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ABSTRACT 

Target detection of marine feature is a major topic for 
the security and monitoring of coastlines. Synthetic 
Aperture Radar (SAR) has been shown to be 
particularly useful for this application because of its all-
weather and night capability.  

In this paper a new ship and iceberg detection 
methodology is described that makes novel use of the 
polarimetric representation of targets contained in SAR 
data. This polarimetric representation can be 
characterized by a vector with an algebraic formalism in 
a multi-dimensional complex space. The algorithm 
proposed is based on a perturbation analysis in the 
target space recently developed and published by the 
authors [1-3], which was focused on land based target 
detection. In this new work, the general target detector 
is optimised for detection of marine features like ships 
or icebergs. The algorithm can be considered to be a 
negative filter focused on sea. Consequently, all the 
features which have a polarimetric behaviour different 
from the sea are detected and considered as targets.  

Testing with RADARSAT-2 full polarimetric data 
shows significant agreement with the expected location 
of ships, boats and buoys, moreover the detection seems 
to be independent on the sea state. Further validation 
exercises are planned where SAR data will be acquired 
over regions containing ships with GPS location 
trackers.   
 
 
1. INTRODUCTION 

The aim of  the work described in this paper has been 
the development of an innovative ship detector, based 
on synthetic aperture radar (SAR) polarimetry and the 
methodology pioneered in [1-3], namely perturbation 
analysis. Ship detection is a key topic for the 
surveillance of coastal areas. In particular, SAR presents 
an advantageous technology, since the observations are 
independent on weather condition and solar 
illumination. Specifically, targets are detected by 
exploiting the difference between the polarimetric 
characteristics of sea clutter and the targets of interest, 
ships.  

In the literature, several papers have described ship 
detection using radar polarimetry [4-7], however the 
technique proposed here is entirely innovative since it 
makes use of a methodology introduced by the authors 
in [1-3]. The proposed detector will be referred to as a 
notch filter since the detector rejects the target selected 
(in our case the sea) and detects anything different from 
sea. It acts in a similar manner to that of a notch filter, 
with the null corresponding to the sea return, however, 
the space where the filter is applied is now the 
polarization space and not that of the frequency. The 
algorithm is based on a physical rather than a statistical 
technique. In the following a brief introduction to 
polarimetry is presented. 

A single target can be characterized using a unique 
scattering matrix or equivalently a scattering vector: 
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where [S] is the scattering matrix and Y  is a complete 
set of 2x2 basis matrices under a Hermitian inner 
product [8-10]. In the case of a reciprocal medium and 
monostatic sensor, k is three-dimensional and complex. 
Finally, the scattering mechanism is  
 kk=w . (2) 

The targets observed by a SAR system are not idealized 
single targets, but a combination of different objects 
which we refer to as a partial target [9, 11-13]. In order 
to characterize a partial target the second order statistics 
are required. In this context the target coherency matrix 
can be estimated as  
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where .  is the finite averaging operator. In general, the 

scattering vector in a generic basis is [ ]Tkkkk 321 ,,= , 

with 1k , 2k  and 3k  being complex numbers. If two 

different scattering mechanisms 1w  and 2w  are 

considered, the polarimetric coherence is [9]: 
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2. SINGLE TARGET DETECTOR 

A single target detector based on equation 4 has already 
been developed and published by the authors in [1-3].  

It is always possible to characterize a (normalized) 
single target with a scattering mechanism Tw  which is 

a vector in a 3-dimensional complex space [14, 15]. In 
the literature it has been demonstrated that a change of 
basis does not modify the nature of the target 
represented. This operation can be accomplished by 
multiplying by a unitary matrix [16]. In particular, the 
basis can be selected in order to have the target of 
interest Tw  overlapping with one of the axes. Hence, in 

this new basis [ ]TT 0,0,1=w . Subsequently, a second 

scattering mechanism Pw  is generated keeping it close 

(in the geometrical space) to 
Tw . This operation can be 

accomplished by the use of a target parameterization 
(i.e. Huynen [13, 17, 18] or the ba /  angle [9, 19]). 
The parameters characterising the target are slightly 
modified in order to build the perturbed target. Please 
note, the parameterisations work on a defined basis (e.g. 
Pauli or Lexicographic) consequently the change of 
basis which transforms one axes onto the target must be 
performed after the realisation of the perturbed target.  

After the perturbation process, the perturbed target will 
be expressed with [ ]TP cba ,,=w , where a, b and c are 

complex numbers. By definition, 
PT ww » , hence 

1»a , 0»b  and 0»c . Then, the polarimetric 

coherence between these two targets is calculated with 
eq.4. It can be demonstrated [1-3, 20] that the coherence 
is high when the target of interest is dominant in the 
averaging window. Moreover, it is shown that the 
detection can suffer from a bias when the target and 
clutter are correlated, for this reason we need to use a 
modified coherence estimator where [C] is substituted 
by a diagonal [P] matrix formed by the diagonal terms 
of [C]. 
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The matrix [P] can be seen as being obtained with the 
averaged Hermitian product between two diagonal 
matrices [A], containing the components of the 
scattering vector: [ ] ( )321 ,, kkkdiagA =  (6) 

Hence,  
 ][][][ * AAP T= . (7) 

The coherence calculated with the [P] matrix is: 
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Where the first component is the target of interest and 
the second and third ones are the clutter. Finally, the 
detector is constructed setting a threshold on dg .  

It is interesting to note that the numerator in eq.8 can be 
expressed starting from [A] as: 
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Therefore, the coherence calculated in eq.8 can be 
interpreted as the normalised and weighted inner 
product between scattering mechanism for target and 
perturbed target. The weights are defined by the 
observables. In [1-3], the technique for the optimization 
of the parameters and the threshold selection is 
presented.  
 
3. PARTIAL TARGET DETECTOR 

The aim of this section is to develop a partial target 
detector using the same methodology (i.e. perturbation 
analysis) of the single target detector. First, a formalism 
similar to that used for the single target is constructed 
which will work for partial targets. A feature partial 
scattering vector is introduced:  
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where Y  is a complete set of 6x6 basis matrices under 
a Hermitian inner product. t lies in a subspace of 6C  
and it has the first three elements real positive and the 
second three complex (please note, not the entire space 
of 6C  represents physically feasible targets). 
Considering we are using the entire information kept in 
the coherence matrix, we can describe completely a 
distributed target. Therefore, we can express the partial 
target (to be detected) with a vector Tt  and the 

perturbed one with Pt . The latter is obtained by 

perturbing Tt  adding a random vector whilst ensuring 

that the resulting target is physically feasible. Then a 
change of basis is performed which makes the target of 
interest lie only on 1 component. Hence, 

[ ]TTt 0,0,0,0,0,1=  and [ ]TP gfedcbat ,,,,,,= . This is 

again obtained using a unitary matrix. In order to 
calculate the weighted inner product between Tt  and 

Pt , a matrix [A] is constructed with a basis of 6C  

obtained by a Gram-Schmidt ortho-normalization where 
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the first axis is represented by the vector Tt . If Ttu =1 , 

2u , 3u , 4u , 5u  and 6u  represent the ortho-normal 

basis, the [A] matrix for partial targets can be calculated 
as:  
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The detector is then built as:  
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where  
 [ ] ( )654321 ,,,,, PPPPPPdiagP = . (14) 

 
( )( )

1

6
2

2

1

5
2

2

1

4
2

2

1

3
2

2

1

2
2

2

**

*

1

1

][][

][

P
P

a

f

P
P

a

e

P
P

a

d

P
P

a
c

P
P

a
b

tPttPt

tPt

P
T

PT
T

T

P
T

T

+++++

=

==g

(15) 

In order to have unbiased results the best choice is 

fedcb ==== . If we define the clutter as 

65432 PPPPPPc ++++=  and target as TPP =1 , the 

detector can be simplified in  
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The final detector is obtained setting a threshold on g .  

 
( )
( ) TPPH

TPPH

PT

PT

<

³

,:

,:

1

0

g

g
 (17) 

where 0H  and 1H  are respectively the hypotheses with 

without target. 
 
4. NOTCH FILTER FOR MARINE 

APPLICATIONS 

The partial detector presented in the previous section 
was employed (in papers to be presented in IGARSS’10 
and EUSAR’10) to build up a classification algorithm. 
Here, the application under consideration is the 
detection of marine targets in a background composed 
exclusively by sea. To achieve this goal, the detector 
must be modified in the form of a notch filter.  

Sea clutter is polarimetricaly well characterized (unless 
the backscattering is close to the noise floor). A 
conventional model used to describe the sea is the 
Bragg surface. The idea is to build a filter able to reject 
the sea return and extract the remaining features. 
Clearly, the latter are not just ships but could also be 
icebergs (depending on the geographic location) or oil 
spills (which are target of interest as well). Following 
the new formulation (the features’ partial scattering 
vector), the sea clutter can be completely characterized 
with a vector in a six dimensional complex space, Seat . 

This can be obtained using a Bragg model, or by 
practically extracting it from representative examples of 
a dataset (i.e. by selecting a region of relatively 
homogeneous sea).  

The main difference with a standard detection (e.g. as 
described in Section 2) is that a target laying in the 
subspace of interest can not be represented by solely 
one vector Tt , but by a set of vectors. In particular, one 

single vector represents a space of dimension 1, whist 
the subspace of interest is multi-dimensional (in our 
case 5 dimensions). In order to represent the set of 
vectors we need to define a projection matrix for the 
subspace of interest in 6C . This matrix will generally 
be of rank 5 (the orthogonal complement of the sea 
subspace). This matrix can be named [ ]TPr . In the basis 
where the sea clutter is only in the first component the 
projection matrix could simply be 
 [ ] ( )1,1,1,1,1,0Pr diagT = ,  (18) 
which is clearly of rank 5. Subsequently we perturb the 
elements of the diagonal of [ ]TPr  in order to obtain a 
target slightly outside the subspace considered: 
 [ ] ( )fedcbadiagP ,,,,,Pr = , (19) 
where the addition of the a component (i.e. first 
component) locates the projected vector outside the 
subspace of interest. Without lost of generality we can 
define b=c=d=e=f  and ba << . Any vector Tb , laying 

in the subspace of the target of interest, can be obtained 
as  
 [ ] TT bx =Pr  (20) 

where [ ]Txxxxxxx 654321 ,,,,,=  is a generic vector of 
6C  in the subspace of the physical feasible targets. 

With the same procedure we can calculate any vector 
lying in the subspace of the perturbed targets  
 [ ] PP bx =Pr  (21) 

The detector can be written as 
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After few passages we arrive to the expression: 
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The x vector can be any vector in the subspace of the 
physical feasible targets, in particular we can chose 

 [ ]Tx 1,1,1,1,1,1
6

1
=  (24) 

which makes the detector equal to  
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After the change of basis performed at the beginning, 
the target of interest is expressed as 

65432 PPPPPPT ++++=  and the sea clutter is 

1PPSea = . Substituting these values in eq.25, the 

detector becomes: 
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From the practical point of view, we can estimate the 
power of the sea clutter as 

  
2*

Sea
T

Sea ttP ×= ,  (27) 

and the total power of the feature vector as   

 
2* ttP T

tot ×= .  (28) 

Therefore, the power of the “non-sea” targets is 

SeatotT PPP -= . After the substitution of TP  and 
SeaP  in 

eq.26, the detector is completed by setting a threshold to 

ng .  

 
5. ADAPTIVE NOTCH FILTER 

In the previous section a notch filter was developed in 
order to reject the return coming from the sea and detect 
all the shapes which are polarimetricaly different from a 
Bragg surface. As explained in [1-3] the detector 
developed is based exclusively on the polarimetric 
behavior of the target, neglecting its brightness. With 
brightness we mean the amount of power backscattered 
and described by the averaged span of the scattering 
matrix. In fact the detector is built using the polarimetric 
coherence (normalized and weighted inner product), 
hence if the entire scattering matrix is multiplied by a 
factor this will simplify during the normalization, 
making the result independent of the factor. This 
property is particularly advantageous in a polarimetric 
detector, since the independence with respect to the 
brightness allows the detection of weak targets which 
will be missed using a threshold on the amplitude of the 
return. However, such improvement in standard 
detection could lead to some inconvenient effects for the 
notch filter.  

Even though the sea has a relatively well characterized 
polarimetric behavior (once the parameters of the Bragg 
model are defined), the amount of backscattering can be 
different depending on the ocean’s roughness, which is 
related to the prevailing wind speed. While the 
backscattering from the sea is dependent on factors like 
weather, the ship return remains relatively stable. 

Therefore, the balance between sea and target return is 
modified with a consequent need for changing of the 
detector parameters. In the case of standard (no notch 
filter) detection, this does not constitute a problem since 
we do not have a priori information about the nature of 
the clutter (which is sea) and an increase of clutter 
return simply means the presence of a different target in 
the cell (hence no detection must be achieved). In the 
notch filter case, we reverse the detection process, so 
that what was the target becomes clutter, hence to 
perform the detection we need to take into account its 
backscattering variation.  

The problem can be solved by tuning the detector 
according to the sea state. This can be easily achieved 
by changing the RR (reduction ratio) parameters in the 
detector. A lower RR is preferable when the sea state is 
rough since it reduces more strongly the increasing sea 
clutter. On the other hand, a higher RR can be used 
when the sea is calm when the ship should be brighter 
than the clutter (as for a standard detection).  

We want to make the selection of RR automatic and 
hence independent to the subjective interpretation of the 
operator. First of all we need a reference state to set the 
detection in absence of sea clutter (completely calm 
state). For this purpose we can use the SNR (Signal to 
Noise Ratio) of the sensor employed. By definition the 
sea return increases exclusively the clutter components 
(i.e. the rest of the target space is orthogonal to the sea 
component). What we want to do is to keep the 
threshold constant and rescale the RR. 
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where nRR  is the RR selected for “only noise” case, nP  

is the power of the clutter, sP  the power of the sea 

clutter, TP  the power of the target orthogonal to the sea 

clutter (target to detect) and sRR  the RR to set for the 

detection. In eq.30, nRR  and nP  are assessed in the 

“only noise” case, and sP  in the operative case. The 

only unknown in eq.30 is sRR  which can consequently 

be retrieved.  

The last problem to solve is the calculation of the 
reference value for the sea clutter power sP . A possible 

solution could be to estimate it in an area where the sea 
seems to be quite stable. However, the sea state can 
change significantly from one area of the image to 
another (e.g. it is function of the incidence angle). 
Hence, we need to estimate the amount of sea power sP  

more locally. Unfortunately, the estimation can not be 
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done in the same window used for the coherence 
calculation since if the target has components in the sea 
subspace the detection will be biased. For this reason, a 
special window is used as shown in Figure 1.  
 

 
Figure 1. Window used to calculate the sea clutter 

power 
 
This is subdivided in 9 sections, each containing 15x15 
pixels. 
In any section the result is used only if it contains 
mainly sea. The decision rule is based on the ratio 
between the sea power sP  (i.e. the power contained in 

the sea subspace) and the rest of the power  
 stotTrest PPPP -== . (31) 

If the sea power is at least double of the other 
components, we can consider it as a sea area and use the 
section to estimate sP . Otherwise the section is 

discarded. 
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In case of hypothesis 0H  the section is used, otherwise 

it is discarded. 
In case there is not any section containing only sea (or 
components in the sea subspace) eq.30 keeps on 
working since ns PP =  and ns RRRR = .  

 
6. TESTING 

In order to test the potential of the notch filter, it is 
applied on fully polarimetric SAR data. We decided to 
use C-band RADARSAT-2 because of the reported high 
quality of the data. In figure 2, the detection over the 
area of the Vancouver harbor is presented (Fine Quad 
Pol; 2008-04-15). Figure 2.a depicts the Pauli RGB 
image as comparison, while in 2.b the mask obtained by 
the notch filter is depicted. Firstly, it can be seen that 
the land is clearly detected since it is polarimetricaly 
different from the sea. In the regions of water different 
targets can be detected. In general, we expect several 
ships in this sea window since the channel is commonly 
busy. Some of the detected points are strong enough to 
be also easily visible on the RGB image, but others are 
not clearly extractable from the simple survey of the 
RGB image. 

   
 

 
 

     
 (a) (b) 

Figure 2. Notch filter on RADARSAT2 (Vancouver); (a) RGB Pauli image; (b) detection with the notch filter 
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 (a) (b) 

Figure 3. Notch filter on RADARSAT2 (San Francisco); (a) RGB Pauli image; (b) detection with the notch filter. 
 
 
 

     
 (a) (b) 

Figure 4. Notch filter on RADARSAT2 (Vancouver); (a) RGB Pauli image; (b) detection with the notch filter. 
 
 
Figure 3 shows another example of detection again with 
RADARSAT-2 in the area of San Francisco (Fine Quad 
Pol; 2008-04-09). The detection on this new dataset was 
performed using the same processing (in particular the 
estimation of RR) of the previous dataset. This is 
another region where we expect a large number of ships 
and buoys. Most of the targets seem to be bright enough 
to be visible on the RGB image, however the detector is 
able to reject areas where noise effect creates red 

sparkling regions in the RGB image. These could be 
confused with non-sea features in a superficial visual 
analysis. However, there are so many sparkles that they 
should constitute a fleet of small ships. Only by 
averaging and weighting the components, we can reject 
those points. The interesting difference between the 
detections in Figure 2 and 3 is that in the former the sea 
state is rougher than the latter. In both the cases the 
detection algorithm provides feasible results. Please 
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note, exactly the same algorithm was performed on both 
data with no manual changes in the detector parameters 
(only the automatic change of RR). Hence, the detection 
can be theoretically performed with any sea state, even 
though a very calm state could lead to a sea 
backscattered signal below the noise floor. Clearly, in 
the later occurrence (i.e. very calm state), a simple 
threshold on the HV image would be robust enough for 
ship detection. 

Finally, Figure 4 illustrates the last detection exercise. 
The sensor is RADARSAT-2 and the area is still the 
Vancouver harbor. However, this dataset is acquired in 
a different time respect the one presented in Figure 2. 
We decided to present this example because here the 
weather conditions are considerably different from the 
previous one, with much lower wind speed, leading to 
lower backscattering for the water region. From the 
RGB image it is possible to identify sea regions with 
low backscattering due to absence of wind (i.e. black 
spots and channels in the image). It is interesting to note 
that the detector is able to deal with these areas 
removing them from the detection mask. In fact, in case 
of absence of sea return the algorithm performs its 
check on the noise level, if the target is dominant on the 
noise it is detect, otherwise it is discarded.   
 
7. CONCLUSIONS 

A notch filter for partial targets was developed starting 
from the single target detector [1-3] using perturbation 
analysis. The detector aims to highlight the features 
which are polarimetricaly different from the sea clutter. 
The algorithm has been tested using satellite data 
(RADARSAT-2 acquired over Vancouver and San 
Francisco) showing the capability of the detector to 
detect non-sea features independent of the sea state. In 
the future work we will try to validate the detector in 
regions for which we have ground truth of known ships’ 
positions. 
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