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ABSTRACT

In this contribution, an accurate description of the ocean
backscatter from a probability density function is proposed.
The Elfouhaily spectrum has been used to generate a realistic
sea surface. The scattering field will be computed by using
the Physical Optics (PO). The K distribution has been already
used to characterize the Radar Cross Section (RCS) of the
sea surface. However, the probability density function of the
RCS can have heavy tails. Consequently, we use the a-stable
distributions which can take care the property of heavy tails.
The probability density function is estimated with a least
squared method. We finally compare the results obtained
with each model by using the Kolmogorov-Smirnov test from
several random surfaces and a statistical study is made by
giving a boxplot of the estimated parameters of the a-stable
distribution.

Index Terms— Elfouhaily spectrum, Physicals Optics,
RCS, a-stable distribution.

1. INTRODUCTION

An accurate description of the ocean backscatter from a prob-
ability density function is essential in a problem of maritime
radar target detection. This is usually due to the fact that the
sea clutter are highly non-stationnary.

The probability density function of the RCS has been
mainly studied with the K distribution. In [1], the authors
proved that the K distribution fits sea clutter data well. The
variation of the mean and the shape parameter of the K distri-
bution have been already studied by varying the polarisation
and the geometrical aspects [2, 3, 4]. The probability density
function of the RCS can have a heavy tail and can be asym-
metric. A probability density function is said to have a heavy
tail if the tail of the distribution decreases more slowly that
the tail of a Gaussian probability density function. A proba-
bility density function is said asymmetric if it is not possible
to find a mode such as the probability density function is
symmetric. These properties can be modeled by the «-stable
distributions. Consequently, we study for the rest of the paper
the RCS with the a-stable distribution.

The a-stable distribution have been mainly used to model
clutter in the imagery domain such as in [5, 6]. In [7], the

978-1-4673-1159-5/12/$31.00 ©2012 IEEE

6059

author proposed to characterize the RCS of the sea clutter and
a ship in a backscattering configuration. In this paper, we
extend the study in a bistatic configuration.

The paper layout is as follows. In section 2, we explain
how we generate the sea surface and the way to compute the
scattering field. In section 3, we introduce the «-stable dis-
tributions and the method to fit the a-stable distribution. In
section 4, the RCS of several random surfaces are computed
with the Physical Optics (PO). A bar chart is built from the
RCS and is fitted with the a-stable distribution. The qual-
ity of model is evaluated by a Kolmogorov-Smirnov test. A
boxplot of the the parameters of the a-stable distributions is
finally given.

2. SEA CLUTTER RCS

In this section, the electomagnetic characteristics of the sea
surface are modeled by the Debye model and the geometrical
aspects are modeled by the Elfouhaily spectrum. We finally
compute the RCS of the sea surface by using the Physical
Optics.

2.1. Debye model and Elfouhaily spectrum

The Debye model [8] is used to model the relative permittivity
of the sea surface. The relative permittivity €, is function of
the temperature 7" and the salinity S:

€s _er,oo o Os

(1

€r = Enoo + 1+ juwr.  ~we
where w is the radian frequency, ¢g the vacuum permittivity,
€r,0o the dielectric constant at infinite frequency and 7, the
relaxation time.

The wave height of the sea can be modeled by a random
function of the position {(x,y). The sea surface is described
as a linear superposition of individual sinusoidal waves. A
spectral representation of wave S have been proposed:

1
S(K7 ZZJ) - @Somni“KDSSpread(d}) (2)

with K the wavenumber vector, S,,,,; is the omnidirectional
wave height spectrum and Sgpreqq i the spreading function
with the direction of wind ).
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Fig. 1. Generated sea surface of dimension 30m x 30m with
the Elfouhaily spectrum.

We choose to work with the Elfouhaily spectrum [9]. In-
deed, this spectrum can take care the fetch, the gravity and the
capillarity waves. We give an example of a sea surface with
the temperature T = 20°, the salinity S,; = 35ppt, wind-
speed V' = 3m/s and direction of wind 1) = 0° in Figure 1.

In the next subsection, we explain the way to compute the
RCS of sea surface with the Physical Optics.

2.2. Physical Optics

The scattering field is estimated by using the Physical Optics
(PO) [10]. This method supposed an electromagnetic wave
(E;,H;) which produced surface currents on a target. The
electromagnetic wave creates the induced magnetic J,, and
electric J, currents given by:

Jon=—nxE J.=nxH 3)

where n is the unit normal vector to the surface, E and H
are respectively the total electric and magnetic fields at the
surface. The incident field can be considered as a plane wave

Fig. 2. Geometrical configuration.

if the source illuminating the target is at a far enough distance.

The scattering field from the illuminated surface S is given
by:

ik (—ikR) .
E, = ¢ ZWR s x (ks 3. + J)]e T s (4)

where k is the wavenumber, R is the distance between the
center of the referential and the receiver, k; and kg are re-
spectively the unit directional vectors of the incident and scat-
tering electromagnetic wave. The parameter 1 represents the
impedance of the medium and r is the position vector of a
point in S. The equation (4) is complicated but it can be
solved by decomposing the sea surface into triangular sub-
regions [11].

3. THE o-STABLE DISTRIBUTION

All the definitions use in this section are defined in [12].

3.1. Definition of stability

A random variable X is stable if for all (a,b) € RT x RT,
there are ¢ € RT and d € R such that:

aX1+bX2:cX+d (5)

with X7 and X5 two independent a-stable random variables
which follow the same distribution as X. If Equation (5) de-
fines the notion of stability, it does not give any indication as
to how to parametrize an a-stable distribution. We therefore
prefer to use the definition given by characteristic function to
refer to an a-stable distribution.

3.2. Probability density function

Several equivalent definitions have been suggested in the lit-
erature to parametrize an a-stable distribution from its char-
acteristic function [13, 14]. Zolotarev [14] proposed the fol-
lowing:
(it6 |yt “T1+iftan()s@ (1] ~1]) .
e ifa#1
{ ©

Ps. o= it —|yt|[14iB 2 50) log [1]]) I

with « €]0, 2] the characteristic exponent, 3 € [—1,1] the
skewness parameter, v € R** the scale parameter and
0 € R is the location parameter. The representation of an
a-stable probability density function, noted fs_ (5,,5), 18
obtained by calculating the Fourier transform of its character-
istic function:

o
[50(8,7.0)() Z/ B5.(5..0) (1) ") dt (7
—o0

6060



- - -0y, (SPM)
- - G, (Kirchhoff)
3, (OP) (average of 10 realizations)

5 (dB)

Fig. 3. Bistatic RCS of a random sea surface generated 10
times for a hh-ploarization with 6; = 30°.

3.3. Estimation

The estimators of a-stable distributions are decomposed into
four families: the sample quantile methods [15], the sam-
ple characteristic methods [16] and the Maximum Likelihood
estimation [17]. We use a Least Squared estimation to fit
the RCS because this method minimizes the sum of squared
residuals.

4. SIMULATION AND RESULTS

4.1. Goodness-of-fit test

We generated the RCS of 500 sea surfaces with (30 x 30) m-
sized with: the wind speed V' = 3m/s, the wind direction
1 = 0°, the temperature 7' = 20°, the salinity S,; = 35ppt,
0; and 65 € [0°;90°]. The frequency f is equal to 10 GHz
and we work in co-polarization Horizontal-Horizontal. The
PO results seems to show good accuracy with results obtained
by the Small Perturbations Method [18] (Figure 3). For our
statistical study, we fix the parameter #; = 45° and build
and histogram from 50 RCS. We fit the histogram with the a-
stable model. This step is realized 15 times. The same study
is realized by fixing 6; € [0°;90°] and by considering 0, as a
random variable.

The quality of the a-stable distribution is evaluated by
a Kolmogorov-Smirnov goodness-of-fit test, which compare
the data cumulative distribution function with the cumulative
distribution function of the fitted a-stable distribution. The
significance level is set at [ = 0.05.

We compare the a-stable model with the K distribution.
A random variable X is said to be a K distribution with pa-
rameters v > 1 and a € R*, noted X ~ K(v,a), if its
probability density function has the form:

ot T @) R e
0

otherwise.

where a is the scaling parameter, v is the shape parameter,
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Fig. 4. An example of RCS and its estimations with §; = 30°
and 6, = 25°.

I'(.) the gamma function and K, is the modified Bessel func-
tion of the second kind of order v [19].

The % of success rate for the Kolmogorov-Smirnov test
is 97.5 for the a-stable distribution and 9.55 for the K distri-
bution. We give an example of estimation. We can observe
in Figure 4 that the a-stable distribution gives a better fit than
the K distribution.

4.2. Boxplot

The boxplot is a convenient way of graphically depicting
groups of numerical data: the smallest observation, the first
quartile, the median, the third quartile, the largest observation
and the outlier. We give the boxplot for the configuration:
the wind speed V' = 3m/s, the wind direction ¢» = 0°, the
temperature 1' = 20°, the salinity S,; = 35ppt, 0, = 25°
and 6; € [0°;90°]. We can observe that the median for the
parameter [ is equal to 1. The parameter of position ¢ func-
tion of 6; describe the shape of the RCS. For the parameter
« and 7, it is difficult to extract information: we can just say
that v € [2,5.5].

By varying the 6; and 0, between [0°,90°], we generate
the probability density function of parameter § (Figure 6). We
can observe that there are three modes: the smallest mode
corresponds to §; = 0, (specular direction).

5. CONCLUSION

In this paper, we propose to characterize the probability den-
sity function of RCS with the a-stable distributions. The a-
stable distributions give better fit than the K distribution. The
parameter § gives more information than the other parame-
ters. In future works, we try to characterize the sea clutter
RCS by varying the polarization, the wind speed and the di-
rection of speed. It will be interesting to compare the results
with a real dataset.
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Fig. 5. Boxplot of the a-stable parameter with 65 = 25°.
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Fig. 6. Probability density function of parameter .

6. REFERENCES

] K.D. Ward, S. Watts, and R.J.A. Tough, Sea clutter:
scattering, the K-distribution and radar performance,
vol. 20, Institution for Engineering and Technology,
2006.

] DJ. Crisp, N.J.S. Stacy, and A.S. Goh, “Ingara medium-
high incidence angle polarimetric sea clutter measure-
ments and analysis,” Defence Science & Technology
Organisation, Australia, Technical Report DSTO-TR-
1818, 2006.

] D.J. Crisp, R. Kyprianou, L. Rosenberg, and N.J.S.
Stacy, “Modelling x-band sea clutter at moderate graz-

ing angles.,” in Radar, 2008 International Conference
on. IEEE, 2008, pp. 569-574.

DJ. Crisp, L. Rosenberg, N.J. Stacy, and Y. Dong,
“Modelling x-band sea clutter with the k-distribution:
Shape parameter variation,” in Radar Conference-
Surveillance for a Safer World, 2009. RADAR. Interna-
tional. IEEE, 2009, pp. 1-6.

A. Achim, P. Tsakalides, and A. Bezerianos, “Sar im-
age denoising via bayesian wavelet shrinkage based on
heavy-tailed modeling,” Geoscience and Remote Sens-
ing, IEEE Transactions on, vol. 41, no. 8, pp. 1773—
1784, 2003.

[6]

(7]

(8]

[9]

[10]

(11]

[12]

(13]

[14]

[15]

[16]

[17]

(18]

[19]

6062

A. Banerjee, P. Burlina, and R. Chellappa, “Adaptive
target detection in foliage-penetrating sar images using
alpha-stable models,” Image Processing, IEEE Trans-
actions on, vol. 8, no. 12, pp. 1823-1831, 1999.

R.D. Pierce, “Rcs characterization using the alpha-
stable distribution,” in Radar Conference, 1996., Pro-
ceedings of the 1996 IEEE National. IEEE, 1996, pp.
154-159.

L. Klein and C. Swift, “An improved model for the di-
electric constant of sea water at microwave frequencies,’

Antennas and Propagation, IEEE Transactions on, vol.
25, no. 1, pp. 104111, 1977.

T. Elfouhaily, B. Chapron, K. Katsaros, and D. Vande-
mark, “A unified directional spectrum for long and short
wind-driven waves,” Journal of Geophysical Research,
vol. 102, no. C7, pp. 15781-15, 1997.

E.F. Knott, J.E. Shaeffer, and M.T. Tuley, Radar cross
section, SciTech Publishing, 2004.

M.L.X. Dos Santos and N.R. Rabelo, “On the ludwig
integration algorithm for triangular subregions,” Pro-
ceedings of the IEEE, vol. 74, no. 10, pp. 1455-1456,
1986.

J.P. Nolan, Stable Distributions - -Models for Heavy
Tailes Data, Birkhauser, Boston, 2012, In progress,
Chapter 1 online at academic2.american.edu/~jpnolan.

G. Samorodnitsky and M.S. Taqqu, “Non-gaussian sta-
ble processes,” Chapman and, 1994.

V.M. Zolotarev, One-dimensional stable distributions,
vol. 65, Amer Mathematical Society, 1986.

J.H. McCulloch, “Simple consistent estimators of stable
distribution parameters,” Communications in Statistics-
Simulation and Computation, vol. 15, no. 4, pp. 1109-
1136, 1986.

LLA. Koutrouvelis, “An iterative procedure for the esti-
mation of the parameters of stable laws,” Communica-
tions in Statistics-Simulation and Computation, vol. 10,
no. 1, pp. 17-28, 1981.

J.P. Nolan, “Maximum likelihood estimation and diag-
nostics for stable distributions,” Lévy processes: theory
and applications, pp. 379-400, 2001.

A.G. Voronovich, Wave scattering from rough surfaces,
Springer Berlin, 1999.

M. Abramowitz and I.A. Stegun, Handbook of Mathe-
matical Funktions: With Formulas, Graphs, and Mathe-
matical Tables, Dover Publications, 1972.



