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Abstract- In this paper, the microwave signal backscattered
by a controlled swell in a wave basin is studied, as a function of
time, both theoretically and experimentally. The electromagnetic
response of a surface depends on its shape, its dielectric
characteristics, and antennas characteristics and positions.
Measurements acquired with a monostatic microwave
scatterometer installed above a wave tank, in which regular
waves are generated, are compared with simulation results
obtained by two electromagnetic models, based on the Physical
Optics approximation (PO) and the M ethod of M oments (M oM ).

I.  INTRODUCTION

The study of electromagnetic waves scattered by
surfaces has many applications: target detectichimwisea
clutter, oil spills detection...

The radar must be able to detect the preseinae abject
above the sea surface. Thus, to know the contoibutif the
sea clutter in radar echoes, electromagnetic stajtenodels
must be developed. Depending on the applicatioeseth
models are either asymptotic, to obtain fast resolt rigorous,
to validate the first ones. In addition, it is aisberesting to
compare simulations with measurements.

Nevertheless, a direct comparison of any scattemioglel
with experimental data often remains a difficukkabecause
parameters characterizing the sea surface are cootraely
known. Thus it is very interesting to implement
scatterometer to determine the Radar Cross S€@i0B) of a
controlled swell generated in a wave tank. Curyenthis
work is done in collaboration with the LMF (Fluidddhanics
Laboratory) of the ECN (Ecole Centrale de Nantesaied in
Nantes, France.

In this paper, measurements obtained from
scatterometer are compared with asymptotic andraigo
theoretical results. Firstly, to simplify this dd@lt problem,
regular surfaces are considered (one-dimensionfcas).

The electromagnetic response of a swell generateithe
wave tank is calculated. Simulations will use hyhmamic
models of the water surface coupled with electrameéig
models deriving the surface RCS, as well as radfigtiatterns
of antennas.

In section Il, we briefly describe the experimeiutat which
is a part of the DIMBAHO (DlIffusiometre Microondeurs

this

BAssin de HOule or “Microwaves Scatterometer on avav
tank”) project [1, 2].

In section lll, two scattering models are presentdt first
one is based on an asymptotic fast method, theiqgaiyaptics
approximation [3]; the second one is based on aroigs
method, the Method of Moments [4, 5]. The last isect
presents comparisons between theoretical models and
experimental data.

Il.  EXPERIMENTAL SETUP

S€ The wave basin is a rectangular pool (length: 5Gvidth:

30 m, depth: 5 m) of fresh water. Paddles locatedre side
of the basin are controlled by sequence in ordegemwerate
either regular or irregular wavefields. Generategltar waves
are characterized by a wave height, defined asp#ak-to-
trough distance (2A), ranging from 5 cm to 30 cnd an
wavelength (L) chosen here equal to either 6.24 114 m.
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Fig.1 Transversal view of the experimestaifiguration

While the wavemaker is activated, we observe that
water surface is not smooth. On top of the dedad waves
(3-6 m wavelength), we note the propagation of tshipples
(5-20 cm wavelength). Those ripples are generabéd ty the
gaps existing between the wavemaker paddles antheat
beach located at the end of the wave tank, whexesvareak



in order to avoid reflection (see Fig. 1). The éeniteceiver
device (monostatic configuration) is composed ob torn
antennas with rectangular apertures. Due to thingeithe
distance from antennas to the mean water surfateezeh a
maximum height of 6 meters. Antennas inclinatioas ceach
40°. The polarization is VV or HH and the scatteeben
electromagnetic frequency ranges from 8 to 12 Gitennas
are connected to an analyzer driven by a compuibe
sampling time of measurements is 0.05 second.

I1l. SCATTERING MODELS

A. Scattering models

The 2D problem consists in solving the equationthaf
scattered field (Fig. AJiven by:

ws(F'):J. {w(r")m—g(r",r“')M ds (1)
IS on an

The variablesy (r) and ay (r) / an are respectively the total
field and its derivative with respect to the norntal the
surface on the surface, g is the scalar Greenitimah the
upper medium denoted @g. The vectors and r ' stand for

In order to model the electromagnetic field scatieby a
rough surface, the Physical Optics (PO) approxiomaéind the
Method of Moments (MoM) are applied. The PO apphoac
allows a fast computation of the scattered elechgmetic
field, but it requires simplifying hypothesis. Tcenfy the
validity of this method in our application, we coanp it with
the rigorous MoM, which demands more extensive aging
time and memory space.

The first method to calculatg (r) anday (r) / an is the PO
approximation. This method specifies thaty (r)
anday (r)/on at a point M § ) on the surface are supposed
to be the same that should exist on its infinitegent plane.
This leads to:

v, =[1+RE)Y,,

(6)
%u = ik n[1-RO) Y, 6)
on

whereR is the Fresnel coefficienfis the angle between
the tangent plane normaland the incident wave vectar
and ¢,, is the incident wave.

The PO is valid if the conditior)ocos3 @)>>A [6] is
satisfied, wher@ is the radius of curvature of the surfaée,
is the local incident angle andl is the Radar wavelength that

the coordinates of a point on and above the surfacds equalto 3 cm (f=10 GHz).

respectively.

Qo

Fig2. Scattered field by a rough surface

To solve the problem, we must kngmir) anday (r) / on .
The two unknowns verify the following integral e¢joas:

PN 5009(r ) = 0y () 2

@ () J‘S{w(r) o G s }ds )

0= 'f . {wm%—pﬂgﬂﬂ%} s @)
Where,y is the incident field on the surface,

0, =&, £, for the V polarization ando,, =1 for the H
polarization, &, is the permittivity in the upper medium

The second method presented in this paper is thd.Ntds
appropriate for homogenous media and it is basedhen
discretization of integral equations. In additiarsing point
matching and pulse basis functions, a linear sysavbtained,
which requires the inversion of an impedance matFfgr
more details, see for instance the textbook of sral. [7].
For a small size matrix, a LU inversion techniquen doe
applied. For large problems, the fast methods, siscthe FB-
SA (Forward-Backward Spectral-Acceleration) [8] tre
BMIA/CAG (Banded Matrix Iterative Approach/Canoniica
Grid) [9, 10], can be applied.

B. Description of the regular surface

The electromagnetic response of both scatteringefsoid
estimated on regular wave fields which are computgda
Numerical Wave Tank (NWT) developed at LMF [11, .15]
Such regular waves are generated with a monochiomat
wavemaker motion and they are characterized byr thei
amplitude A and spatial period L (wavelength ddlirees the
horizontal distance between two consecutive maxima)
According to linear wave theory, the wavelength i tloe
regular wave is given by:
gT?
5 )

Where g = 9,81m/sis the gravity constant, T is tinge
period (Fig. 3).

L=

(Q,), & andg, are the permittivity and the scalar Green The two probes S1 and S2 in Fig. 3 measure ther\matght

function in the lower mediun®, (Fig. 2).

with a sampling time /dt/ equal to 0.01 s. The afise



between these probes is 10 m. The probe S2 meathees 0.1\ implying 4001 samples and 8002 unknowns since the
height of the swell under the Radar. surface is dielectric (complex permittivity=1.3+0.1j).

The NWT is based on the resolution of the nonlineave
generation and propagation equations derived for an
irrotationnal flow and inviscid fluid [11, 15]. Tlse potential 30
flow theory equations are solved numerically by neeaf a
spectral method chosen for its accuracy. The NWfoduces
the main features of the physical basin, includitige
wavemaker geometry, the reflective side-walls dvel ieach
that absorbs the wave at the end wall. In ordecampare
with experiments, the motion of the physical wavkenais
directly input in the NWT. The free surface elewatiis
computed at the probes location. These simulat@msot ;
however take into account the propagation of stippies due 90  -60  -30 0 30 60 90
to the wave reflections at the end of the wave .tank Secattered Angle ()
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Fig.3 Characteristics of a regular surface.
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The frequency (1/T) of the studied surfaces isezi0.5 Hz
or 0.7 Hz, and its amplitude A can reach 15 cm. 3patial
sampling used for the surface simulations is of dnger of
several\. This sampling can be reduced toX0 Ay using the
Spline function to interpolate the measured surfaight.
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C. Numerical results

N

The surface, depicted in Fig. 3, is illuminated the
antenna electromagnetic wave. The radar frequent9 iGHz
(A= 3 cm) and the polarization is VV. First, we focos
analytical calculation of the antenna gain. It bancalculated
approximately using an analytical formula [12]. $i¢4) and 5
compare the gain in the E plan with that obtained
experimentally. A very good agreement is obserielDaGHz.
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In Figs. 6 and 7, the modulii of the total field anflits
normal derivative, derived under the PO and the MoM Fig.6 Modulus of the total field on the n_1easused‘_ace_: A=15 cm, T=2s,
methods, are plotted versus the surface abscistsa, A =10 GHz,68:=07, &=1.3+0.1j, V polarization
figure 7 the modulus of the field scattered by sueface is
plotted versus the scattering angle. The amplitatighe
surface (maximum height measured by S2) is A =m5d@\,

Figs 6, 7 and 8 show a very good agreement between
two methods for the measured surface of amplitudels cm.
: X Also a very good agreement is observed, in otlraulsitions
and its period T = 2s (L = 6.25 m = 208 The length o gisplayed here, between the two methods foretow

surface is then = 1.92 L = 12 m, the antennasnatbn®=0.  5mpjitudes with the same conditions as for the BxpEnts
For the MoM, the sampling step on the surface 1913, 14].



IV. COMPARISON BETWEEN EXPERIMENTS

To validate the theoretical model, the results dated by
the PO are compared with those obtained from the

0.04 |
experimentation. According to the radar equatitwe, power
0.03 i received by an antenna illuminating a surface ofik| is
given by:
0.02 2 2
p=~_p[eoly ®)

Co(4my ()

P : The power received by the antenna,

0

Modulus of the total field derivative on th surface

-6 A—l4 2 ; 10 2f 4 6 P.: The power emitted by the antenna,
>seissa of the surface (m) \: The radar wave length (0.03 m),
Fig.7 Modulus of the total field derivative on theeasured surface: I : Distance between the antenna and the illumihsieface

Same parameters as in Fig.6 G: Gain of the antenna, calculated and comparedibelo

with experimental one.

$x 10° o : Scattering coefficient.
al The scattering coefficient is defined as:
2

3 i 2m |y | )
3 o =lim j 3¢/1,0)
b5 Re| —— , 0 ———=dI
E sl I k cosé v 0z
§ where,

1 k :Wave vector,

@ : Local incidence angle,
09 5 7‘0 5‘0 3?0 1?0 0 30 5‘0 7‘0 %0 I : Distance between illuminated surface and argenn
T T glattered Angle () w(r) and oy (r)/on calculated by PO method. Their
substitutions in equation (1) allow us to comptne $cattered
Fig.8 Modulus of the scattered field by the meagserface. Same field Y,

parameters as in Fig.6. w(1,0)and ay (1,0) /z are respectively the field and its

. . derivative on the mean plan of the surface.
A good agreement is also observed for other cordiipns. P

For example, in figure 9 the electromagnetic scatyefield is In figures 10 and 11, the modulii of the scattefedd
plotted versus the time for the same surface amdafo calculated by the PO m'ethod and measured by artesmea
@nclinf'ﬂion angleei:_20°__ In conclusion, the PO approximation plotted versus time, respectively. For the PO, dhaerated

is valid for our application swell is characterized by A = 15 cm and L = 6.25The
antennas inclinatiof); = 0° and the antennas frequency f = 10

=2 0022 GHz. Antennas are 6 meters above the mean surfdes.
Ty sampling time of the antennas is 0.05 seconds.

E A good qualitative agreement is observed between
Lg) theoretical and experimental results. The diffeeeseen on

f 0.021 both figures comes from ripples which are not coeisid in

= electromagnetic simulations.

é Short ripples (5-20 cm wavelength), observed on libsin

= surface, can be modeled as a summation of sinusidaces

2 of small amplitudes and high frequencies (3 - 40H%)ese

= 0.01%0 40 0 50 frequencies can be determined by calculating theri€o

Transform of the surface measured by the probe rutide
_ _ —— radar in versus of the time. The vibration of tigsobe,
Fig.9 Modulus of the scattered field calculated?fy and MoM in an interval . hil it tak t daliti
of time. The surface characteristics are same fasdye¢he antennas moving whnile | akes measures, creates an a on
inclination 8= 20°. frequency of 17 Hz.
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Fig 10. Modulus of the scattering field versus ticadculated by PO. Swell
amplitude A = 15 cm, swell spatial period L = 6.458 Antennas inclination
6, = 0°, Antennas height =6 m.
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Fig 11. Modulus of the scattered field versus timeasured by antennas.
Same parameters as in Fig. 10
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Fig 12. Modulus of the scattered field versus toakulated for a surface

with additional ripples (A=0.0025 m; f = 17Hz). Samarameters as Fig. 10.

In Fig.12, measured and calculated scattering Hiedde
plotted versus time, for which, in the generatadase, the
ripples effect is modeled as a sinusoidal surfdcantplitude
A=0.0025m and frequency f=17 Hz (vibration frequeraf
the probe).

Two levels of maxima are observed for each plahanfigure.
The highest, in range of 0.015, correspond to treribution

of swell troughs, and the lowest, in range of 0,G@%respond
to the contribution of swell peaks. Also a good |gatve
agreement is observed between results for simulstef@dce,
surface with additional ripples and experimentabults.
Otherwise the modulus of the scattered field inurfy a
modulus level of the received field in figure 12lasver than
of the figure 10. This is due to additional rougéses coming
from additional ripples.

V. CONCLUSION

In this paper, firstly, the PO approximation wadideted
from the rigorous MoM for surfaces met in our apaltions.
Indeed, a very good agreement was observed bettreen
scattered fields computed by these two methods, Agood
qualitative agreement is observed between resoitspated
from the PO and those obtained experimentally.

In order to interpret a more realistic case, tipplas that
appear on the surface, due to the reflection ofsaees at the
end of the wave tank, are modeled as sinusoidédes with
small amplitudes and high frequencies. The agreesesms
then to be better, as observed in Fig.11.
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