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ABSTRACT
A polarimetric coherent Time-Frequency (TF) decomposition approach for ship detection is proposed in this paper. At first, the PolSAR data are decomposed in azimuth
direction, range direction only or in both directions. Then
a novel statistical descriptor called polarimetric TF coherence indicator, is applied to detect maritime targets in
different environments. By using polarimetric RadarSat2 data over various scenes, experimental results demonstrate that, the proposed method can efficiently enhance
contrast between targets and background clutters in terms
of ship detection.
Key words: Ship detection, time-frequency, Polarimetric
SAR.

1.

INTRODUCTION

Ship detection using Synthetic Aperture Radar (SAR) has
been a topic of considerable interest in the recent years,
and the increased availability of multi-polarimetric high
resolution SAR data has favored the emergence of new
techniques for this application. Among many polarimetric detectors proposed in the literature [1] [2], Constant
False Alarm Rate (CFAR) detection schemes have been
broadly developed and applied . However, when making
use of these methods, we may encounter some difficulties
as it is hard to find a suitable statistical distribution model
for highly complicated and non-homogenous background
clutter .
In order to overcome these problems due to the complex
scenario, Time-Frequency (TF) techniques have been introduced to analyze the characteristic of target behavior
in SAR images. In [3], a fully polarimetric subaperture analysis method was presented to describe the features of the scene backscattering response under different
azimuthal look angles. In [4], Arnaud proposed a new
concept based on SAR interferometry and coherent techniques to detect boat by analyzing the spectral correlation

in azimuth direction. In [5] [6], a two-dimensional spectral analysis, i.e in range and azimuth, has been depicted
for target detection. For remote sensing of urban areas,
Schneider et al. [7] and Ferro-Famil et al. [8] characterized target polarimetric behaviors in different single direction, range and azimuth respectively. In [9], Brekke
et al. highlight optimisation of the bandwidth splitting in
the subband extraction from the azimuth spectrum only.
In this paper, we apply a polarimetric coherent TF decomposition approach to the analysis of RADARSAT-2
data and show the TF behaviours of ships with different
background scenes. In section 2, the principle of TimeFrequency decomposition method is briefly introduced.
The PolSAR data may be decomposed in azimuth direction, range direction only or in both directions. Section
3 gives an overview of a TF signal model for PolSAR
data. A statistical descriptor [8], i.e polarimetric TF coherence indicator, is proposed to extract useful information for target characterization. In section 4, experimental results demonstrate that the proposed method can efficiently enhance contrast between ships and various background clutters (such as small islands, artefact and icebergs) in terms of ship detection. The conclusions are
given in section 5.

2.

TIME-FREQUENCY DECOMPOSITION

The first step of coherence analysis in azimuth, range
direction or both directions is time-frequency decomposition based on the use of a two-dimensional windowed Fourier transform, or 2D Gabor transform.This
kind of transformation permits to decompose of a twodimensional signal, s(l), with l = [x, y], into different spectral components, using a convolution with an
analysing function g(l), as follows:
Z
s(l0 ; ω 0 ) = s(l)g(l − l0 ) exp(jω 0 (l − l0 ))dl (1)
where ω = [ωx , ωy ] represents a position in frequency,
and s(l0 ; ω 0 ) indicates the decomposition result around

the spatial and frequency location l0 and ω 0 . The application of a Fourier transform to (1) shows that the spectrum s(l0 ; ω 0 ) is given by the following relation:
S(ω; ω 0 ) = S(ω)G(ω − ω 0 )

(2)

where the upper case letters S and G indicate variable
in the Fourier domain. It is clear from (1) and (2) that
this approach can be used to characterize, in the spatial
domain, behaviours corresponding to particular spectral
components of the signal under analysis, selected by the
analysing function g(l). The time and frequency resolutions of the TF analysis are not independent, and their
product is fixed by the Heisenberg-Gabor uncertainty relation, given by:
∆l∆ω ≥ r
(3)
where r is a constant term, determined by g(l), i.e., an
analysing function with an excessively narrow bandwidth
would involve a high resolution in frequency but might
then lead to a meaningless analysis in the space domain
owing to a bad localization. Therefore, the expression
given in (3) implies a compromise between space and
frequency resolutions in order to perform a selective frequency scanning of the signal while maintaining the spatial resolution to values that permit details discrimination.
In general, SAR data are firstly transformed into frequency domain. After correcting for spectral imbalance
and multiplying by weighting function, we divide the frequency spectral band into several parts. Then each part
of the spectrum is inversely transformed to the spatial domain with the representation of sub-images.

3.

H0 : Σij = 0, ∀i 6= j

Coherent behavior is defined as a phenomena that exhibits a highly correlated behavior over the sub-spectral.
Strong and stable targets, such as corner reflectors, show
high coherence. Whereas the response from natural area
may have a random behavior and thus a low coherence.
Coherence is assessed by testing the normalised correlation coefficient as it is the case for interferometric coherence.
A TF scattering vector is defined by gathering the information sampled at R spectral locations ω i , i = 1, . . . , R.
(4)

where T exponent is the transpose operator. In full polarimetric case, k(ω i ), may be expressed as a well-known
scattering vector [10]:

(7)

The corresponding Maximum Likelihood (ML) ratio is:
Θ=

maxΣii L(Σ11 , . . . , ΣRR )
|TTF−Pol |ni
= QR
(8)
ni
maxΣTF L(ΣTF )
i=1 |Tii |

This ML ratio expression can be rewritten as:
e TF−Pol |ni
Θ = |T

(9)
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kTF = [kT (ω 1 ), . . . , kT (ω R )]T

Thereby, a polarimetric TF sample covariance matrix,
TTF−Pol , is then built as follows:


T11 · · · T1R

.. 
..
TTF−Pol = hkTF k†TF i =  ...
.
. 
TR1 · · · TRR
(6)
where Tij = hk(ω i )k(ω j )† ii,j=1,...,R , the exponent †
corresponds to the transpose conjugate operator. In the
polarimetric case, the signal sample variance is given by
a (3 × 3) polarimetric coherency matrix, i.e. by the diagonal terms of the TTF−Pol matrix: {Tii }i=1,...,R . It is
assumed that the sample {Tii } matrices follow independent complex Wishart distributions Tii ∼WC (ni , Σii )
with ni looks. Under the hypothesis of uncorrelated spectral response, the off-diagonal terms of the TF covariance
matrix verify:
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where Γij = Tii Tij Tjj . The normalized covarie TF−Pol , results from the whitening of the
ance matrix, T
TF polarimetric covariance matrix by the separate polarimetric information at each frequency location. This representation is then insensitive to spectral polarimetric intensity variations and is characterized by its off-diagonal
matrices Γij which can be viewed as an extension of the
scalar normalized correlation coefficient to the polarimetric case. The ML ratio in (9) is a function of the eigenvale TF−Pol , which reflect the correlation structure:
ues of T
e TF−Pol → Id ), heteroflat for decorrelated response (T
e TF−Pol peculiar
geneous for correlated ones. Taking T
form into account, a correlation indicator, named TF-Pol
coherence, can be defined as [8]:
1

k(ω i ) =
1
√ [Shh (ω i ) + Svv (ω i ), Shh (ω i ) − Svv (ω i ), 2Shv (ω i )]T
2
(5)
where Spq (ωi ) represents an element of the (2 × 2) scattering matrix S sampled at the frequency location ω i .



e TF−Pol | 3R
ρTF−Pol = 1 − |T

(11)

The TF-Pol coherence ρTF−Pol reaches high values over
strong coherent reflectors, such as some man-made targets like ships and buildings. In contrast, the low value
of ρTF−Pol corresponds to natural environments (oceans,
seas, natural islands, icebergs . . . , as shown in Fig. 1).

(a) Optical image

(b) Pauli image

(c) TF-Pol coherence ρT F −P ol image

Figure 2: Images of the San Francisco area (ships: yellow circles; islands: white dotted circles)

Figure 1: Canonical TF coherent behaviors

4.

EXPERIMENTAL RESULTS

same time as the SAR image. The azimuth direction is
vertical from top to bottom, and range is horizontal. Fig.
2c, the corresponding TF-Pol coherence result computed
from 4 spectral locations (2 locations in the azimuth and
2 locations in the range direction), shows that all the ships
denoted in the yellow circles can be seen clearly. Moreover, to demonstrate the efficiency of the ρTF−Pol indicator in detail, one part (in the red dotted rectangle) of
the whole image is selected. Fig. 3 of the selected area
is composed of a small island called ”Red Rock” (in the
white dotted circle) , a ship (in the yellow circle) etc. The
left (Fig. 3a), middle (Fig. 3b) and right (Fig. 3c) image corresponds to optical, Pauli and coherence image
respectively. It is interesting to find that the ”Red Rock”
island disappears in the coherence image, while the ship
is still there. The coherence indicator allows for discriminating ships from small natural islands.

The data set consists two groups of RADARSAT-2 SAR
data in Fine Quad mode. One group of the data set is used
to evaluate the performance of TF-Pol coherence indicator for ship detection in open sea area. The other group
demonstrates the efficiency of this proposed method in
terms of ship detection in sea ice site.

4.1.

ship detection in open sea

The first group contains two PolSAR SLC images acquired over San Francisco area and Vancouver site respectively. From the optical image shown in Fig. 2a
and the Pauli basis PolSAR image of Fig. 2b over San
Francisco, we can see that the sea site of interest includes
some ships (in yellow circles), harbor and small islands
(in white dotted circles). It should be noted that the optical image is just for comparison and not acquired in the

(a) Optical image

(b) Pauli image

(c) ρT F −P ol image

Figure 3: ship(yellow circle) vs. island(white dotted circle)
The test scene of the Vancouver contains harbor and some
ships in the sea, as well as some ”ghosts”, i.e. artefacts, in
the range direction. ”Ghosts” are due to the payload performance for high resolution modes and may influence
detection result as false alarms [11]. Fig. 4 shows the
comparison of the Original Pauli image, entropy (H) im-

age, α image and coherence ρTF−Pol result. The ships
are denoted in circles, while the ”ghosts” are labeled with
dotted circles. Compared with the others, the coherent
result, after TF decomposition in only range direction at
4 spectral locations, shows significant improvements in
ship detection performance due to removing the ”ghosts”
that may cause false alarms.

right one is TF-Pol coherent ρT F −P ol image. The ship
can be detected with the highest ρT F −P ol value. Please
note that the detected ship is denoted by a white star symbol superimposed on the ρT F −P ol image.

Figure 6: Ship detection in sea ice on 11 April 2011,
(left): Pauli image; (right) ρT F −P ol image, threshold = 0.79

Figure 4: ship detection in presence of artefact in Vancouver
sea area (ships: circles; Ghosts: dotted circles)

4.2.

ship detection in sea ice
(a) Pauli image

The second group of data set is composed of three SAR
SLC images on three successive days, and contains a verified Norwegian scientific expedition ship (called K/V
Svalbard, Length: 103.7 m, Breadth: 19.1 m, see Fig.
5), located in ice-infested sea near Svalbard archipelago
in the Arctic Ocean.

(b) Entropy image

(c) ρT F −P ol image

Figure 7: Comparison of different images of ship area on 11
(a) three-date study area

(b) K/V Svalbard ship

Figure 5: (a) Locations of SAR scenes indicated in rectangles
of different colors: Red(11 April 2011), Yellow(12 April 2011),
Green(13 April 2011).(b) K/V Svalbard ship. Length:103.7 m.
Breadth: 19.1 m.

On the first day of 11 April 2011, the icebreaker ship is
verified to locate in the site denoted in red circle in Fig.6.
The left image of Fig.6 is original Pauli image, and the

April 2011

Fig. 7 shows a sub-image selected from the red rectangle part of Fig. 6. The comparison of Fig. 7 reveals
that, the icebreaker ship can be detected efficiently, even
though the environment is very complex (see Fig. 7a) and
the full resolution polarimetric behaviour of the scene is
highly random (see the entropy image of Fig. 7b). The
corresponding results of the second day (12 April 2011)
are presented in Fig. 8 and Fig. 9, while Fig. 10 and

Fig. 11 show the ship detection results on the third day
(13 April 2011). The ship can be also localized precisely
on these two days.

5.

CONCLUSIONS

In this paper, a novel full polarimetric Time-Frequency
coherence, multi-data set and polarimetrically adaptive
indicator is introduced to detect ships. After TF decomposition of the data, the TF-Pol coherence detector
can be used to characterize and interpret the target behaviours. Experimental results demonstrate the efficiency
of the proposed method in terms of ship detection in different clutter backgrounds (such as open sea with artefacts, sea ice area etc.) due to enhanced contrast. This
suggests the more possibilities of enhanced ship detection in other complex environments where full resolution
polarization does not perform well. Future studies will
address the ship detection using TF coherence analysis
with dual or compact polarization mode and combining
with other multidimensional SAR processing techiques.
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(a) Pauli image

(b) ρT F −P ol image

Figure 8: Ship detection in sea ice on 12 April 2011

(a) Pauli image

(b) ρT F −P ol image

Figure 9: Comparison of different images of ship area on 12 April 2011

(a) Pauli image

(b) ρT F −P ol image

Figure 10: Ship detection in sea ice on 13 April 2011

(a) Pauli image

(b) ρT F −P ol image

Figure 11: Comparison of different images of ship area on 13 April 2011

