and the conclusions are drawn
in Section IV.

II. POLARIMETRIC MODEL

In this section, the model developed in [5] and [6] is re-
viewed, and two estimators of the interchannel correlation are
introduced and discussed.

The polarimetric electromagnetic model which is the basis of
this paper predicts a Bragg (non-Bragg) scattering behavior in
accordance with a high (low) interchannel correlation between
the copolarized channels [5], [6]. The high interchannel cor-
relation between the copolarized channels is able to observe
oils discharged at sea, getting rid of the primary class of LA
characterized by weak-damping properties [5], [6].

TABLE I
EXPECTED BEHAVIOUR OF THE POLARIMETRIC PARAMETERS

In order to implement the model, an estimation of the in-
terchannel correlation between the copolarized channels must
be implemented. In this paper, two different estimators are
analyzed and compared for the first time.

The estimation of the interchannel correlation between the
copolarized channels is a nontrivial problem, and various meth-
ods have been developed [17]. It is straightforward that, to take
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TABLE II
TERRASAR-X MAJOR SPECIFICATIONS

full benefit of the model, a viable and robust estimator is a key
issue. In fact, it has theoretical and applicative importance for
the design of a reliable processing chain.

A first estimator of the interchannel correlation can be pro-
vided by HH–VV amplitude coherence ρ often used in SAR
interferometry [18]. If we say that ρ̇ is the complex coherence
of the like-polarized channels

ρ̇ = ρejϕ̄ =
E

[
ṠhhṠ

∗
νν

]
√

E
[
|Ṡhh|2

]
E

[
|Ṡνν |2

] (1)

where ϕ is the mean phase of the complex coherence, Ṡhh

and Ṡνν are the complex HH and VV scattering amplitudes,
respectively, and E[ ] is the expectation operator [17].

Once ergodicity is invoked, ρ can be estimated by replacing
the expectation operator with an N ×N spatial averaging win-
dow to compute the coherence amplitude ρ̂. Statistical analysis
of ρ̂ has been described in [17] and [18], and its first moment
E[ρ̂] at variance for looks equal to L is given by

E(ρ̂) =
Γ(L)Γ(1 + 1/2)

Γ(L+ 1/2)
× (1− ρ2)L

× 3F2

(
[3/2, L, L]; [L+ 1/2]; [1]; ρ2

)
. (2)

A plot of (2) is shown in Fig. 1(a), where it must be noted
that E[ρ̂] is biased particularly for low ρ values and this bias
decreases with increasing L.

A second estimator of the interchannel correlation can be
provided by the standard deviation of the CPD given by

ϕ = ∠ṠhhṠ
∗
νν = ϕhh − ϕνν (3)

where ϕhh and ϕνν are the arguments of the complex HH and
VV scattering amplitudes, respectively.

Fig. 3. First data set relevant to the acquisition of November 16, 2007, at
03:52 UTC in Kerch Strait. X-band TerraSAR-X VV SAR image (15 × 50 km)
relevant to the acquisition of November 16, 2007, at 03:52 UTC, where three
ROIs are emphasized by the white boxes.

Once ergodicity is invoked, the standard deviation of ϕ can
be estimated through a similar N ×N window averaging to
get σ̂. The CPD probability density function (pdf) at variance
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Fig. 4. Excerpt of the SAR data shown in Fig. 3 relevant to the ROI labeled as Oil 1: (a) VV squared modulus image and (b and c) measured σ̂ and ρ̂ maps
obtained by using a 3 × 3 moving window. (a) VV squared modulus image (in decibels). (b) 3× 3 σ̂ map (in degrees). (c) 3× 3 ρ̂ map.

Fig. 5. Measured CPD pdfs for both oil-covered and oil-free sea surfaces.

for looks equal to L has been derived in terms of the complex
coherence [19]–[21]

p(ϕ̂)=
(1−ρ2)LΓ(2L)

2L+1/2
√
πΓ(L)

(
1

1−β2

)(L+1/2)/2

P
−L1/2
L3/2 (−β) (4)

where P (·) is the Legendre function of the first kind, Γ(·) is the
Gamma function, and β = ρ cos(ϕ− ϕ).

A plot of (4), for L = 1, ϕ = 0, and varying ρ, is shown in
Fig. 1(b). In general, (4) becomes narrower when either L or
ρ increases. The parameter ϕ determines the most likely phase
(i.e., the location of the mode) which, here, is also the mean
phase [5], [20], [21].

When ρ tends to zero (HH and VV channels uncorrelated),
the pdf tends to a uniform distribution, while for ρ approaching
to one (HH and VV channels fully correlated), the pdf tends to
a Dirac delta function. Moreover, for 0 < ρ < 1, the CPD pdf
resembles a Gaussian bell with a mean value ϕ and a standard
deviation σ inversely related to ρ [19]–[22].

To analyze the effectiveness of the proposed estimators,
they are compared with their corresponding Cramer–Rao (CR)
bounds. A CR bound gives a lower bound on the variance of
any unbiased estimator; hence, an estimator is efficient when it
achieves the bound. CR bounds for ρ̂ and ϕ̂[22]

var(ρ̂)CR =
(1− ρ2)2

2L
(5)

var(ϕ̂)CR =
1− ρ2

2Lρ2
. (6)

The standard deviations of the ML estimations of ρ and ϕ are
compared with the proper CR bounds in Fig. 2(a) and (b),
respectively. It can be noted that, for low coherence values (ρ <
0.3), ϕ̂ provides an efficient coherence magnitude estimation,
while for high actual coherence values (ρ > 0.5), the efficient
estimator is ρ̂.

It is now important to read the previously developed polari-
metric model, whose key feature is the interchannel correlation,
in terms of σ̂ and ρ̂, focusing on their performances with respect
to sea oil slick observation.

A slick-free and weak-damping slick-covered sea surface,
calling for a high interchannel correlation between the copolar-
ized channels, is expected to be characterized by the following
(see Table I):

1) narrow CPD pdf and, therefore, low σ̂ values;
2) high ρ̂ values.

An oil-covered sea surface, calling for a low HH–VV cor-
relation, is expected to be characterized by the following (see
Table I):

1) broaden CPD pdf and, therefore, high σ̂ values;
2) low ρ̂ values.

As a matter of fact, the two proposed estimators are expected
to be both able to observe oils and to distinguish them from
weak-damping LAs. Since ρ̂ has been shown to be biased for
low ρ values, the approach based on σ̂ is expected to perform
better.
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Fig. 6. Filter output for the ROI labeled as Oil 1 using a 5 × 5 window size:
(a) and (b) Measured σ̂ and ρ̂ maps. (a) 5×5 σ̂ map (in degrees). (b) 5×5 ρ̂
map.

III. EXPERIMENTS

In this section, some thought experiments are presented
and discussed to demonstrate the soundness of the proposed
model even in X-band and to compare the two interchannel
correlation estimators over real data. The data set consist of
SSC TerraSAR-X dual-polarization SAR data in which both
certified oil slicks and weak-damping LAs are present.

The SAR instrument on board the TerraSAR-X satellite is de-
signed to work in different modes and polarizations (single/dual
polarization modes for basic products and quad/twin polar-
ization modes for experimental products) with different swath
coverage, incidence angle, and resolution. The TerraSAR-X
major specification modes are summarized in Table II.

The Noise Equivalent Sigma Zero (NESZ) for the different
TerraSAR-X modes is between −19 and −26 dB, depending
mainly on the antenna pattern, the transmitted power, and the

Fig. 7. Filter output for the ROI labeled as Oil 1 using a 7 × 7 window size:
(a) and (b) Measured σ̂ and ρ̂ maps. (a) 7× 7 σ̂ map (in degrees). (b) 7× 7 ρ̂
map.

receiver noise (see Table II). Another critical parameter with
respect to the polarimetric system performance is the channel
isolation. The channel isolation on transmit (one way) is better
than 34 dB and, thus, 10 dB better than the requirement for
the space segment. The cross-polarization isolation (also called
crosstalk) of SAR images between all polarization channels is
at least 24.9 dB [23].

In all subsequent experiments, both ρ̂ and σ̂ are obtained at
variance of the moving averaging window size (3 × 3, 5 × 5,
and 7 × 7).

First experiments are relevant to SAR data, where certified
oil slicks are present, and then, weak-damping LAs are ac-
counted for.

A. Oil-Spill Observation

The first experiment is relevant to the SSC SAR data gath-
ered on November 16, 2007, 03:52 Coordinated Universal
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TABLE III
SUMMARY OF THE OBTAINED RESULTS

Time (UTC), over Kerch Strait. The TerraSAR-X VV-polarized
squared modulus image is shown in gray tones in Fig. 3.
A large low backscatter area, due to an accidental oil spill,
is clearly visible. On November 11, stormy seas and gale-
force winds in the narrow Kerch Strait, which joins the
Black Sea and the Sea of Azov, have wrecked a Volganeft-
139 Russian oil tanker, spilling at least 2000 metric tons of
fuel oil.

Three regions of interest (ROIs) have been selected within
the large polluted area (see Fig. 3).

Fig. 4(a) shows the normalized radar cross section (NRCS)
in decibels that is relevant to ROI-labeled Oil 1 (∼3× 4 km),
where, to better highlight the oil, a parameter scaling proce-
dure, based on the histogram equalization enhancement tech-
nique, has been applied. σ̂ and ρ̂ maps, obtained by using a
3 × 3 moving window, are shown in gray tones in Fig. 4(b)
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Fig. 8. Noise effect on the CPD distribution. (a) Pixels above (below) the
VV NESZ are in white (black). (b) CPD pdfs evaluated within oil-covered sea
surface including and excluding noisy pixels.

and (c), respectively. At this step, no histogram equalization
enhancement technique is applied on either image. Fig. 4(b)
and (c) shows that σ̂ (ρ̂) is higher (lower) within the oil-
covered area. In both cases, the oil slick is clearly dis-
tinguishable from the background sea. Results confirm the
theoretical model which predicts that the Bragg scattering
mechanism dominates everywhere but within the oil-covered
sea surface. The CPD standard deviation approach makes the
oil brighter than the background, while the sample coher-
ence approach makes it darker. In summary, both σ̂ and ρ̂
filters emphasize the presence of the oil with respect to the
background sea.

To quantitatively validate these results, a detailed analysis
has been undertaken, measuring the oil-covered and slick-free
CPD pdfs (see Fig. 5). It can be noted that their standard
deviation values are completely different, i.e., 85◦ and 30◦. The

mean ρ̂ values, for both slick-free and oil-covered sea surfaces,
are more close and equal to 0.53 and 0.91, respectively.

To further compare the performances of σ̂ and ρ̂ with respect
to oil slick observation, a contrast parameter is defined and
adapted to the different σ̂ and ρ̂ outputs

cσ̂ =
σ̂OIL

σ̂SEA
(7)

cρ̂ =
ρ̂SEA

ρ̂OIL
. (8)

It can be noted that cσ̂ and cρ̂ are equal to 2.83 and 1.72,
respectively. This witnesses that the CPD-based approach is
able to better enhance the presence of oil slicks over the sea.

Filter outputs obtained using a 5 × 5 (7 × 7) window size
are shown for both σ̂ and ρ̂ in Fig. 6(a) and (b) [Fig. 7(a)
and (b)], respectively. The values of σ̂ and ρ̂ measured in these
cases are listed in Table III, for both oil-covered and slick-
free areas, as well as the corresponding cσ̂ and cρ̂ values. Note
that, although the CPD performances, evaluated in terms of cσ̂,
do not vary too much with respect to window size, a com-
pletely different behavior is exhibited by cρ̂, which performs
better when larger window sizes are employed. This result
is consistent with the theoretical studies undertaken in [17].
Hereinafter, only maps obtained by a 3 × 3 moving window
are shown to save space. Nevertheless, quantitative analyses,
accomplished using different window sizes, are summarized in
Table III.

It must be noted that no peculiar trend related to the CPD
mean value (ϕ) over the oil-covered and slick-free sea surfaces
is revealed in this study even when using different window sizes
(see Table III).

Before proceeding further, it is important to discuss the
effects of the NESZ on the proposed polarimetric approach. The
effect of noise on the CPD distribution is now analyzed.

The average VV NESZ, equal to −25 dB, has been consid-
ered to obtain the images shown in Fig. 8(a) and (b), where
pixels above (below) the NESZ are marked in white (black).
Fig. 8(a) shows that most of the noisy pixels belong to the
oil-covered area. Accordingly, to quantify the NESZ effect on
the CPD pdf, the latter is evaluated within the oil-covered
sea surface, including and excluding pixels below NESZ [see
Fig. 8(b)]. The effect of the noise is negligible, as witnessed by
the standard deviation values, equal to 82◦ and 85◦ for noise-
free and noisy pdfs, respectively. These results confirm the
physical consistence of the proposed approach. Similar results
are obtained for the ρ̂-based approach and therefore are not
shown to save space.

Fig. 9(a) shows the NRCS image (in decibels) related to
the ROI-labeled Oil 2 (∼2.5× 3 km) properly scaled and
equalized. The measured σ̂ and ρ̂ maps obtained by using a 3 ×
3 moving window are shown in gray tones in Fig. 9(b) and (c),
respectively. Results agree to what formerly experienced and
can be quantitatively confirmed analyzing the measured CPD
pdfs, Fig. 9(d), relevant to both oil-covered and the surrounding
free sea surface. Also, in this case, σ̂ performs better than ρ̂
(Table III).
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Fig. 9. Excerpt of the SAR data shown in Fig. 3 relevant to the ROI labeled as Oil 2: (a) VV squared modulus image, (b and c) measured σ̂ and ρ̂ maps obtained
by using a 3 × 3 moving window, and (d) measured CPD pdfs for both oil-covered and oil-free sea surfaces. (a) VV squared modulus image (in decibels).
(b) 3× 3 σ̂ map (in degrees). (c) 3× 3 ρ̂ map. (d) Measured CPD pdfs.

Fig. 10(a) shows the NRCS image (in decibels) related to the
ROI-labeled Oil 3 (3 × 3 km) properly scaled and equalized.
The measured σ̂ and ρ̂ maps obtained by using a 3 × 3
moving window are shown in gray tones in Fig. 10(b) and (c).
The result agrees with earlier findings (see Fig. 10(d) and
Table III).

It must be pointed out that, for all window sizes, the oil-
covered σ̂ (ρ̂) values relevant to the ROI Oil 2 and Oil 3 are
quite smaller (larger) than the one measured within ROI Oil 1
(see Table III). This is probably due to different environmental
conditions along the slick and the weathering processes over
the very large polluted area, which affect the oil damping
properties.

The second experiment is relevant to the SSC SAR data
gathered on July 28, 2009, 04:18 UTC in Black Sea. A VV-
polarized NRCS image (in decibels) relevant to an ∼2× 4 km
subscene, properly scaled and equalized, is shown in gray tones
in Fig. 11(a). A low backscatter area, most likely due to an

illicit oil discharge since it is very close to a strong scatterer
(ship/tanker), is visible.

The measured σ̂ and ρ̂ maps obtained by using a 3 × 3
moving window are shown in gray tones in Fig. 11(b) and (c),
respectively, where features associated to the spillage are
clearly visible. The CPD pdfs relevant to the oil-covered sea
surface and the surrounding sea are shown in Fig. 11(d). Results
agree with the formerly presented (see Table III), witnessing the
effectiveness of the approaches to detect also illegal spillages.

B. Weak-Damping LA

The third experiment is relevant to the SSC SAR data
gathered on November 16, 2007, 03:52 UTC, over Kerch
Strait. A VV-polarized NRCS image (in decibels) relevant to a
3 × 3 km subscene, properly scaled and equalized, is shown in
gray tones in Fig. 12(a). A small low backscatter area, due to
marine features, is clearly visible.
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Fig. 10. Excerpt of the SAR data shown in Fig. 3 relevant to the ROI labeled as Oil 3: (a) VV squared modulus, (b and c) estimated σ̂ and ρ̂ maps obtained
by using a 3 × 3 moving window, and (d) measured CPD pdfs for both oil-covered and oil-free sea surfaces. (a) VV squared modulus image (in decibels).
(b) 3× 3 σ̂ map (in degrees). (c) 3× 3 ρ̂ map. (d) Measured CPD pdfs.

The measured σ̂ and ρ̂ maps obtained by using a 3 ×
3 moving window are shown in gray tones in Fig. 12(b)
and (c), respectively. The visual (and subjective) analysis of
these results shows that such dark area related to the LA is
de-emphasized, but this can be much better witnessed by
a quantitative analysis. As a matter of fact, to further
validate this result, a quantitative analysis has been un-
dertaken measuring the slick-covered and slick-free CPD
pdfs [see Fig. 12(d)]. The pdfs are practically overlapped,
as also confirmed by their standard deviation values (see
Table III). Similar comments apply for ρ̂, whose values are
0.87 and 0.91 for slick-covered and slick-free sea surfaces,
respectively.

Moreover, Fig. 12(b) and (c) suggests that the both σ̂ and
ρ̂ filters act as a de-emphasis filters when applied to data
in which weak-damping LAs are present, since the latter are
de-emphasized with respect to the surrounding sea. This de-
emphasis capability is confirmed by the measured cσ̂ and cρ̂
close to the unity, independently of the window size used (see
Table III).

The fourth experiment is relevant to the SSC SAR data
gathered on June 05, 2009, 05:19 UTC, over the Ischia harbor,
off the Gulf of Naples, Italy. A VV-polarized NRCS image (in
decibels) relevant to a 3 × 6 km subscene, properly scaled and
equalized, is shown in gray tones in Fig. 13(a). Two straight
low backscatter areas due to ship wakes, produced by ferries
directed to Ischia Island from Naples and verified by local
harbor authority, are visible and labeled as Wake 1 and Wake 2.
These LAs are of great interest since, due to their elongated
shape, they can be erroneously considered as due to illegal
discharges.

The measured σ̂ and ρ̂ maps obtained by using a 3 × 3
moving window are shown in gray tones in Fig. 13(b) and
(c), respectively. It can be noted that the features associated to
Wake 1 and Wake 2 are de-emphasized in the filtered im-
ages. Both approaches are not sensitive to this kind of weak-
damping LA. To quantitatively confirm this result, measured
slick-free and LA-covered CPD pdfs for both wakes are shown
in Fig. 13(d) and (e). The pdfs are practically overlapped, as
predicted by the theoretical model (see also Table III).
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Fig. 11. X-band SAR data relevant to the acquisition of July 28, 2009, at 04:18
UTC: (a) Excerpt of the VV squared modulus image in which a dark area most
likely due to illicit oil discharge is present, (b and c) measured σ̂ and ρ̂ maps
obtained by using a 3 × 3 moving window, and (d) measured CPD pdfs for
both oil-covered and oil-free sea surfaces. (a) VV squared modulus image (in
decibels). (b) 3× 3 σ̂ map (in degrees). (c) 3× 3 ρ̂ map. (d) Measured CPD
pdfs.

IV. SUMMARY AND CONCLUSION

In this paper, a polarimetric model to read the X-band
polarimetric sea surface scattering with and without surface
slicks has been proposed for the first time. The model exploits
the interchannel correlation between copolarized channels. Two
approaches are proposed to estimate the HH–VV interchannel
correlation, ρ̂ and σ̂: The first is based on the complex co-
herence and is the estimate of the coherence amplitude, while
the second is based on the CPD and is the estimate of the
CPD standard deviation. Their performances are discussed for
X-band polarimetric SAR oil-spill observation.

Experiments undertaken over SSC TerraSAR-X dual-
polarimetric (HH–VV) products confirm the soundness of the
model and show the superiority of the CPD approach for oil-
spill observation.

In summary, the key results emerging from this study can be
listed as follows.

1) X-band dual-polarimetric SAR data are useful for oil-spill
observation purposes.

2) Both approaches show a different sensitivity with respect
to oil and weak-damping LA.

3) σ̂ (ρ̂) values significantly larger (smaller) than slick-free
ones are observed over oil-covered sea surface.

Fig. 12. X-band SAR data relevant to the acquisition of November 16, 2007,
at 03:52 UTC: (a) Excerpt of the VV squared modulus image in which a weak-
damping oil LA is present, (b and c) measured σ̂ and ρ̂ maps in a 3 × 3 moving
window, and (d) measured CPD pdfs both for slick-covered and slick-free sea
surfaces. (a) VV squared modulus image (in decibels). (b) 3× 3 σ̂ map (in
degrees). (c) 3× 3 ρ̂ map. (d) Measured CPD pdfs.

4) σ̂ and ρ̂ values similar to the slick-free ones are observed
over areas where a weak-damping LA is present.

5) No sensitivity of ϕ with respect to oil slick has been
found.

6) CPD standard deviation works better than coherence
amplitude when smaller window size is employed. This
makes the former approach to be preferred for observing
illicit oil spills.

Beyond all scientific aspects, the general value of this study is
even more in operational terms since one may think to integrate
L-, C-, and X-band SAR measurements ensuring much more
dense spatial/temporal coverage and resolution.
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Fig. 13. X-band SAR data relevant to the acquisition of June 05, 2009, at 05:19 UTC: (a) Excerpt of the VV squared modulus image in which two weak-damping
oil LAs are present, (b and c) measured σ̂ and ρ̂ maps obtained by using a 3 × 3 moving window, and (d and e) measured CPD pdfs for both slick-covered and
slick-free sea surfaces, Wake 1 (Wake 2). (a) VV squared modulus image (in decibels). (b) 3× 3 σ̂ map (in degrees). (c) 3× 3 ρ̂ map. (d) Measured CPD pdfs.
(e) Measured CPD pdfs.
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Meteo-Marine Parameters 
and Their Variability 
Observed by High-Resolution Satellite Radar Images

TerraSAR-X ScanSAR Wide image acquired 
over the German Bight on March 29, 
2013, at 17:11 UTC. It covers an area of 
400 km × 250 km with 38 m resolution. 
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Their data provide new perspectives 
on sea state and related processes in 
coastal areas, where sea surface vari-
ability plays a significant role. A wide 
range of features and signatures can be 
observed in these data, including surface 
winds and gusts, individual waves and 
their refraction, and effects of breaking 
waves. Knowledge of such background 
geophysical processes and an under-
standing of how they are imaged by 
SAR are important to successful SAR 
data processing and use of the results 
in terms of safety and security issues. 
Figure 1 shows an example of the effect 
of improved resolution on imaging 
coastal features such as breaking waves. 

The X-band TerraSAR-X satellite 
was launched in June 2007 (http://
www.dlr.de/TerraSAR-X) and its twin, 
TanDEM-X, in June 2010. TerraSAR-X 
and TanDEM-X operate from an altitude 
of 514 km in sun-synchronous orbits, 
with ground speeds of 7 km s–1 (15 orbits 
per day). The two satellites orbit in close 
formation with typical distances between 
them of 250 to 500 m. They operate with 
a wavelength of 31 mm and frequency 
of 9.6 GHz. The repeat cycle is 11 days, 
but the same region can be imaged with 
different incidence angles after three 
days, depending on image latitude. 

Typical incidence angles range between 
20° and 55°. Coverage and resolution 
depend on satellite mode: stripmap 
covers 30 km × 50 km with a resolu-
tion of about 3 m, while spotlight covers 
10 km × 10 km with resolution of about 
1 m (Breit et al., 2010).

As is known, targets that are moving 
to the SAR sensor will not be imaged 
in their real positions; they are shifted 
in flight direction. This Doppler effect, 
also called “train off the rails,” plays a 
special role in the SAR imaging of mov-
ing waves. Compared to earlier SAR 
missions like Envisat Advanced SAR 
(ASAR), TerraSAR-X offers a number 
of advantages in addition to its higher 
resolution. In particular, the Doppler 
shift of scatterers, moving with velocity 
ur toward the sensor (radial velocity) 
at distance Ro (slant range) is reduced. 
For example, for the same incidence 
angle of 22° and ur = 1 m s–1, the target’s 
displacement in azimuth direction 
Dx = (ur /Vsar) • Ro (Lyzenga et al., 1985) 
is ~ 73 m for TerraSAR-X but almost 
twice as large, ~ 115 m, for Envisat due 
to different platform velocity Vsar and 
slant range Ro (Envisat altitude was 
800 km). Thus, the smoothing of mov-
ing wave crests (also called the bunching 
effect; Alpers and Rufenach, 1979) is 
noticeably reduced. As a result, imag-
ing of the ocean surface is more stable, 
and the shortest waves imaged have 
wavelengths of ~ 25 to 30 m. 

Susanne Lehner (susanne.lehner@dlr.de),  

Andrey Pleskachevsky, Domenico 

Velotto, and Sven Jacobsen are all on 

the staff of the German Aerospace Center 

(DLR), Remote Sensing Technology Institute, 

Bremen, Germany. 

New SAR Missions 
for Oceanogr aphic 
Applications 
Knowledge of marine and meteorologi-
cal parameters is important for opera-
tional oceanographic services. In situ 
measurements and global, regional, and 
fine-resolution forecast models provide 
information on wind, sea state, and 
related processes. Spaceborne sensors are 
especially useful because of their global 
coverage and their independence from 
additional input data as compared to 
in situ methods and mathematical simu-
lations. Remote-sensing data, in par-
ticular those acquired from spaceborne 
synthetic aperture radar (SAR), are an 
unparalleled source for model valida-
tion and verification in the open sea and 
in coastal zones because these data can 
also be collected independent of sunlight 
and cloud coverage. 

Spaceborne SAR is a unique sensor 
that provides two-dimensional informa-
tion about the ocean surface. The latest-
generation of high-resolution SARs is 
particularly suitable for many ocean 
and coastal applications. In the last 
few years, a number of high-resolution 
X-band radar satellites have been 
launched, for example, TerraSAR-X, 
TanDEM-X, and COSMO-SkyMed. 

Abstr ac t. New radar satellites image the sea surface with resolutions as high 
as 1 m. A large spectrum of ocean processes can be estimated using such Earth 
observation data. These data have been applied to investigations of geophysical 
processes as well as to forecast model validations and near-real-time services. The 
numerous processes, parameters, and features observed in high-resolution synthetic 
aperture radar images include winds, waves (with wavelengths as small as 30 m), oil 
slicks, waterline changes, changes in seabed morphology in shallow waters, wakes and 
bow waves of ships, underwater topography, wave energy flux along wave tracks from 
deep water to the coast, and breaking waves. New algorithms have been developed 
that are capable of taking into account fine-scale effects in coastal areas.

http://www.dlr.de/TerraSAR
http://www.dlr.de/TerraSAR
mailto:susanne.lehner@dlr.de
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Processes and Features 
Observed in SAR High-
Resolution Images 
Knowledge of basic geophysical pro-
cesses and what remote-sensing mecha-
nism was used to collect the data is 
necessary for successful processing of 
images and for use in near-real-time 
services. The images contain information 
on wind and on sea state-related pro-
cesses that must be properly extracted 
and assessed. 

Morphodynamic Developments 
in Coastal Areas 
Changes in seabed morphology in shal-
low waters can be mapped using SAR 
images. Wave action in coastal areas, 

where storms can change the soft sea-
bed relatively rapidly, plays a key role in 
erosion and transformation of the sea-
bed and the shoreline. For example, in 
Figure 2, a TerraSAR-X stripmap scene 
acquired at low tide over Elbe Estuary 
in the North Sea on November 11, 
2008, showing sandbanks that have 
been partially eroded and split near 
tidal inlets is compared with smoother 
bathymetry in the same area processed 
by BAW (German Federal Waterways 
Engineering and Research Institute) in 
2006. These bathymetry changes can be 
observed in the SAR image as a result of 
the way waves propagate and disperse 
in the estuary, as well as in the flow 
of local currents. 

Sea State: Individual Long 
Wave Refraction and 
Underwater Topography
In coastal areas, underwater topography 
influences the refraction of long-period 
swells at water depths shallower than 
70 to 50 m. Ocean surface wave proper-
ties change when water depths become 
less than about half of their wavelength. 
When a long-period ocean swell propa-
gates toward shore, its wavelength short-
ens and its wave height increases due to 
conservation of energy. 

The algorithm used to obtain 
swell wavelength and direction from 
TerraSAR-X images is based on FFT 
(Fast Fourier Transform) analy-
sis of subscenes with dimensions of 
800 m × 800 m. By computing the 
FFT for the selected subimage, a two-
dimensional image spectrum in wave 
number space is retrieved. The peak in 
the two-dimensional spectrum deter-
mines peak wavelength and peak wave 
direction of all waves in the subimage. 
The retrieved wave directions have an 
ambiguity of 180° due to the static nature 
of a SAR image. In coastal areas where 
wave shoaling and refraction are recog-
nized, propagation direction toward the 
coast is unambiguous. Starting in the 
open sea, the box for the FFT is moved 
along with the wave, and a new FFT is 
computed. This procedure is repeated 
until the corners of the FFT box reach 
the shoreline. In this way, a wave can 
be tracked from the open sea to the 
shoreline, and changes in its wavelength 
and direction can be measured. Wind 
streaks and ocean wind patterns are 
removed from the spectra by filtering 
for analyzed wavelengths between about 
50 m and 300 m (background values 
must be checked for every scene). The 

Figure 1. Effect of the improved resolution of the new synthetic aperture radar (SAR) satellites. Details 
of images from ERS-2 (1995–2011), Envisat ASAR (2002–2012), and TerraSAR-X (launched in 2007) 
acquired over Norderney Island in the North Sea. 
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translation of the FFT box to the next 
point in the swell propagation direction 
varies in range by ± 15° in order to avoid 
switching to another wave system in the 
case of cross seas.

Figure 3 (left) shows a TerraSAR-X 
spotlight image acquired over Rottenest 
Island, Australia, on October 20, 
2009, with one wave ray. The island 
is situated ~ 50 km off the coast of 
Perth, Western Australia (115°30'E, 
32°00'S). The long-swell waves induced 
in the Indian Ocean (storm peak about 
1,500 km southwest of the area three 
days before) and propagating toward 
the island are visible in the image, 
and the refraction is well pronounced. 
This SAR image was special ordered 
so that long waves could be acquired 
for bathymetry estimation. The wave 

forecast by the US National Oceanic and 
Atmospheric Administration (NOAA) 
WAVEWATCH III model (http://polar.
ncep.noaa.gov/waves) was used to 
determine the appropriate acquisition 
time, and it was applied one week before 
the TerraSAR-X image acquisition. 
Figure 3 (middle) shows the TerraSAR-X 
image with 40 wave rays identified. 
Using 200 wave rays, the wavelength 
field was obtained for a uniform grid 
of 150 m resolution. The depths d 
(Figure 3, right) were derived using the 
dispersion relation: 

d(Lp, ωp) = atanh ,
Lp

2π
ωp

2Lp

2πg 	
(1)

where g is gravitational acceleration 
and ωp is the angular wave peak fre-
quency (ωp = 2π /Tp; Tp is the peak 
period). The peak period needed in 

equation 1 is obtained using a com-
bination of first guess and analysis 
of the tracks (Tp = 13.25 sec). The 
longest observed wave in the image is 
Lmax = 245 m, and a threshold for mini-
mal peak period for this wavelength is 
obtained from the deepwater relation 
Tp min = (2πLmax /g)0.5 = 12.25 s. 

The estimated underwater topogra-
phy was compared to sonar measure-
ments on the same grid. About 50% 
of the compared area had an error 
range of about ± 10% of the local 
depth. The obtained bathymetry has 
an accuracy on the order of 15% for 
depths of 60 to 20 m. Application of 
the SAR-based method described here 
is generally dependent on sea state 
(swell availability) and data acquisi-
tion quality. The latter is influenced 

54
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Figure 2. TerraSAR-X 
stripmap scene (left) 
with a coverage of 
30 km × 50 km and 
resolution of 3 m, 
acquired over Elbe 
Estuary, German Bight, 
North Sea, on 
November 26, 2008, 
17:10 UTC (low tide). 
The inset shows the 
change in Elbe Estuary 
bathymetry since 
2006 when the BAW 
(German Federal 
Waterways Engineering 
and Research Institute) 
bathymetry map 
(right) was completed: 
a long bank was 
partially eroded and 
split by inlets (com-
pare areas in dashed 
circles and squares). 
Background image © 
Google Maps

http://polar.ncep.noaa.gov/waves
http://polar.ncep.noaa.gov/waves
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by artifacts, nonlinear SAR imaging 
effects (e.g., availability of local wind sea 
smearing in the image, breaking waves, 
ships with wakes), and the complexity 
of the topography itself (e.g., reef belts 
can destroy swell waves long before 
they reach the coast being investigated; 
Pleskachevsky et al., 2011). The method 
was successfully tested for different areas 
and sea states—the Duck Research Pier 
(North Carolina, USA, range travel-
ing waves), Port Phillip (Melbourne, 
Australia, azimuth traveling waves), 
and around Helgoland Island (German 
Bight, North Sea) (Brusch et al., 2011). 

To complete the bathymetric maps, 
QuickBird optical satellite data were 
used to map extreme shallow waters 
(< 10 m depth) near the coast. The algo-
rithms for bathymetry estimation from 
optical and SAR data were combined 
and integrated in order to cover different 

depth domains. The two techniques 
make use of different physical phe-
nomena and mathematical treatments. 
Optical methods are based on sunlight 
reflection analysis and provide depths 
up to 20 m in calm weather conditions. 
Depth estimation from SAR is based on 
the observation of long waves and covers 
water depths between 70 m and 10 m. 
Water depths from 20 m to 10 m are 
where synergy of data from both sources 
arises. This new technique provides a 
platform for coastal bathymetric map-
ping over a broad area on a scale that is 
relevant to marine planners, managers, 
and the offshore industry. 

In addition to depth estimation, the 
SAR-based methodology allows detec-
tion of shoals such as underwater moun-
tains, reefs, and sand bars with depths 
< 30 m, even if the quality of sea state 
information is insufficient for accurately 

obtaining bathymetry. The remotely 
sensed information on shoals (e.g., reefs) 
can be integrated into maritime ship 
safety and warning systems.

Surface Wind and Integrated 
Sea State Parameters
Synthetic aperture radar can provide 
wind information over the ocean by 
measuring sea surface roughness. A new 
algorithm XMOD-2 has been developed 
for TerraSAR-X data that takes the full 
nonlinear physical model function into 
account. At the same time, the corre-
sponding sea state parameters can be 
estimated from the same image. A new 
empirical model function XWAVE-2 for 
obtaining significant wave height has 
been developed for X-band data. The 
algorithm is based on analysis of image 
spectra and uses parameters fitted with 
co-located buoy data and information 

Figure 3. TerraSAR-X spotlight image (left) with dimensions of 10 km × 10 km and resolution of 1 m acquired over Rottenest Island, Australia, on October 20, 
2009. (left) Normalized radar cross section (NRCS) and one wave track with example image spectra. (center) Forty wave rays (colored lines) tracked on the 
image. (right) Bathymetry (uniform raster, 150 m resolution) estimated from the TerraSAR-X image data. To complete the bathymetric maps in the shallowest 
areas (< 10 m water depth) near the coastline, optical data from the QuickBird satellite were used.
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on spectra peak direction and incidence 
angle. The newly developed empirical 
algorithm estimates significant wave 
height Hs directly from TerraSAR-X 
image spectra without using a priori 
information and without temporal trans-
ferring into wave spectra. 

Wind Estimation Algorithm XWAVE-2

The SAR wind field retrieval approach 
was first developed for C-band SAR 
provided by, for example, ERS-2 and 
Envisat ASAR. These approaches 
used empirically derived Geophysical 
Model Functions (GMF) that related 
local wind conditions and sensor 
geometry to radar cross-section values 
(e.g., CMOD4 or CMOD5). To uti-
lize the new SAR systems, an X-band 
linear algorithm XMOD-1 and later a 
nonlinear XMOD-2 were established 
for VV- and HH-polarized data to 
obtain wind fields (Ren et al., 2012; Li 
and Lehner, in press). The relationship 
between X-band radar cross section and 
wind speed, wind direction, and inci-
dence angle in XMOD-2 is given by:

	 σo(U,θ,φ) = 
B p

0(U10,θ)(1 + B1(U10,θ)cos(φ) 	 (2)
	 + B2(U10,θ)cos(2φ)),

where σo is the normalized radar cross 
section (NRCS), U is the wind speed, 
and φ is the relative wind direction. This 
is applicable for an incidence angle θ 
between 20° and 60° and wind speeds 
from 2 m s–1 to 25 m s–1. The parameters 
Bi i = 0,2 are tuned using the measure-
ment data sets. To determine wind direc-
tion, streak structures on the sea surface 
of the image are used. These are pro-
duced by airflow turbulent eddies at the 
boundary layer (Etling and Brown, 1993; 
Sikora and Ufermann, 2000). Shadows 

behind the coast also provide evidence of 
wind blowing from the coast. 

Data from the Spaceborne Imaging 
Radar-C/X (SIR-C/X) mission in 1994 
and from the European Center for 
Medium-Range Weather Forecasts 
(ECMWF) reanalyzed wind fields 
ERA-40 (ECMWF Re-Analysis of the 
global atmosphere and surface condi-
tions for 45 years) were used to tune the 
algorithm. The results were validated 
using in situ measurements from co-
located buoys and modeled data with 
different resolution (HIRLAM model 
and DWD COSMO). The wind field 
can be retrieved practically to 20 m 
resolution by the XMOD algorithm 
for TerraSAR-X images. In contrast to 
the previously developed XMOD-1, 
XMOD-2 consists of a set of nonlinear 
GMFs and thus depicts the difference 
between upwind and downwind of the 
sea surface backscatter in X-band SAR 
imagery. By exploiting 371 co-locations 
with in situ buoy measurements that 
are used as the tuning data set, together 
with analysis wind model results, the 
retrieved TerraSAR-X / TanDEM-X sea 
surface wind speed using XMOD-2 
shows close agreement with buoy mea-
surements with a bias of –0.32 m s–1, 
a root mean square error (RMSE) of 
1.44 m s–1, and a scatter index (SI) of 
16.0%. Further validation using an inde-
pendent data set of 52 cases shows a bias 
of –0.17 m s–1, an RMSE of 1.48 m s–1, 
and an SI of 17.0% compared to buoy 
measurements (Li and Lehner, in press).

XWAVE-2 Empirical Algorithm to 

Derive Sea State Parameters

An empirical X-WAVE-1 model for 
obtaining integrated wave parameters 
has been developed for X-band data 

(Bruck et al., 2011). The algorithm was 
based on analysis of image spectra and 
uses parameters fitted with co-located 
buoy data and information on spectra 
peak direction and incidence angle. 
The equation for the newly developed 
XWAVE-2 algorithm for deriving 
significant wave height directly from 
TerraSAR-X SAR image spectra is 

a1 •    (E • sinθ)(1.0 + a2cos(α)) + a3,

Hs = 
	 (3)

where α is the wave peak direc-
tion related to the azimuth direction 
(0° ≤ α ≤ 90°). The cosine function in 
the formula describes the dependence of 
wave peak direction in the image relative 
to satellite flight direction, and E is the 
integrated value of the directional wave 
number spectrum. Parameters a1, a2, and 
a3 are the coefficients tuned to various 
data sets and are dependent on incidence 
angle θ. They are determined from a fit 
between E and the co-located significant 
wave height, computed by the DWD 
wave model, co-located buoy measure-
ments, WaMoS-II (Wave Monitoring 
System), and radar altimeter data (Bruck 
and Lehner, 2010; Pontes et al., 2010). 
The peak period Tp corresponds to the 
wave period with maximum energy in 
the two-dimensional spectrum in the 
frequency domain. E is the integrated 
value of the image spectrum obtained 
by standard Fourier analysis done on 
a subscene of a radiometrically cali-
brated TerraSAR-X intensity image. The 
integration domain chosen is limited 
by minimal and maximal wavelength 
in order to avoid the effects of wind 
streaks in the turbulent boundary layer 
and the cut-off effect of SAR imaging of 
short sea surface waves. The values are 
set to Lmin = 30 m and Lmax = 600 m, 
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which corresponds to kmax = 0.2 and 
kmin = 0.01 in deep water. 

Comparison of TerraSAR-X derived 
Hs with the significant wave height 
obtained by the buoy located at the 
Ekofisk oil platform in the North Sea 
(56°10'03''N, 3°32'32''E) shows a cor-
relation of 0.83. TerraSAR-X derived 
peak wave length for National Data 
Buoy Center (NDBC) buoy 44066 
(39°34'59''N, 72°36'2''W) and from the 
buoy located near the Ekofisk oil plat-
form have a correlation of 0.95, an SI of 
0.19 m, and an RMSE of 0.89 m, thus 
showing good agreement with in situ 
data. Comparison with NDBC buoys 
results in SI = 13% for peak wavelength 
measurement and SI = 21% for signifi-
cant wave height.

Figure 4 shows wind and significant 
wave height fields estimated from a 
TerraSAR-X stripmap scene acquired 
over the Bay of Kiel in the Baltic Sea on 
December 10, 2012, and scatterplots 
for both algorithms. The number of 
entries is 371 for XMOD and 200 for 
XWAVE algorithms. 

Remote-Sensing Data for 
Coastal Numerical Modeling 
One area where spaceborne SAR sys-
tems have a significant impact is in the 
validation of wave forecast models. The 
forecast modeling services, for example, 
of the German Weather Service (DWD; 
http://www.dwd.de) are part of the global 
marine weather and warning system that 
provides wave forecasting in transocean 

shipping routes, storm prediction, and 
wave- and wind-related information for 
coastal protection and sport boats, all of 
which are important services for public 
safety. Third-generation wave models 
are now used for sea state prediction, 
including WAVEWATCH III used by 
NOAA and UKMET (United Kingdom 
Meteorological Office) and the WAM 
model used by European forecast ser-
vices such as ECMWF, DWD, and the 
Danish Meteorological Institute (DMI, 
http://www.dmi.dk). The forecasts are 
also accessible to public users through 
Meteo France (MF, http://marine.
meteofrance.com/marine). 

In the open sea, these wave models 
are already capable of producing high-
quality forecasts, as long as the wind 
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Figure 4. TerraSAR-X 
stripmap acquired over 
Kiel Bight in the Baltic 
Sea on December 10, 
2012, at 16:53 UTC, and 
wind field derived using 
nonlinear XMOD-2 algo-
rithms (left), significant 
wave height field derived 
using XWAVE-2 empiri-
cal algorithm (middle), 
and scatterplots for 
both algorithms (right). 
The number of entries 
is 371 for XMOD and 
200 for XWAVE. 
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input from atmospheric forecast models 
and boundary conditions for sea state 
are correct. Uncertainties occur when 
dealing with numerical modeling and 
forecasting in coastal areas where physi-
cal processes in shallow water, caused 
by interactions among waves, currents, 
and the seafloor, become important. 
Wave properties can change greatly 
in coastal areas. Significant effort is 
required to include shallow water 
interactions in numerical schemes by 
coupling wave and circulation models 
through radiation stress and by tuning 
of the model functions and parameters 
for coastal processes like dissipation 
and wave breaking. Such coupled model 
forecast systems have been developed 
by several organizations (e.g., DWD, 

Deltares, Helmholtz-Zentrum 
Geesthacht [GHZ]), and SAR data from 
high-resolution TerraSAR-X images 
have been particularly useful for vali-
dating these models.

In the course of an experimental 
investigation (Lehner et al., 2012), wind 
and sea state information retrieved from 
SAR were applied as input to a wave 
numerical spectral model (wind forcing 
and boundary condition) running at fine 
spatial horizontal resolution of 100 m. 
As boundary conditions, the wave spec-
tra included swell obtained from the 
XWAVE algorithm and wind sea from 
JONSWAP spectra based on wind infor-
mation derived using the XMOD algo-
rithm from the same TerraSAR-X image. 
Results were compared to co-located 

buoy measurements. Sensitivity tests for 
the German Bight in the North Sea (area 
around Helgoland Island and Hörnum 
Bight in the North Sea) were carried 
out for varying local wind speeds (with 
wind shadowing and gusts visible in 
TerraSAR-X images but not present in 
coarser wind data). The results showed 
sensitivity of local waves to wind varia-
tion and the importance of local wind 
effects on wave behavior. The varying 
retrieved TerraSAR-X wind speeds 
(increased and decreased by 3 m s–1 in 
Hörnum Bight) result in a large devia-
tion of about ± 25% of modeled local 
wave height (Figure 5). Changing sea 
state properties strongly influence wave 
coupled processes: turbulent mixing 
in the water column and processes 

Figure 5. (left) Wind field retrieved using XMOD algorithm from a TerraSAR-X stripmap scene acquired over Sylt Island, North Sea, on March 26, 2008 
(wind speed errors due to insufficient information are masked in white). (right) Sensitivity tests: wave height simulated by a numerical model on 100 m 
resolution mesh using TerraSAR-X derived wind speed (~ 10 m s–1) at buoy position 54°46’2’’N, 8°22’8’’E corresponds well with buoy measurements 
(bottom right, in red). Varying the wind speed (increased and decreased at 3 m s–1) results in strong deviations of about ~ 25% of wave height. 
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at the water-seabed boundary layer 
change significantly in shallow areas 
of the Wadden Sea.

Wave Breaking
Another process observed in 
TerraSAR-X imagery is wave breaking. 
Knowledge about the spatial distribu-
tion of wave heights along the shoreline, 
especially during storms, is an important 

issue and crucial for coastal protection. 
Furthermore, the predominant wave 
heights in the surf zone can prevent 
pirates from landing their boats along 
certain sections of the shore. Thus, infor-
mation on surf height is of interest for 
protecting shipping lanes, preventing 
future attacks by pirates, and for coordi-
nating international anti-piracy forces. 

As a wave shoals, its height increases, 

leading to greater orbital velocity of 
water particles within the wave. Shoaling 
occurs until the wave’s steepness exceeds 
a certain threshold, and it breaks. This 
occurs when orbital velocities in the 
wave exceed the wave’s phase speed. 
When a wave breaks, water particles and 
bubbles fly into the air, and the water 
surface becomes very rough due to 
intense turbulence. All of this creates a 
strong echo in the radar signal. Smearing 
of the scatterers by Doppler shift due 
to high velocities results in streak-like 
structures at wave-breaking locations 
(Wackerman and Clemente-Colón, 
2000). These signatures were investigated 
and their lengths used to estimate the 
radial speed of the scatterers, provid-
ing information about the propagation 
speed at the crest of the breaking wave 
and its possible amplitude before break-
ing (Brusch et al., 2011). Figure 6 shows 
a TerraSAR-X stripmap image acquired 
on November 21, 2008, at 17:00 UTC 
with incidence angle θ = 31°. The white 
box at upper left highlights a small island 
located near Trischen Island in Elbe 
Estuary, and estimated mean breaking 
wave height adjacent to the island is 
indicated in red at bottom right.

Wave Groups
Detection of wave groups in the ocean 
using TerraSAR-X data is among the 
first direct observations of such phe-
nomena at high resolution. Wave groups 
were studied using data from earlier 
SAR missions by applying, for example, 
wavelet techniques (Niedermeier et al., 
2005). Due to improved TerraSAR-X and 
TanDEM-X SAR properties, wave group 
parameters can be estimated directly 
using the XWAVE empirical algorithm.

Figure 7 shows an example of wave 

Figure 6. TerraSAR-X stripmap image acquired on November 21, 2008, at 17:00 UTC with θ = 31°. The 
white box at top left surrounds an island located near Trischen Island in Elbe Estuary. Breaking-wave sig-
natures adjacent to the island are shown in red (bottom right). Estimated mean breaking wave height 
is H

–
br = 1.3 m (1.6 m for spilling breaking and 0.9 m for plunging breaking). The forecast significant wave 

height outside the bight is Hs = 2.4 m (DWD [German Weather Service] Global Spectral Model with 
0.75° resolution) and 1.8 m using a nested model with 1 nm (1.8 km) resolution near the island. 
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groups observed near the Somalia 
coast. In the stripmap image acquired 
on November 18, 2010, at 14:56 UTC, 
the cross seas effect of two wave sys-
tems with about 1.8 m significant wave 
height is observed. Three wave groups 
are clearly visible; the wave height 
inside the groups is about 3 m. The 
origin of the wave groups in this loca-
tion can be explained in different ways. 
The first possibility is local shoaling by 
underwater obstacles. According to the 
NOAA ETOPO 1-minute global relief, 
the local depth is about 2,000 m. This 
means that, in this case, local shoaling 
should be excluded from consideration. 
However, it is possible that a local flat-
topped mountain exists there but was 
not imaged by NOAA’s coarse data. The 
second possibility is the impact of local 
organized wind gusts. Moving convec-
tive cells in the atmosphere can produce 
a localized organized wind gust travel-
ing with a speed close that of the swell 
system. Strong wind energy that feeds 
the same wave group for a longer time 
period can cause enormous growth of 
individual wave heights within the group 
(Rosenthal et al., 2011). The third expla-
nation is a combination of phases of both 
wave systems, traveling with about a 50° 
phase difference from each other. 

North Sea investigations show 
that abnormal height in wave groups 
is related to atmospheric effects. 
Pleskachevsky et al. (2012) found that 
such abnormal heights are caused by 
mesoscale wind gusts induced by open 
atmospheric cells that occur during cold 
air outbreaks and move across the sea 
as an organized system, “dragging” the 
growing waves. These results show local 
significant wave height increase on the 
order of meters within the cell, especially 

in a narrow area of about 2.5 km at the 
footprint center of a cell. A group of 
cells under real storm conditions pro-
duces a local increase in significant wave 
height of more than 6 m during a short 
time window of 10 to 20 minutes (pass-
ing the cell). Wave groups, including 
extreme individual waves with wave-
lengths of more than 370 m beneath 
the cell’s footprint, are estimated. This 
corresponds well with measurements of 
a rogue wave group with wavelengths of 
about 400 m recorded during the 2006 
storm “Britta” that damaged the deck of 
research platform FiNO-1 located 18 m 
above mean sea level. 

Ship Detection and Oil Spills
Scanning the ocean surface using 
remote-sensing instruments like SAR 
provides an opportunity not only to 
observe surrounding environmental 
processes but also to detect and moni-
tor ships and turbulent ship wakes and 
waves (Lehner et al., 2013). With day 
and night coverage, weather inde-
pendency, and global coverage, radar 
sensors onboard TerraSAR-X and its 
twin TanDEM-X are suitable for practi-
cal support of ship security and safety 
(Lehner et al., in press). Ship position, 
length, and speed can be identified, com-
pared to Automatic Identification System 
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Figure 7. TerraSAR-X VV-polarized image acquired on November 18, 2010, at 14:56 UTC near the 
Somalia coast. For subscenes A (two-wave system observed) and B (a wave group), the spectra and 
estimated parameters are shown. According to National Oceanic and Atmospheric Administration 
1 nm (1.8 km) bathymetry, the local depth is ~ 2,000 m. 
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messages, and provided to integrated 
services. Instances of oil discharge from 
ships and platforms can also be detected 
(Velotto et al., 2011) and reported in 
near-real time. In addition to ship detec-
tion, surrounding marine and meteo-
rological parameters can be estimated 
for operational oceanographic services 
(e.g., Schwarz et al., 2010).

The presence of surface slicks over 
the ocean surface attenuates short 
gravity-capillary waves. These waves, as 
well as long ocean waves, are the main 
sources of radar backscatter received by 
active microwave sensors. Reduction 
of the radar echo measured over a 
slick-covered area can be observed visu-
ally in an 8-bit scaled SAR image as a 
dark patch. However, detection of dark 
patches in SAR images of the ocean sur-
face is only a preliminary step in the SAR 
oil spill detection algorithm; a detected 
dark region may not always be related 
to the presence of an oil spill because 
other oceanographic phenomena—such 

as low wind areas, ship wakes, biogenic 
and natural slicks—have similar sig-
natures (see Caruso et al., 2013, in this 
issue). Therefore, a classification pro-
cedure, based on probabilistic methods 
(i.e., Bayes classifier), machine learn-
ing techniques (i.e., Neural Network, 
Support Vector Machine), or a physical 
approach (either using amplitude image 
or polarimetric SAR data), is needed. 

In addition, ships and man-made 
metallic objects present in the ocean 
environment (e.g., wind farms, plat-
forms) call for all the three physical 
scattering models: (1) single-bounce 
returns caused by direct backscattering 
from surfaces perpendicular to the radar 
beam, (2) double-bounce returns due to 
the dihedral formed by a ship’s vertical 
conducting plates and the sea surface, 
and (3) multiple-bounce returns caused 
by a ship’s structural elements (e.g., deck 
and cables). Therefore, ships cause 
coherent scattering (i.e., measured NRCS 
by SAR) greater than that from the 

surrounding sea surface. Figure 8 shows 
an example of combined oil and ship 
detection results obtained using high-
resolution SAR data. 

Outlook
New high-resolution Earth observa-
tion data from SAR satellites allow 
estimation of ocean wave parameters 
and wind with high spatial resolu-
tion and quality. The SAR data can be 
used to validate spectral numerical 
wave models and to show and explain 
the interaction mechanisms among 
wind, waves, and seafloor. Analysis of 
TerraSAR-X images shows that it is pos-
sible to detect individual waves with 
wavelengths up to 30 m, their refrac-
tion, and wave shoaling. Underwater 
structures, such as banks, bars, and reefs, 
can be detected by long wave refrac-
tion. Wave energy flux can be estimated 
for purposes of protecting coastal 
equipment using SAR information. It 
is now possible to explore and obtain 

Figure 8. TerraSAR-X image acquired over the Strait of Hormuz, Iran, on July 24, 2009, at 02:22 UTC in stripmap mode, HH-polarization. This is a portion of the 
full image collected off the coast of Bandar Abbas, near Qeshm Island. Green rectangles show the results of ship detection using SAINT (© DLR), and the red 
outline was made using an oil spill detection algorithm. The white box is an enlargement of the polluted area showing the detected ship that was probably 
washing its tanks.
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underwater topography worldwide by 
remote-sensing data and by merging 
optical and SAR data. Although Envisat 
ASAR has not been available since 2012, 
its tasks will soon be assumed by a new 
mode of the TerraSAR-X satellite. The 
first page of this article shows the new 
ScanSAR Wide mode that covers an area 
400 km × 250 km with 38 m resolution 
(standard ScanSAR covers about 100 km 
in the direction of flight with 18 m reso-
lution). Although the image resolution is 
considerably lower than Envisat ASAR, 
the broad spatial coverage allows obser-
vation of processes such as tidal waves, 
atmospheric fronts, and wind gusts.
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Abstract—A physical dual-polarimetric model to observe man–
made metallic targets at sea in dual-polarimetric coherent X-band
synthetic aperture radar (SAR) data is proposed. The model
exploits the intrinsic different symmetry properties of man-made
targets and sea surface and is tested over actual StripMap
TerraSAR-X HH–HV and VV–VH dual-polarimetric SAR data
and colocated ground truth measurements. Then, an operational
physically based filter to observe targets at sea is proposed. The
filter is very attractive in terms of both detection performances
and processing time. A typical SAR scene is processed in seconds
by a conventional PC processor.

Index Terms—PolSAR, ship detection, symmetry.

I. INTRODUCTION

SHIP-AT-SEA observation is a key application in the field of
global monitoring of environment and security. Synthetic

aperture radar (SAR) imagery gives the possibility to overcome
the limits of conventional techniques, e.g. Automatic Identifica-
tion System (AIS), etc., allowing non-cooperative all-day ship
surveillance, over wide regions and under almost all weather
conditions. SAR-based observation of targets at sea, i.e. ships,
oil rigs and wind turbines, is a very non-trivial task due to both
speckle, that hampers SAR image interpretation, and the pres-
ence of natural phenomena, e.g. atmospheric fronts, changes in
ocean backscattering, that may result in false positives [1]–[4].
In [5]–[11] some innovative physically-based approaches have
been developed to perform ship detection using polarimetric
SAR data exploiting the extra-information provided by these
measurements.

Recently, an approach to observe man-made metallic targets
using coherent dual-polarimetric L- and C-band SAR data has
been proposed in [12]–[14]. The approach, it is based on the
fact that sea surface, being reflection symmetric, calls for a
negligible correlation between the like- and cross-polarized
channels; whereas the reflection symmetry no longer applies
for man-made metallic targets that, hence, results in a larger
correlation between like- and cross-polarized channels [14].
Accordingly, HH-HV dual-polarimetric SAR data acquired in
L- and C-band have been used to test the proposed methodology
showing to be an effective and operational-oriented method to
observe metallic targets at sea.
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In this study, the physical rationale proposed in [14] is
extended to X-band. It must be noted that X-band SAR observa-
tion of man-made metallic targets at sea is much more complex
than in C- and L-band. At X-band the probability of occurrence
of high coherent returns (and, therefore, false-positives) is very
high, also at intermediate incidence angles, and it depends on
sea state conditions [4]. Therefore, the interest to test this new
physically based approach is of particular relevance. In this
study, the sensitivity of the model to metallic targets at sea at
X-band is investigated; then, a simple and effective technique
to observe ships at sea is proposed and verified against actual
X-band Single look Slant range Complex (SSC) full-resolution
TerraSAR-X SAR data. The technique, that is tested over both
HH-HV and VV-VH dual-polarimetric combinations and veri-
fied through ground truth information provided by AIS reports,
nautical charts and oil rig maps, is shown to be both effective
and accurate. Furthermore, the proposed physical-processing,
being able to exploit L-, C- and X-band dual-polarimetric full-
resolution SAR measurements, can take full benefit of all the
operational polarimetric SAR missions and, therefore, it allows
enhancing the revisit time and coverage which are very critical
issues in target at sea observation.

II. THEORETICAL ANALYSIS

The most logical way to deal with polarimetric scattering
from a distributed and depolarizing target is by using the
second-order products of the scattering matrix [15]–[17]. Here
the covariance matrix is introduced under the backscatter align-
ment (BSA) convention and reciprocity assumption:

C =

⎛
⎝

〈
|Shh|2

〉 √
2 〈ShhS

∗
hv〉 〈ShhS

∗
vv〉√

2 〈ShvS
∗
hh〉

〈
|Shv|2

〉 √
2 〈ShvS

∗
vv〉

〈SvvS
∗
hh〉

√
2 〈SvvS

∗
hv〉

〈
|Svv|2

〉
⎞
⎠ . (1)

〈·〉, | · |, and ∗ stand for the ensemble average, modulus, and
complex conjugate, respectively. Spq is the generic scattering
matrix complex element with {p, q} = {h, v}. C is a 3 × 3
Hermitian semidefinite positive matrix which consists of nine
independent parameters and has real and nonnegative eigenval-
ues and orthogonal eigenvectors.

Since only the linearity and the reciprocity are assumed, (1)
represents the most general polarimetric scattering mechanism.
When dealing with a naturally distributed scenario, reflection
symmetry is generally satisfied. Hence, the correlation be-
tween like- and cross-polarized scattering amplitudes vanishes
[18], [19], i.e. 〈ShhS

∗
hh〉 = 〈ShhS

∗
hh〉 = 0. The modulus of the

correlation between like- and cross-polarized scattering ampli-
tudes r is

r =
∣∣〈SxxS

∗
xy

〉∣∣ (2)
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TABLE I
TERRASAR-X DUAL-POLARIMETRIC DATA SET

where x, y ∈ {h, v} is the natural norm to measure the depar-
ture from the reflection symmetry case. When r tends to 0,
the observed scene is characterized by the symmetry property;
while for r values larger than 0 departure from reflection
symmetry is achieved.

To specialize reflection symmetry to the observation of
metallic targets at sea in X-band dual-polarization SAR mea-
surements, two scenarios must be distinguished: sea surface
with and without metallic targets. Sea surface is a natural
distributed target and, hence, is reflection symmetric. This
implies that r ≈ 0 is expected, as demonstrated in [14]. It must
be noted that the slight departure from zero mainly depends on
the misalignment between radar coordinates and the scene sym-
metry axis [14]. When dealing with metallic targets, since they
are man-made complex targets whose shape consists of plane,
dihedral, and trihedral structures, as well as dihedral corner
reflectors and thin wires, reflection symmetry is not expected
to be still satisfied; therefore, r values significantly larger than
the free sea surface one are expected, as demonstrated in [14].

III. EXPERIMENTAL RESULTS

In this section, the effectiveness of the proposed rationale
is verified using actual TerraSAR-X SAR data and ground
truth information provided by AIS messages, oil rig maps, and
nautical charts. TerraSAR-X is a high-resolution SAR designed
to work in different modes and polarizations [20]. Single-
and dual-polarization products are operationally available on
request to the end users, while twin- and quad-polarization
products, which are acquired using the experimental dual re-
ceive antenna mode, are not standard products. The dual-
polarimetric products can be collected in both StripMap (SM)
mode, with a polarization combination selectable among HH-
HV, VV-VH, and HH-VV, and SpotLight (SL) mode, with only
one polarization combination: HH-VV. SM and SL imaging
modes are characterized by nominal swath widths of 15 and
10 km, respectively [20].

In this study, StripMap (SM) SSC dual polarization HH-HV
and VV-VH products [20] are used. The data set is described
in Table I, where ancillary external wind information, ex-
tracted from model data, buoys, and scatterometer data, is also
provided.

The first experiment is related to the HH-HV SAR data
gathered off the Gibraltar coasts on July 11, 2009, at 18:14
Coordinated Universal Time (UTC) (see Table I). The incidence
angle at the center image is 34.7◦, and a low-to-moderate wind
blowing from southeast is present. An excerpt of the HH-
polarized amplitude image where land is masked in purple is
shown in Fig. 1. Nineteen targets, labeled as T1−T19, are

Fig. 1. TerraSAR-X SAR data collected off the coast of Gibraltar on July
11, 2009, at 18:14 UTC. Excerpt of the HH-polarized amplitude image where
19 targets are present: T1−T16 are AIS-confirmed ships, and T17−T19 are
visually inspected targets.

present. According to the AIS information, the targets T1−T16
are ships whose sizes range from 40 up to 300 m. No ground
truth is available for targets T17−T19 which have been vi-
sually inspected by trained SAR image analysts by using an
enlarged version of both the HH and HV amplitude images. To
analyze the sensitivity of the proposed approach, r is evaluated
over equal-sized region of interests (ROIs) belonging to targets.
Moreover, aside from each ROI, an equal-sized sea area is con-
sidered for reference purposes. Mean r values, evaluated within
the ROIs in Fig. 1, are listed in Table II. It can be noted that sea
surface r values are significantly lower (at least two orders of
magnitude) than the correspondent target ones. This confirms
the rationale described in Section II, which predicts different
symmetry properties for sea surface with and without metallic
targets. r values close to 0 are measured over the sea surface;
while non-negligible r values apply over target ROIs. To dis-
cuss the capability of the r-based approach in observing metal-
lic targets at sea with respect to conventional single-polarization
ones, mean values of the HH and HV amplitude channels
are evaluated for both targets and sea areas (see Table II).
By comparing mean r values with the HH and HV ones, one
can note the following (see Table II): 1) r, HH, and HV call
for similar values when evaluated within targets, and 2) HH
and HV call for similar values when evaluated over sea areas,
while significantly lower values (one order of magnitude) are
provided by r. This result suggests that the r-based approach
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TABLE II
MEAN r, HH, AND HV VALUES AND TCR MEASURED

WITHIN THE TARGET AND SEA ROIS IN FIG. 1

acts as a clutter suppression technique while enhancing targets.
This behavior can be visually recognized by looking at the
normalized HH, HV, and r values shown in Fig. 2(a)–(c) and
related to a 200 × 200 pixel sea area that includes the ship T16,
which is the smallest ship in Fig. 1. It can be noted that the
ship calls for similar HH, HV, and r values, while a different
behavior is experienced over sea surface where r provides
the lowest value. As a matter of fact, the r-based approach
allows de-emphasizing the sea surface clutter if compared to
single-polarization channels. To quantitatively analyze this de-
emphasis capability, a target-to-clutter ratio (TCR) is evaluated
for r, HH, and HV. TCR values, listed in Table II, confirm that
the r approach performs best in discriminating targets from the
surrounding sea, resulting in TCR values at least one order of
magnitude larger than the single-polarization ones.

This sensitivity study confirms the behavior predicted for
r that exhibits a different sensitivity with respect to targets
and sea surface even at X-band. These encouraging results
suggest evaluating r over the whole SAR data in Fig. 1. The
r image, obtained by replacing the ensemble average in (4)
with an N ×N average moving window, is shown in gray
tones in Fig. 3(a). In this study, N = 3 is adopted to minimize
the unavoidable decreasing of the spatial resolution. The r
image confirms that reflection symmetry is everywhere in place
but over targets. Accordingly, since the following statements
are true, a fixed threshold T can be adopted to conceive an
unsupervised filter both robust and effective: 1) r values related
to targets and sea surface are very well separated (at least two
orders of magnitude), and 2) sea surface r values do not exhibit
a significant variability. In this study, a fixed threshold T = 0.1
is chosen. The r-filter output is shown in Fig. 3(b), where it can
be noted that all the targets are correctly observed. Red and blue
boxes are used in Fig. 3(b) to distinguish AIS-confirmed ships
and visually inspected targets, respectively.

Results obtained by processing the whole TerraSAR-X dual-
polarization SAR data (11 488 × 21 908 pixels) are summarized
in Table III. The scene includes 70 targets: 57 verified against
ground truth and 13 visually inspected. All the ground-truth-
verified targets are correctly observed by the r-based filter that
fails in observing two small targets whose sizes, estimated by
the SAR image, range between 10 and 15 m. Note that a filter
to remove false positives due to azimuth ambiguities has been
also applied [2].

The second experiment is related to the VV-VH SAR data
gathered over the San Francisco Bay on August 30, 2011, at
14:15 UTC (see Table I). The incidence angle at the center
image is 39.7◦, and a low-to-moderate wind blowing from east
southeast is present. An excerpt of the VV-polarized ampli-
tude image is shown in gray tones in Fig. 4, where land is
masked in purple. The subscene in Fig. 4 includes the San
Francisco–Oakland Bay Bridge (upper center), the Treasure
Island and Yerba Buena Island (left side), and the Oakland
Naval Supply Depot and the Alameda Point (right side). This
scene is very challenging to test the proposed technique since
very small targets (in the order of the radar resolution) are
present. The subscene is characterized by 32 targets (see the
white boxes in Fig. 4). According to the AIS message, 3 targets
are ships, whose sizes range from 115 up to 195 m, while
nautical charts allow classifying 11 targets as lighted buoys,
whose sizes are about 2 m. The remaining 18 targets have been
visually inspected from the VV and VH images. The gray-tone
r image [see Fig. 5(a)] again witnesses that reflection symmetry
is everywhere in place but over targets. The output of the r
filter is shown in Fig. 5(b). It can be noted that 30 out of
the 32 targets are correctly observed. In particular, 9 out of the
11 ground-truth-verified lighted buoys, whose sizes are around
2 m, are detected, while 2 buoys are missed. Results obtained
processing the whole SAR scene are summarized in Table III.
The scene is characterized by 50 targets: 21 verified against
ground truth and 29 visually inspected. All but 2 targets are
correctly observed by the r filter; no false positive is present.

The third experiment is related to the HH-HV SAR data
gathered off the east coast of Gibraltar on July 15, 2009, at
6:29 UTC (see Table I). The incidence angle at the center image
is 30.51◦, and a moderate wind blowing from southwest is
present. An excerpt of the HH-polarized amplitude image is
shown in gray tones in Fig. 6(a), where atmospheric-related
phenomena (see bottom side of the image) and a pronounced
wavelike pattern (see upper-left side of the image) are visible.
These phenomena make this scene very challenging for con-
ventional SAR-based target detectors [1], [3]. The subscene
is characterized by six targets, highlighted by white boxes in
Fig. 6(a). According to the AIS message, these targets are
cargo ships and tankers, whose sizes range from 49–274 m.
Due to the fluctuation in the backscatter caused by the atmo-
spheric and wave processes, some targets are hardly visually
distinguishable in the HH amplitude image (e.g., the 49-m
ship in the middle right of the image). The gray-tone r image
(not shown) witnesses that, even in this challenging case,
the r-based approach acts as a clutter suppression technique,
while enhancing targets. The output of the r filter is shown in
Fig. 6(b), where all the targets are correctly observed and no
false positive is present. Results obtained processing the whole
scene are summarized in Table III. The scene consists of eight
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Fig. 2. (a) and (b) Normalized HH and HV amplitudes and (c) r parameter, measured over a sea surface area that includes the ship labeled as T16 in Fig. 1.

Fig. 3. (a) Gray-tone r image and (b) r-based logical true (sea) and false
(ship) outputs where ships validated by AIS message and visually inspected
targets are marked in red and blue, respectively.

TABLE III
SUMMARY OF THE RESULTS OBTAINED BY PROCESSING

THE SAR DATA IN TABLE I THROUGH THE r FILTER

targets: seven verified against ground truth and one visually
inspected. All targets are correctly observed by the r filter that
results in zero false negatives (after azimuth ambiguity filtering)
and zero false positives.

Results obtained by processing the data set detailed in Table I
through the r filter are summarized in Table III. The data set
consists of seven TerraSAR-X scenes that include 191 targets.
The proposed r filter correctly observes 175 targets with 16
false negatives. The latter are always related to small targets

Fig. 4. TerraSAR-X SAR data collected over San Francisco Bay on August
30, 2011, at 14:15 UTC. Excerpt of the HH-polarized amplitude image where
32 targets are present: 18 visually inspected targets and 14 ground-truth-verified
targets via AIS and nautical charts.

whose sizes are less than 10 m. No false positive is present.
The minimum sizes of the detected AIS-confirmed and visually
inspected targets are 20 and 10 m, respectively. Nine lighted
buoys, whose sizes are around 2 m, are also detected. Note that,
even in high-wind conditions (see IMG-7 in Table III), no false
positive is present, while the seven false negatives are due to
visually inspected targets whose sizes, estimated by the SAR
image, are less than 5 m.

IV. CONCLUSION

A dual-polarimetric model to observe metallic targets at sea
in dual-polarimetric coherent HH-HV/VV-VH full-resolution
X-band SAR data has been proposed here and verified against
actual TerraSAR-X SAR data and ground truth information.
The approach exploits the different symmetry properties that
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Fig. 5. (a) Gray-tone r image and (b) r-based logical binary output where
ground-truth-verified and visually inspected targets are marked in red and blue,
respectively.

Fig. 6. TerraSAR-X SAR data collected off the east coast of Gibraltar on July
15, 2009, at 6:29 UTC. (a) Excerpt of the HH-polarized amplitude image where
six ground-truth-verified targets are present. (b) r-based logical binary output
where all the observed targets are marked in red.

characterize sea surface with and without metallic targets.
Following this rationale, an operational filter has been proposed
to observe targets at sea in a reliable and effective way. A typical
TerraSAR-X high-resolution scene is processed in seconds by
a standard PC processor. The obtained results are

1) Metallic targets can be distinguished from the surround-
ing sea using X-band dual-polarimetric SAR data.

2) Both the HH–HV and the VV–VH polarimetric combina-
tions can be used.

3) The r filter allows obtaining binary outputs using a fixed
threshold.

4) The r filter works correctly over a broad range of inci-
dence angles and sea state conditions, including high wind.

5) According to the selected threshold, no false positive is
obtained, while false negatives are always due to small
targets (< 15 m). The minimum size of the detected
ground-truth-verified (visually inspected) target is 2 m
(8–10 m).

6) The proposed approach, being able to work on L-, C-, and
X-band dual-polarimetric SAR data, allows to interop-
erate all the operational/planned dual-polarimetric SAR
missions.
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Azimuth Ambiguities Removal for Ship Detection
Using Full Polarimetric X-Band SAR Data
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Abstract—Synthetic aperture radar (SAR) ship detection is an
important application in the field of maritime security. Azimuth
ambiguities caused by the aliasing of the Doppler phase history
of each point are often visible in SAR images particularly in
ocean areas of low wind speed condition, e.g., in coastal areas,
in harbors, etc. The main sources of azimuth ambiguities are
man-made metallic structures over the ocean, e.g., ships, oil plat-
forms etc., and over land near the coast, e.g., big tanks, bridges’
pylons etc., that have a high SAR backscatter responses. Although
the ambiguities’ backscatter is generally low, in many situations,
it is above the surrounding ocean clutter and are mistaken by
classic detection techniques, like constant false alarm rate, as
real targets causing false positives. This paper addresses both
the discrimination of real targets from non-trivial false positives,
namely those due to azimuth ambiguities and the detection itself
using a Generalized-K distribution approach. The methodology
is firstly proposed and demonstrated over a significant data set of
full polarimetric X-band SAR data, which have been acquired by
the German satellite TerraSAR-X during the experimental dual
receive antenna campaign in April and May 2010. It is based
on the intrinsic configuration of monostatic two-channel PolSAR
systems and relies on the different signature of azimuth ambi-
guities in cross-polarized channels. Automatic Identification Sys-
tem messages collected and collocated with the data set analyzed
are used as ground truth to evaluate and validate the proposed
methodology.

Index Terms—Azimuth ambiguity, dual receive antenna,
PolSAR, ship detection, TerraSAR-X.

I. INTRODUCTION

SYNTHETIC APERTURE Radar (SAR) is an imaging
system operated on satellite-based platform which pro-

vides images of the Earth surface with different spatial resolu-
tion, electromagnetic waves polarization, and ground coverage.
Moreover, being a non-cooperative Earth monitoring tool, its
use in the field of maritime security and safety has increased
during the past decade. In fact, SAR images have been used by
law enforcement agencies for coastal and fishery monitoring,
ship traffic monitoring, and oil spill detection [1], [2].

Ships or, more in general, man-made objects (e.g., oil rigs)
over the ocean surface, being complex metallic structures, call
for all the three physical scattering models: single-bounce re-
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turns, due to direct backscattering from surfaces perpendicular
to the radar beam; double-bounce returns, due to the dihedral
formed by the vertical ship’s conducting plates and the sea
surface; multiple-bounce returns, caused by ship’s structure
(e.g., deck and cables) [3]. Therefore, ships show a larger
coherent scattering, i.e., the measured normalized radar cross
section (NRCS) by SAR is generally higher than the one
measured from the surrounding sea surface, where the wind-
driven ocean waves (waves with wavelength range 1–3 cm, also
known as Bragg waves) are responsible for a smaller coherent
scattering. Single polarization SAR ship detection algorithms
exploit this physical behavior by adaptively setting an appro-
priate NRCS threshold able to separate the ship from the sur-
rounding sea. However, this can be a challenging task due to the
speckle, when the distributions of the features characterizing
the two responses are mixed and the two modes are not well
separated.

Single and multi-polarization SAR images are affected by the
presence of range and azimuth (or Doppler) ambiguities which
arise due to the fact that the data are sampled with the pulse
repetition frequency (PRF). The system is usually designed in
order to avoid range ambiguities by selecting the correct swath:
the higher the PRF, the smaller the swath. On the other hand,
if the PRF is set too low, the Doppler history of returns at
different azimuth positions is the same, causing aliasing. These
“false” targets become visible particularly in low backscatter
area, i.e., over the ocean surface in low wind speed regime.
Oceanographic processes like internal waves, breaking waves,
sea currents, and so on, together with azimuth ambiguities, are
sources of false positives in SAR ship detection algorithms that
seek for bright spots in the image. In literature, several methods
have been investigated to reduce the intensity or to resolve
azimuth ambiguities in single polarization SAR images [4]–[7].

Nowadays, the number of SAR missions equipped with
high-resolution X-band sensors is in progressive development
(e.g., TerraSAR-X (TS-X), Tandem-X, COSMO-SkyMed). As
far as ship detection and target classification are concerned,
high-resolution SAR images are preferred to medium- or low-
resolution SAR images, where particularly in coastal areas,
small vessels are of interest. Numerous methods to detect ships
automatically from single polarization SAR images have been
developed [8], [9]. One of the best known and applied method is
the constant false alarm rate (CFAR) in which the threshold is
locally calculated for a pre-defined probability of false alarm.
In a very simple CFAR approach, a block of image samples
around the pixel under investigation (called background win-
dow) is used to estimate the average level of the sea clutter
backscatter [10]. The pixel under investigation is assigned to
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TABLE I
DATA DESCRIPTION

a target if its value is larger than the estimated threshold. More
complex CFAR algorithms use a parametric distribution model
to take into account the statistics of the sea clutter [10]. Even
though, CFAR is known to be very efficient, computationally
non expensive and therefore widely used for near real time
ship detection services [11], its detection efficiency depends
on how well the parametric distribution fits the sea clutter
characteristics.

For SAR with low spatial resolution and look angle smaller
than about 70◦, the sea clutter can be modeled as speckle,
and hence the amplitude is assumed to be a Rayleigh-type
distribution. However, a non-Rayleigh distribution of the sea
clutter is observed in high-resolution SAR images where large
amplitude values are measured leading to a longer tail in the dis-
tribution. According to the related research, many distributions
have been proposed to model the amplitude of high-resolution
sea echo, i.e., the β, lognormal, Weibull, K and generalized-K
(GK) [12]–[15]. Recently, in [16], [17], the three parameter
GK distribution is used to describe low backscattering areas
and small dominant scatterers (i.e metallic objects) in marine
single-look complex (SLC) SAR images. In [17], as outcome
of the sensitivity study conducted on the different polarization
for C-band RADARSAT-2 fine quad-pol SAR data, a simple
index has been defined, and its value has been related to the sea
clutter and metallic objects.

In this paper, we propose a method to resolve azimuth
ambiguities for ship detection purposes that take the complete
benefit of full polarimetric SAR (PolSAR) data combined with
the high-resolution capability of X-band sensors into account.
The main novelties introduced in this study can be summarized
as follows:

• The underpinning rationale that allows solving azimuth
ambiguities in full PolSAR images is first described by
pointing out the different signature of azimuth ambigui-
ties in cross-polarized channels caused by the acquisition
mode and processing of two channel PolSAR system
raw data.

• The proposed theoretical rationale is verified against a
truly unique data set, consisting of actual full polarimetric
X-band satellite SAR data, which have been acquired by
the German satellite TS-X during the experimental dual

receive antenna (DRA) campaign in April and May 2010,
by showing that azimuth ambiguities break the recipro-
city law.

• A new complete processing chain of single-look slant
range complex (SSC) quad-pol TS-X product has been
developed, allowing both discrimination and detection of
real targets.

• The discrimination problem takes into account different
kinds of non-trivial false positives, namely azimuth am-
biguities caused by metallic man-made structures over the
ocean (ships, oil rigs, etc.) and over land in coastal areas
(buildings, harbor facilities, etc.).

• The GK-based index, proposed in [17] for C-band quad-
pol RADARSAT-2 data for metallic object observation at
sea, has been first proposed and tested for X-band quad-pol
TS-X data. Following a brief sensitivity study, the index
has been used to perform the detection of real targets.

• Collected and collocated Automatic Identification System
(AIS) messages are used as ground truth to show the
effectiveness of the proposed method in solving azimuth
ambiguities and to validate the whole detection chain.

The paper is organized as follows: Section II gives a short
introduction to the TS-X DRA campaign in 2010 and a data
description. Section III addresses three points:—the prob-
lem of azimuth ambiguities and their formation in PolSAR
data;—analytical description of the GK distribution and the
proposed index to observe targets at sea;—summary of the
proposed methodology and the processing chain. Experimental
results are presented in Section IV, while summary and conclu-
sions are drawn in Section V.

II. DATA DESCRIPTION

TS-X is an operational satellite for scientific and commercial
applications equipped with an X-band SAR sensor that provides
high-resolution images of the Earth’s surface in different modes
and polarizations. The SpotLight (SL), StripMap (SM), and
ScanSAR are the basic modes with different spatial resolu-
tions and swath coverage [18]. The nominal SAR hardware is
designed and optimized for single-channel operation; hence,
for SL and SM mode, it offers acquisition in single and dual
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Fig. 1. Illustration of range and azimuth formation in SAR images; (a) portion
of the radar return from previous pulse overlap with the return of the present
pulse causing range ambiguities; (b) targets A and B have equal Doppler
histories due to aliasing; therefore, B appears as if illuminated by a portion
of antenna causing azimuth ambiguities.

polarization. Being a design-to-cost system, fully polarimetric
capabilities are not foreseen in nominal operation. However,
the satellite includes redundant hardware for the critical com-
ponents. The redundancy concept is such that two receive
channels are available when both the nominal and the redundant
hardware are used [19]. Carrying a redundant receiver chain,
the measurement of the complete scattering matrix (quad-
polarization) is achievable creating two receiver channels by
splitting the antenna electrically into two halves, and hence
the PRF is doubled, leading to half single polarization range
extent, as for dual-polarization products. This configuration
is called DRA and is operated in the SM mode only [19].

DRA configuration allows also to create two distinct images
from the two halves enabling the capability along track inter-
ferometry [20].

Full polarimetric X-band SAR data have been acquired by
satellite TS-X during the DRA campaign in April and May
2010 over predefined test sites. Among the main objectives of
this campaign is the evaluation of quad-polarized X-band high-
resolution SAR data in order to improve existing or to develop
new technologies and applications. A meaningful data set is
processed to show the effectiveness of the proposed method. In
Table I, a detailed description of the DRA configuration, some
basic information on the data set, and weather situations are
given for reference.

III. MODEL AND METHODOLOGY DESCRIPTION

In this section, the problem of ambiguities is reviewed,
and their formation in PolSAR data is introduced analytically.
The description of the GK distribution is given, and a short
sensitivity analysis of its parameters regarding the sea surface
and targets at sea is conducted. As a result of the two previ-
ous steps, a complete processing chain, which performs both
discrimination and detection, is proposed and described.

A. Azimuth Ambiguities

The ambiguities are caused by sampling of the Doppler
spectrum at finite intervals of the PRF (Fig. 1). From the system
design point of view, a too high PRF may produce the overlap
of two successive returns causing range ambiguities [Fig. 1(a)].
On the other hand, a too low PRF may cause the effect that
Doppler frequencies higher than the PRF are folded into the
azimuth spectrum causing aliasing [Fig. 1(b)]. Ambiguities
in SAR images are spatially displaced in range and azimuth
directions at approximate locations [4]–[7]

ΔxAZ =
nfprfVa

fDR
(1)

ΔxRG =
nλfprf
fDR

(
fDC +

nfprf
2

)
(2)

where n is the ambiguity index, fprf is the PRF, Va is the
relative velocity between the SAR’s platform and the target,
fDR is the Doppler rate, and fDC is the Doppler centroid.

Although the TS-X system is designed to avoid and reduce
range ambiguities by setting the correct swath, the azimuth
ambiguities are often observed in single and multi-polarization
SAR images, particularly in the maritime environment where
the absence or the reduced wind speed leads to a low ocean
clutter. From the SAR ship detection point of view, it is of
high importance to have a low false alarms rate; therefore, (1)
is commonly used in CFAR-based ship detection algorithms
as a post-processing step to distinguish targets and azimuth
ambiguities. In practice, once by CFAR all possible bright
anomalies in the image are detected, only the ones that do not
follow at distance of ±ΔxAZ from each other are retained as
true targets [2]. The drawbacks of this approach are mainly
the following: 1) it raises the possibility of missed targets, i.e.,
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Fig. 2. Examples of challenging SAR azimuth ambiguities problem solving. (a) The grayscale HH polarization amplitude sub-image of the data set named SF
is overlapped on Google Earth© background showing the area surrounding the former Mare Island Naval Shipyard (MINSY). White circles indicate azimuth
ambiguities caused by man-made structures over land (indicated with red circles). (b) The grayscale HH polarization amplitude sub-image of the data set named
SI showing a very complex ship detection scenario over the industrial zone of Tuas, located in the western part of Singapore.

a true target is discarded because at position ±ΔxAZ from
another one (this scenario might happen in harbors area with
intense ship traffic); 2) it fails to discard azimuth ambiguities
caused by man-made metallic structures over land. Examples
of challenging azimuth ambiguity problem-solving are shown
in Fig. 2. In Fig. 2(a) the HH amplitude sub-scene of the
northern corner of the TS-X data set SF (see Table I) is shown
in grayscale over a Google Earth© background and oriented
along the azimuth direction. Several bright anomalies, some
of which shaped like a ship (pointed in Fig. 2(a) with white
circles), are clearly visible over the sea surface. A closer look
to Fig. 2(a) reveals that these bright anomalies are replicas of
man-made structure (pointed with red circles) of the former
Mare Island Naval Shipyard (MINSY) located in the upper-
left corner of Fig. 2(a). The exact distance between white and
red circles is ∼3.6 km and is equal to ΔxAZ evaluated using
(1), further validating the nature of these bright anomalies. In
Fig. 2(b), the grayscale HH polarization amplitude sub-image
of the data set named SI (see Table I) shows a very complex
ship detection scenario (mixture of true targets and azimuth
ambiguities over sea surface) in a harbor area over the industrial
zone of Tuas, located in the western part of Singapore. It is easy
to recognize that the use of the standard approach to discard
azimuth ambiguities can lead to wrong detection results.

In the next section, a brief theoretical polarimetric analysis
of the azimuth ambiguities and their formation in SAR images
is given.

The TS-X DRA configuration can be seen as a classic
two-channel PolSAR system where the horizontally (H) and
vertically (V) polarized waves are transmitted pulse to pulse,
while the scattered waves are received simultaneously by the
two electrically created antennas polarized in H and V. In this
way, assuming that the first pulse is H-polarized, the HH and

HV components are measured at the same time and formed
first, whereas the VH and VV are measured at the same time
and formed with a delay of Δτ/2, where Δτ = 1/fprf and τ
is referred to as slow time. Knowing that the azimuth sample
position is given by the direct relationship between Va and
τ , the HV samples have azimuth positions xn = Va(n/fprf ),
while VH samples have azimuth positions xn + (Δx/2) where
Δx = Va/fprf . To shift the VH samples at positions xn, a
linear interpolation approach is commonly used. Therefore,
without loss of information, it can be shown that the HV and
VH raw signal after range compression (RC) are related as [4]:

V HRC(xn, tm) ∼= HVRC(xn, tm)F (xn) (3)

where tm is the fast time. F (xn) is the term that includes the
interpolation processes [4]:

F (xn) =
∑
l

2kl cos

[
2π

λ
r′(xn)lΔx

]
(4)

where the index l are integer odd numbers, kl are the corre-
spondent interpolation coefficients, and r′ is the first derivative
term in the Taylor series of the target range function r(x).
For each polarimetric channel, the signal obtained after RC
is convolved with the azimuth matched filter to perform the
azimuth compression (AC) and to obtain the final image [4]:

XYAC(xn, tm) = XYRC(xn, tm) ∗ h(xn) (5)

where X represents the transmitted and Y the received polar-
ization, h(xn) is the azimuth matched filter, and ∗ denotes the
convolution operator.

From (3)–(5), it follows that to make V HAC
∼= HVAC,

the interpolation coefficient kl are chosen in order to have
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F (xn) ∼= 1. Assuming that the target position is xT, such that
r′(xT) = 0, and the first ambiguities index positions are x±

A,
such that the phase shift between adjacent samples is ±2π,
i.e., the Doppler frequency is ±fprf , the following formula is
obtained:

4π

λ
r′(xA)Δx = ±2π or

2π

λ
r′

(
x±
A

)
Δx = ±π (6)

where due to the cosine function symmetry, it is easy to
recognize that after the AC:

V HAC(xn, tm) ∼= HVAC(xn, tm)
V HAC(xn, tm) ∼= −HVAC(xn, tm)

for
xn = xT

xn = x±
A

(7)

leading to the following theoretical conclusions:
– HV and VH channels are approximately equal in magni-

tude and phase for targets’ pixels.
– HV and VH channels are each other’s complex conjugate

for azimuth ambiguity pixels.
In other words, due to the acquisition mode of two channels

PolSAR systems and the processing of the measured raw sig-
nals, (7) shows that, even though reciprocity applies for targets,
azimuth ambiguities break the reciprocity being each other its
complex conjugate. This outcome suggests that a proper combi-
nation of the two cross-polarized channels is an efficient way to
cancel out azimuth ambiguities. The proposed combination will
be introduced and discussed in the methodology sub-section.
It is pointed out that (7) is valid as well for the n-th index of
azimuth ambiguities.

B. GK Distribution

In [16], the GK distribution has been proposed to charac-
terize the speckle of full-resolution SLC single-polarization
SAR marine scenes, showing a physically consistent transition
among different scattering scenarios present over the ocean
surface. Being a suitable parametric distribution model of the
sea clutter for C-band full-resolution data [12], [16], [17], it
is here first tested on SSC X-band SAR data and used in the
detection step of the proposed approach. This sub-section ad-
dresses the mathematical description of the GK distribution and
the relationship between its parameters and targets at sea, while
a focused sensitivity study is addressed in the methodology sub-
section.

The three parameters GK distribution is an extension of the
well-known two parameters K-distribution in the case of weak
scattering regime in which a non-uniform distribution of the
phase is considered. The GK expression is given by [12]–[16]

P (I) =
2α

Γ(α)ηα+1

(
α

1 + a

)α−1
2

I
α−1
2 Io

(
ν

η

√
I

)

×Kα−1

{
2

η
[(1 + a)αI]

1

2

}
(8)

where I is the intensity of the backscattered field, Γ(•) is the
gamma function, I0(·) is the first kind zero-order modified
Bessel function, Kα−1(·) is the second kind α− 1 order mod-
ified Bessel function, and a = (ν2/4α). The parameters α, η,

and ν are: the shape, slope, and departure from the uniform
distribution of the phase parameters [12]–[16]. It is worth to
note that for ν = 0 (strong scattering regime) (8) becomes the
two parameters K-distribution [21]. Equation (8) for α → ∞
becomes

P (I) =
1

η2
exp

(
−ν2

4

)
exp

(
− I

η2

)
Io

(
ν

η

√
I

)
(9)

known as von Laue-Rice pdf and used for characterization of
reverberating chambers [18]. In [16] (9) has been rewritten in
terms of the Rice factor, i.e., the coherent to incoherent mean
intensity field ratio R = Ic/Ii,

P (I)=
1+R

I
exp(−R)exp

(
−I

I
(1+R)

)
Io

(
2

√
I

I
R(1+R)

)

(10)

leading to the following expression of η and ν by direct com-
parison of (9) and (10)

η =

√
I

R+ 1
(11)

ν =2
√
R. (12)

In [17], a sensitivity analysis of the parameter η and ν, using
C-band fine quad-pol SLC SAR data, regarding metallic objects
observation has been conducted, taking into account the three
possible combinations, e.g., HH, VV and HV. As outcome of
this study, a simple combination of GK parameters is proposed
to observe targets at sea in full-resolution co-polarized and
cross-polarized C-band SAR images:

γ = (ν/η)2 (13)

showing that γ is a great improvement in terms of contrast for
the HV channel.

C. Methodology

The complete processing chain, proposed in this paper to per-
form both detection and discrimination of targets from azimuth
ambiguities at sea, is summarized with the flowchart in Fig. 3.

The pre-processing step (see Fig. 3) consists in the calibra-
tion and incidence angle correction of the SSC full polarimetric
X-band SAR data. Both cross-polarized channels, i.e., HV and
VH, are then used to create an ambiguity free image, here-
after called HVfree. To perform the discrimination step (see
Fig. 3), according to (7) in the previous theoretical sub-section,
the following combination of the cross-polarized channels is
proposed:

HVfree =
1

2
[(SHV + SV H)(SHV + SV H)∗] (14)

where SHV and SV H are the two calibrated SLC cross-
polarized channels. The effectiveness of (14) in cancelling out
azimuth ambiguities is shown in Fig. 4. It must be pointed
out that (14) is a pixel-based method to resolve azimuth am-
biguities, therefore good for small targets because the original
resolution is kept.
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Fig. 3. Sketch of the proposed methodology.

Fig. 4. Excerpt of the data set SI listed in Table I showing a patch of the navigable water of Strait of Johor (between Singapore and Malaysia); (Left) single-look
HH power image in slant range projection. The azimuth ambiguities are quite visible making the detection of possible targets very hard. (Right) Single-look
HVfree power image in slant range projection. Ambiguities have been efficiently canceled out.

TABLE II
GK PARAMETERS AND DERIVATIVES ESTIMATED FROM TERRASAR-X SAR DATA OF FIG. 5

In the detection step (see Fig. 3), the estimated GK param-
eters, given by (11) and (12), are used to evaluate the γ index,
given by (13), over the HVfree image. It must be pointed out
that (11) and (12) are related to the Rice factor R. Here, R is
valued employing a suboptimal Rice factor estimator suggested
in [16], [17], [22] for metallic objects observation in full-
resolution SAR data and here applied over the ambiguities free
image:

R̂ =
[mean(HVfree)]

2

2 [var(HVfree)]
(15)

where mean and variance are estimated in a m×m moving
window. Here, the window’s dimension is set to m = 3 in order
to detect ships having size comparable to the sensor resolution,
while minimizing the decrease of the image resolution. Before
proceeding further, a focused sensitivity study of the GK pa-
rameters (11) and (12) is conducted on both HV and HVfree

data. All targets in Fig. 5 have been labeled as T1 to T8, while
the reference to the surrounding sea is S1 to S8. Table II sum-
marizes η and ν measurements and lists the γ values obtained
on both HV and HVfree images. For direct comparison, the
contrast parameters CHV and CHVfree, defined as the ratio of
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TABLE III
OVERVIEW OF THE RESULTS OBTAINED FOR THE PROCESSED DATA SET

Fig. 5. HH slant range amplitude projection image acquired over Helgoland Island in North Sea, named NS_1 in Table I. Several ships have been imaged and
labeled as T1 to T8. The image shows also several azimuth ambiguities caused by targets or strong scatterer over land.

γ obtained for sea and target in HV and HVfree images, are
included. The following can be noted.

– η and ν valuated within both regions of interest, i.e.,
targets and sea, for HVfree show the same trend of the
ones obtained for HV. This shows that the proposed index
is congruent.

– η values over targets are one order of magnitude
larger than over sea ones, while ν values are com-
parable. This result shows that the GK parame-
ters are sensible with respect to targets in X-band
data, too.

– Targets and sea are well separated in terms of the index
γ. Therefore, γ, originally proposed in [13] for C-band
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Fig. 6. Excerpt of the data set NS_1 shown in Fig. 5. (a) HH slant range amplitude projection image, (red rectangle) ships/targets, (yellow rectangle) azimuth
ambiguities caused by ships/targets, (cyan rectangle) available AIS data; (b) zoom of the white dashed box with the Global Spirit cargo ship and dimension info;
(c) comparison of available AIS info and logical true–false output; (d) zoom of the black dashed box correspondent to the cargo ship Global Spirit.

SAR data, can be used to observe targets at sea in full-
resolution X-band SAR data.

– γ estimated over the HVfree data, shows a gain in terms
of contrast of factor ∼2 compared to the HV one (see
CHV and CHVfree in Table II).

As outcome of the sensitivity study, the following rule is
established to perform target detection and to create the binary
output image: {

γHFfree < 10 ⇒ target
γHFfree ≥ 10 ⇒ sea

in this way, target and sea pixels are assigned to 0 and 1 in the
logical true–false output image, respectively.

IV. EXPERIMENTAL RESULTS

In this section, the experimental results obtained using the
proposed processing chain to remove azimuth ambiguities are
introduced and discussed.

The processed data set consists of five X-band SSC quad
polarization TS-X images acquired in DRA mode, in which
both ships/targets and land azimuth ambiguities are present.
Basic info on the processed data set are listed in Table I,
together with sensor’s features and weather conditions for
reference. The data set counts different satellite configuration
and weather conditions. Available AIS data, collocated with
satellite overpasses, are used as ground truth and compared with
the detection outputs in order to evaluate the performances of
the whole processing chain.

Three experiments are described and presented in detail,
while the overall results are summarized in Table III.

The first case is relevant to the acquisition of April 18, 2010
at 05:50 UTC over Helgoland Island situated in North Sea
(named NS_1 in Table I). The HH-polarized amplitude image
(in slant range projection) is shown in gray tones in Fig. 5.
Several bright spots, eight identified as ships (red rectangles)
by collocated AIS info (cyan rectangles), are visible together
with azimuth ambiguities caused by ships (yellow rectangles)
and strong scatterers over land (green rectangles). According
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Fig. 7. Excerpt of the data set NS_1 shown in Fig. 5; [Left] HH slant range amplitude projection image, (red rectangle) small targets around Helgoland’s
harbor area, (green rectangle) azimuth ambiguities caused by strong scatterers over Helgoland’s city; [Right] nautical chart of Helgoland Island showing buoys,
navigation aids, etc. around the Island.

to (1), and taking into account the specifics of TS-X DRA
mode, the azimuth displacement is estimated to be ∼3.6 km
(indicated with white arrows in Fig. 5 for visual interpretation).
Note also the presence of several oceanographic processes
along the image (internal waves, breaking waves, and sea
currents), which are possible sources of false detection. In the
following, a detailed analysis of the two areas of Fig. 5 are
discussed.

The first sub-scene of Fig. 5 is shown in Fig. 6. HH-polarized
amplitude image in Fig. 6(a) shows SAR signatures of ships
and their azimuth ambiguities. Zoom of the white dashed box
with the Global Spirit cargo ship and the AIS info is shown
in Fig. 6(b). Note that the amplitude values in Fig. 6(b) are
stretched in a way that the structure of the imaged target is
highlighted. Low backscattering areas inside the cargo ship
are due to the low energy received from flat metal regions of
the cargo’s deck. This effect has been experienced in high-
resolution SAR images of cargo ships and is hardly noticeable
in low-medium resolution SAR images. Logical true–false im-
age with overlapping available AIS data (cyan rectangle) are
shown in Fig. 6(c). The comparison of ground truth data and
detection outputs demonstrate the effectiveness of the proposed
methodology to discriminate real targets from azimuth ambi-
guities. In the framework of ship detection applications, all
“true” targets are correctly detected, i.e., none of the azimuth

ambiguities is mistaken as target. Fig. 6(d) shows how well
the ship’s structure is preserved in the detection step by visual
comparison with Fig. 6(b).

The second sub-scene of Fig. 5, relevant to the surrounding
area of Helgoland Island, is shown in Fig. 7. The HH-polarized
amplitude image in the left panel of Fig. 7 shows the SAR
signature of small targets (red rectangles), azimuth ambigu-
ities caused by strong scatterers from Helgoland city (green
rectangles) and breaking waves around the southwest side of
Helgoland. It must be noted that these targets are not indicated
in Fig. 5 because being very small (few pixels), only a zoom-
in highlights their presence. The right panel of Fig. 7 is the
nautical chart of Helgoland Island showing buoys, navigation
aids, etc. Although, the nautical chart is updated at August,
2011, while the SAR image has been acquired in April, 2010
and is shown in slant range projection, most of the small targets
in the SAR image have a correspondence to the nautical chart,
e.g., the three targets at the east side of Helgoland harbor. The
corresponding logical true–false output is shown in the left
panel of Fig. 8 where land has been masked in purple and
detected targets are pointed with red rectangles. The result con-
firms that the proposed methodology works also for ambiguities
caused by strong scatterers over land. This is a very interesting
outcome because such “false” targets are hardly discarded by
post-processing ambiguities removal techniques, i.e., the one
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Fig. 8. Excerpt of the data set NS_1 shown in Fig. 5; [Left] logical true–false output obtained for sub-scene shown in Fig. 7, red rectangles indicate detected
target, land is masked in purple; [Right] upper panel zoom of Helgoland’s harbor, lower panel logical true–false output with detected small targets validated with
the use of the nautical chart shown in the right panel of Fig. 7.

that looks at ±ΔxAZ from detected targets. Helgoland’s harbor
area is shown in full resolution on the upper-right panel of Fig. 8
in order to highlight small targets. The corresponding logical
true–false output is shown in the bottom-right panel of Fig. 8,
further validating the proposed method in the detection of small
targets. It is worth noting that groups of bright pixels caused by
breaking waves located far from the harbor entrance are not
detected (see left panel Fig. 8).

The second case is relevant to the acquisition of April 29,
2010 at 05:50 UTC over Helgoland Island in North Sea (named
NS_2 in Table I).

A large area of the NS_2 data set has been previously
selected, and it is shown in Fig. 9. The HH-polarized amplitude
sub-scene (left panel of Fig. 9) shows in gray tones several
bright spots, six identified as ships (red rectangles), three of
which by collocated AIS info (cyan rectangles) and the rest
visually by the presence of wakes. Azimuth ambiguities caused
by the imaged ships are pointed with yellow rectangles in the
left panel of Fig. 9. The OOCL Washington cargo ship in the
upper-left side of the Fig. 9 gives the uncommon opportunity to
analyze second and third indexes of azimuth ambiguities. The
corresponding logical true–false output is shown in the right
panel of Fig. 9 where detected targets are pointed by red rectan-
gles and available AIS info with cyan rectangles. Comparison to

ground truth data and detected targets confirms consistency to
what has been previously shown. Furthermore, it demonstrates
that (7) applies for n-th index of azimuth ambiguities as shown
mathematically in the Section III-A.

The third case is relevant to the acquisition of April 11, 2010
at 14:15 UTC over San Francisco Bay Area (named SF in
Table I).

A challenging area of the SF data set has been previously
selected, and it is shown in Fig. 10. The HH-polarized ampli-
tude sub-scene (left panel of Fig. 10) shows in gray tones the
coastal zone of Richmond City in the inner East Bay with part
of the Richmond-San Rafael Bridge and the Chevron refinery
in the upper-right corner of the image. By visual inspection,
seven targets have been identified (red rectangles) and classified
as: three moored tankers (all fasten to the Chevron tanker
terminal), three moving ships, and one moored platform. The
SAR sub-scene is characterized by the presence of strong land
azimuth ambiguities caused mainly by the Chevron refinery
tanks. Bright spots in the middle of the image reproduce clearly
the shape of the refinery area. Azimuth ambiguities caused by
the imaged targets are also present and pointed with yellow rect-
angles. The corresponding logical true–false output is shown in
the right panel of Fig. 10 where the land is masked in purple and
detected targets are pointed by red rectangles. The comparison
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Fig. 9. Excerpt of the data set NS_2 listed in Table I; [Left] HH slant range amplitude projection image, (red rectangle) ships/targets, (yellow rectangle) azimuth
ambiguities caused by ships/targets, (cyan rectangle) available AIS data; [Right] comparison of available AIS info and logical true–false output.

Fig. 10. Excerpt of the data set SF listed in Table I; [Left] HH slant range amplitude projection image, (red rectangle) ships/targets, (yellow rectangle) azimuth
ambiguities caused by ships/targets; [Right] logical true–false output, land is masked in purple.
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of the detected targets and visually inspected targets reveals a
good agreement even for a challenging area as the one under
investigation, i.e., none of the azimuth ambiguities is mistaken
as a possible target.

An overview of the results obtained for the data set consid-
ered is listed in Table III. In Table III, targets without AIS mes-
sages have been visually classified in two categories:—ships, in
the case, the SAR signature could be associated to this category,
e.g., presence of wakes, shape, and so on;—targets if no evi-
dences could be found, e.g., typically small man-made structure
(few pixels in the image) like buoys, navigation aids, and so on,
with the help of nautical charts where available. The overall
results show that, independently from the nature of the azimuth
ambiguities and weather conditions, false alarms caused by
ambiguities are reduced to zero without any post-processing
step. Furthermore, in terms of detection, the performance is
quite good with an overall detection of 97%.

V. SUMMARY AND CONCLUSION

In this paper, a new methodology for azimuth ambiguities
removal in the framework of SAR ship detection application has
been proposed and tested over a meaningful data set of full po-
larimetric X-band TS-X images acquired during the experimen-
tal DRA campaign in April and May 2010. The methodology
proposed takes the complete benefit of PolSAR data combined
with the high-resolution capability of X-band sensors. In the
pre-processing step, both cross-polarization channels are used
to generate an ambiguity free image exploiting the fact that,
for targets, HV and VH channels are approximately equal in
magnitude and phase, i.e., the reciprocity theorem applies, but
opposed in phase for azimuth ambiguities. For the detection
step, a physical model, based on a combination of GK parame-
ters evaluated over the azimuth ambiguity free image, is applied
to observe metallic targets, i.e., ships, buoys and etc., in high-
resolution X-band SAR images. AIS data are used as ground
truth to evaluate the performances of the proposed methodology
to detect “true” targets avoiding false detections caused by
targets or land ambiguities over ocean surface.

In summary, the key results emerging from this study can be
listed as follow:

• False alarms caused by targets or land azimuth ambiguities
over the ocean surface can be reduced to zero exploiting
PolSAR data.

• The proposed detection methodology shows a good con-
sistency when compared to ground truth data, i.e., none of
the ambiguities is misguided as target.

• Small targets are observed and efficiently detected.

In addition to the aforementioned scientific results, the po-
tential of an existing two-channel X-band PolSAR system has
been demonstrated. The results obtained here strongly support
the use of X-band PolSAR data for marine target detection
purposes, particularly where the problem of ambiguities might
be critical, i.e., harbors and coastal areas. Furthermore, it justi-
fies the design of future fully polarimetric high-resolution SAR
missions for maritime security applications.
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First Comparison of Sentinel-1 and TerraSAR-X
Data in the Framework of Maritime Targets

Detection: South Italy Case
Domenico Velotto, Member, IEEE, Carlos Bentes, Björn Tings, and Susanne Lehner

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

0364-9059 © 2016 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution
requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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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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AAP azimuth antenna pattern 

AASR azimuth ambiguity to signal ratio 

AIS automatic identification system 

ATI along track interferometry 

BMBF Federal Ministry of education and research 

CFAR constant false alarm rate 

CPD co-polarized phase difference 

CSK COSMO-SkyMed Italian constellation of satellite 

DLR German aerospace agency 

DoD degree of depolarization 

DoP degree of polarization 

DRA dual receive antenna 

EM electromagnetic wave 

EMSA European maritime safety agency 

EMSec Echtzeitdienste für die Maritime Sicherheit 

EO Earth observation 

ESA European space agency 

EU European Union 

GLRT generalized likelihood ratio test 

GP-PNF geometrical perturbation polarimetric notch filter 

GUI graphical user interface 

HH Horizontal-Horizontal transmit-receive polarization 

HV Horizontal-Vertical transmit-receive polarization 

IHP internal Hermitian product 

IMO international maritime organization 

IR infrared 

LFS laser fluoro-sensor 

LoS line of sight 

MLE maximum likelihood estimator 

 



 
 

MLP multi-layer perceptron network 

MRW microwave radiometer 

MSA maritime situational awareness 

NEBN noise equivalent beta naught 

NESZ noise equivalent sigma zero 

NN neural network 

NRCS normalized radar cross section 

NRCS normalized radar cross section 

NRT near real time 

PBW azimuth processed bandwidth 

pdf probability density function 

PFA probability of false alarm 

PolSAR polarimetric SAR 

PRF pulse repetition frequency 

PRI pulse repetition interval 

PTD partial target detector 

PTR point target response 

PWF polarimetric whitening filtering 

RADAR radio detection and Ranging 

RAR real aperture radar 

RASR range ambiguity to signal ratio 

RCS radar cross section 

RD-2 RADARSAT-2 Canadian satellite 

ROI region of interest 

S1-A Sentinel-1A ESA satellite 

S1-B Sentinel-1B ESA satellite 

SAR synthetic aperture radar  

SC ScanSAR imaging mode 

SL SpotLight imaging mode 

SLC single look complex 

SM StripMap imaging mode 



 
 

SNR signal to noise ratio 

SRA single receive antenna 

ST Staring spotlight imaging mode 

TCR target to clutter ratio 

TD-X TerraSAR-X add-on for digital elevation measurement 

TS-X TerraSAR-X German satellite 

UN United Nations 

UV ultra violet 

VH Vertical-Horizontal transmit-receive polarization 

VHR very high resolution 

VV Vertical-Vertical transmit-receive polarization 

WSC Wide ScanSAR imaging mode 

DEM digital elevation model 

IWS interferometric wide swath 

TOPS terrain observation with progressive scan mode 

MTI moving target indication 

 



 
 

List of symbols 

 (⋅)∗ conjugate operator 

 (⋅)𝐻𝐻 adjoint operator 

 (⋅)𝑇𝑇  transpose operator 

 𝐸𝐸⃗
𝑖𝑖, 𝐸𝐸⃗

𝑠𝑠 incident and scattered electromagnetic field 

 𝐸𝐸𝑖𝑖𝑖𝑖 Jones vector 

 𝑆𝑆ℎ̇ℎ complex scattering amplitude for HH polarization 

 𝑆𝑆ℎ̇𝑣𝑣 complex scattering amplitude for HV polarization 

 𝑆𝑆𝑣̇𝑣ℎ complex scattering amplitude for VH polarization 

 𝑆𝑆𝑣̇𝑣𝑣𝑣 complex scattering amplitude for VV polarization 

 (𝑥𝑥,̂ 𝑦𝑦,̂ 𝑧𝑧)̂ orthogonal basis 

 |⋅| absolute value operator 

 〈⋅〉 expectation operator 

 C2 2x2 covariance matrix 

 C3, T3 3x3 covariance and coherency matrix 

 𝐴𝐴𝑒𝑒, 𝜙𝜙𝑒𝑒, 𝜏𝜏𝑒𝑒 amplitude, orientation and ellipsicity of elliptic polarization state 

 𝐴𝐴𝑤𝑤 antenna pattern weight 

 𝐵𝐵𝐷𝐷 Doppler bandwidth 

 𝐵𝐵𝑔𝑔 ground swath width 

 𝐵𝐵𝑝𝑝 total azimuth processed bandwidth 

 𝐸𝐸0𝑥𝑥, 𝐸𝐸0𝑦𝑦 amplitudes in 𝑥𝑥 ̂and 𝑦𝑦 ̂direction of the electric field 

 𝐿𝐿𝑎𝑎 physical antenna size in azimuth direction 

 𝐿𝐿𝑐𝑐 propagation loss and system calibration factor 

 𝐿𝐿𝑠𝑠𝑠𝑠 synthetic aperture length 

 𝑃𝑃R received power 

 𝑃𝑃T transmitted power 

 𝑊𝑊𝑟𝑟 pulse bandwidth in range 

 𝑓𝑓0 carrier frequency 

 𝑘̂𝑘 propagation direction 

 𝑘𝑘𝐷𝐷 generic lexicographic scattering vector for dual-polarization 

 



 
 

 𝑘𝑘𝐿𝐿, 𝑘𝑘𝑃𝑃  lexicographic and pauli scattering features vectors 

 𝑘𝑘𝑐𝑐 complex wave number 

 𝑘𝑘𝑟𝑟 frequency rate 

 𝑠𝑠0 closest approach distance 

 𝑠𝑠RY received signal 

 𝑠𝑠TX transmitted signal 

 𝑡𝑡0 closest approach time 

 𝑣𝑣S satellite speed 

 𝑣𝑣𝑟𝑟 radial velocity of the satellite 

 𝛼𝛼 polarimetric average alpha angle 

 𝛽𝛽𝑎𝑎 antenna beamwidth in azimuth 

 𝛽𝛽𝑠𝑠𝑠𝑠 synthetic antenna beamwidth in azimuth 

 𝛿𝛿𝑎𝑎 resolution in azimuth direction 

 𝛿𝛿𝑝𝑝 skin depth 

 𝛿𝛿𝑟𝑟 resolution in slant range direction 

 𝜆𝜆𝐵𝐵 Bragg wavelength 

 𝜆𝜆𝑗𝑗, 𝑒𝑒𝑗𝑗 j-th eigenvalue and eigenvector matrix decomposition 

 𝜌𝜌 ̇ complex coherence coefficient 

 𝜌𝜌 ̂ maximum likelihood estimator of the coherence amplitude 

 𝜎̂𝜎 standard deviation of the co-polarized phase difference 

 𝜎𝜎0 ocean backscatter coefficient of the first order 

 𝜏𝜏𝑝𝑝 length of the transmitted pulse 

 𝜙𝜙𝑥𝑥, 𝜙𝜙𝑦𝑦 phases in 𝑥𝑥 ̂and 𝑦𝑦 ̂direction of the electric field 

 ∠(⋅) argument operator 

 det(⋅) determinant operator 

 ℎ, 𝑣𝑣 horizontal and vertical polarizations basis 

 𝐴𝐴 polarimetric anisotropy 

 𝐸𝐸[⋅] first moment of a random variable 

 𝐺𝐺 range antenna pattern 

 𝐻𝐻 polarimetric entropy 

 𝐿𝐿 number of independent samples or looks 



 
 

 𝑆𝑆 scattering matrix 

 𝑇𝑇ℎ𝑟𝑟 threshold value 

 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇(⋅) trace operator 

 𝑊𝑊(⋅) two-dimensional wave number spectral density 

 𝑐𝑐 speed of light  

 𝑔𝑔(⋅) complex envelope of the baseband signal 

 𝑖𝑖 imaginary unit 

 𝑗𝑗 index of the range ambiguity 

 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(⋅) mean value operator 

 𝑠𝑠 slant range or across-track coordinate 

 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(⋅) standard deviation operator 

 𝑡𝑡 time reference in azimuth or slow time 

 𝑥𝑥 ground range coordinate 

 𝑦𝑦 azimuth or along-track coordinate 

 𝛽𝛽 antenna azimuth angle 

 𝛾𝛾 co-polarization ratio coefficient 

 𝜂𝜂 normalized radar cross section for VV polarization 

 𝜃𝜃 antenna elevation angle or incidence angle 

 𝜆𝜆 wavelength 

 𝜎𝜎 radar cross section 

 𝜏𝜏  time reference in range or fast time 

 𝜖𝜖(𝑓𝑓) complex dielectric constant 
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