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(WInstituto Nacional de Pesquisas Espaciais
@Instituto Tecnologico de Aerondutica
Brazil

1. Introduction

The potential and usefulness of SAR (Synthetic Aperture Radar) data for land uses and land
cover change applications have been demonstrated over the past few decades. More
recently, polarimetric SAR data have been widely used in electromagnetic modeling and
inverse problems. Moreover, the combined use of numerical modeling and inversion
methods has enabled computerized quantitative information extraction of the polarimetric
data. In particular, the electromagnetic modeling can be used to increase the knowledge of
non-metallic target reflectivity. The problem of detecting the many types of non-metallic
land mines in the presence of widely varying soil background is an example of one of the
most difficult subsurface sensing problems.

The target electromagnetic scattering characterization (van Zyletal, 1987, Cloude &
Pottier, 1996, Freeman & Durden, 1998; Sant’Anna etal., 2007a) might influence some
remote sensing practical applications, as SAR image classification, sensor calibration among
others. Consequently, understanding the target scattering mechanism plays a valuable role
in the analysis and interpretation of polarimetric SAR data. In order to improve the insight
into scattering mechanism subject, several electromagnetic models have been proposed in
literature (Lin & Sarabandi, 1999; Israelsson et al., 2000; Zurk et al., 2001). Usually, in these
models complex targets are modeled by a collection of targets having simple and canonical
geometries. For instance, a three can have its elementary parts as trunk, branches and leaves,
built through a set of dielectric cylinders and discs. Besides, depending on the modeling the
simple targets have different sizes, shapes, orientations and dielectric properties. Therefore,
the study of electromagnetic scattering of simple targets is fundamental to enhance the
comprehension of the electromagnetic characteristics of more complex ones.

Keeping this issue in mind, the purpose of this work is to show the potentiality and
applicability of an electromagnetic model within remote sensing subject. This modeling is
based on scattering elements embedded in a multilayer planar structure, which is
illuminated by an elliptically polarized plane wave at oblique incidence. Therefore, the
chapter is organized as follow. In Section 2, the multilayer structure under analysis is

www.intechopen.com



620 Advances in Geoscience and Remote Sensing

described jointly with an explanation of the electromagnetic modeling employed to solve
the scattering problem. The electromagnetic model usefulness is illustrated in Section 3,
through some remote sensing applications. The Section 4 is devoted to draw the conclusions
concerning the obtained results.

2. Electromagnetic Model

The electromagnetic model is based on the determination of the electromagnetic fields scattered
by a multilayer planar structure that is excited by plane waves. The structure under analysis is
composed of N+2 isotropic, linear and homogenous layers stacked up in z direction. The layers
are assumed to be unbounded along the x and y directions. The lower layer, having complex
permittivity & and complex permeability 4, is denoted as ground layer and occupies the
negative-z region. The next N layers are characterized by thickness ¢,, complex permittivity &,
and complex permeability 4, where 1<n<N. The planar interface z = dy separates the N-th
layer from free space (the upper layer). Elements supporting electric (J) or magnetic (M) surface
current densities are printed at arbitrary positions on each one of the N+1 interfaces of the
structure. These elements will behave as scattering elements. The development is based on a
global right-handed rectangular coordinate system located on the top of the ground layer
(interface z =0) and lying on the xy-plane. The geometry of the planar multilayer structure is
depicted in Figure 1.
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Fig. 1 - Geometry of the planar structure with N+2 layers (lateral view).
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This electromagnetic modeling for multilayer structures is completely described in
(Sant’Anna, 2009) and it can be synthetically summarized in the flowchart illustrated on
Figure 2. In this figure it is shown step by step the entire approach to obtain the far
electromagnetic fields scattered by the multilayer structure. Starting from the wave equation
in each layer, the methodological flowchart highlights the Green’s functions acquirement
and the integral equations formulation, which are solved applying the method of moments.

Wik Bouati Double Fourier Differential Boundary Linear Sistem

™ hqra on 1yl Transform —»  Equation | Condition »| 4AN+4 equations

(in each layer) &k k ,2) = F{E(x.y.2)} System (at each interface) 4N+4 unknowns
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| 1
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Spectral Fields Method ] ] l : Gk K .2) !
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|

Inverse Double - Far Electromagnetic P,
Fourier Transform || Stationary Phase > Fields Scattered
Method
E(xy.2) = FL8(h 4 2} by the Structure

Fig. 2 - Methodological flowchart.

2.1 Electromagnetic Fields in the Structure

The electromagnetic fields in a multilayer structure can be determined through the
methodological approach described in (Lacava et al., 2002). According to this methodology,
which employs the spectral domain full-wave technique, the structure is treated as a
boundary value problem, where the surface current densities induced on the printed
elements (electric or magnetic) are the virtual sources of the scattered fields. Since the layers

of the structure are free of sources, assuming time dependence of the form e, the wave
equations for the n-th layer is written as

V2E, (x,y,2)+ k> E, (x,y,2) =0, (1)
Van(x,y,z)+k§Hn(x,y,z):0, 2

where for free space n =0 and for ground layer n =g, k3 = w”u,¢, gives the wave number

in the n-th layer, @is the angular frequency, and the vectors E,(x, y, z) and H,(x, y,z) denote
the complex electric and magnetic fields, respectively (bold face letters represent vectors).
The wave equations can be solved in the spectral domain using the double Fourier
transform. In this work, the Fourier transform pair is defined as

i(kx+k

F(ky, ky, z)= ij(x,y, z)e W) dxdy, (3)

—00
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F(x,y,z)= ﬁ I T(kx,ky,z)e_i(kxx+kyy) dk., dky , (4)

where the function F(x,y,z) represents the fields E,(x,y,z) and Hu(x,y,z). Applying the
double Fourier transform to (1) and (2) yields a differential equation system whose solution,
in terms of the field components, is given by

£n19(kx’kyfz):enTS(kxlky)eiymzz (5)

7{'”Lg(kx’ky’z) 5 ]hnrg(kx/ky)eiy"le (6)
with
Vue =Dk — (k) Im(y,,) <0 7)

where e, (k. k,) and ', (k. k, ) are the amplitudes of the transformed field
components, k; and ky are the spectral variables, y,, is the rth propagation constant in the

n-th layer, 9=x,yorz, and Im( ) means the imaginary-part of a complex function. The
variable 7, which defines the wave propagation direction, can assume values 1 or 2. Only the
former value, representing propagation in the positive-z direction, occurs in the upper layer
(free space). In this case the wave propagation constant will be denoted by y,. For the

ground layer, on the other hand, 7 is equal to 2, i.e., a wave propagating in the negative-z
direction and the propagation constant is represented by y, . For the inner layers, however,
both values of 7 will occur, resulting in y,; =-y,, and the wave propagation constant is
denoted by y,, .

Interesting relations among the amplitudes of the transformed fields are derived by
introducing the inverse Fourier transform of (5) and (6) in the Maxwell’s curl equations.
Such that the amplitudes of the transversal components (x and y directions) are written as
functions of the amplitude of the longitudinal ones (z direction). By enforcing the boundary
conditions for the electromagnetic fields at each interface a set of 4N+4 equations with equal
number of unknowns is obtained. The analytical solution of this system leads to the spectral
domain Green’s functions. These functions, jointly with the transformed surface current
densities, allow the determination of the transformed fields at any point of the multilayer
structure. The transformed electromagnetic field components are expressed by

Epg (ke ky,2) = Y Gon ke ko 2) ok k) + D G0 (kK2 2) o (K Ky )+
ZQ,gzl)Zc(kx ’kyﬂz)mux(kx/ky) + ZQS@(kxlky’Z)muy(kxlky)/ (8)
Houg(ky ky,2) =D @o (k. 2) o (ki ) + D i (ke ko 2) oy (K k) +

> Rk ke, ymy (ky k) + D RG (K, 2)ymy, (K k), )
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where géﬁ)g (ky,k,,z) and quﬁ)g (k. k,,z) represent, respectively, the spectral domain Green’s

functions of electric type in the n-th layer, which relate the ¢ (¢= x or y) components of the
electric field to the transformed surface current densities j,(ky, k) and m(ky, ky) located at

the interface d,, with ve{g 1, 2, ..., N}, and ?Léﬁg(kx,ky,z) and Q{fgﬁ)g(kx,ky,z) are the

respective spectral domain Green’s functions of magnetic type. Note that d, =0 for the
structure defined in Figure 1.

In order to demonstrate the mathematical aspect of the spectral domain Green’s functions, it
is shown in equations (10) and (11) examples of electric and magnetic function types,
respectively, for free-space region. These equations are obtained when the structure is
composed by four layers (N = 2).

40 k2,0, N k;”ﬂoaz

0) _ —iypz
g(Z (k lk /Z) -T2 7 e ’ (10)

R (kx + ky) Al AZ

2 Kwe ®: K2y ‘
(0) _ 4o y=—°0™5 xY0=5 —iyz
e (kx + ky) Al Az
where
A =—4@’e" {gy,(g,y,co80, + i€,7,8Ia, )(€,7,€08Q, +igy sina,) +

&7,(&,7,c08a, +ig,y,sina, )(glygcosozl + iggylsinal)} , (12)

A, =4a’e ™ {py, (17,008, +iuyy,sina, (i, 7,c08a, +imy,sing,) +
Ly, (Hoy,c08a, +itLysina, )y, cosa, +ig,ysina, )}, (13)
0, =y,{g7, (&7,8nQ, —ig,y,cosq, )sina, —
&7, (&7,c08, +ig, ysing,)cosa, |, (14)
0O, =-we,{&y, (6,7,c08¢, +igy,s1nQ, )cosa, —

&1 (&,78Ing, —igy cosa, +)sina, |, (15)

E, = o {7, (1 7,c08a, +ipy,sina,; )cosa, -

) (ﬂgylSinal _i/u17/gcosa1)5ina2 ¥ (16)
2 =1,{, (yl;/gcosozl +i,ug}/lsina1)cosa2 -
7, (fhy sine, —ip y,cosa,)sing, |, (17)

with av=pdy, cn=ndi, o=y (d—di), di=4 and d, =¥ + €. It can be noted that the
Green'’s functions carry information of electromagnetic parameters from all structure layers.

2.2 Method of Moments (MoM)

Once the Green’s functions are derived, the next step is to set up integral equations
constrained to the required boundary conditions. The integral equations arise as a combination
of the Green’s functions and the structure excitation fields, as can be seen from the dashed box
in Figure 2. The boundary conditions are related to the total electric and magnetic tangential
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fields to each respective scattering element. The subsequent development will be described
only when electric elements are present in the structure. However, it could be also applied to
magnetic elements, taking into account its specific nature. Therefore, the integral
equation is a statement of the boundary condition requiring that the total electric field
tangential to the each of the electric element is zero (Newman & Forrai, 1987). That is,

X[Ei(x/y/du)—i—Er(x/y/du)] :—ZXES(x/]//dU)/ on SU/ (18)

where S, is the support region of the electric element, Es(x,y,d,) denotes the scattered
electric field excited by the current on S,, Ei(x, y, d,) stands for the incident electric field and
Er(x,y,d,) identifies the field that are reflected by the multilayer structure in the absence of
electric elements. The incident and reflected fields define the excitation mechanism of the
structure, which in this analysis is due to an elliptically polarized plane wave at an arbitrary
incidence angle.

The currents induced on the electric elements by these fields are unknown. To solve the
integral equations (18), with the unknown surface currents, the method of moments (MoM)
is applied. This method is one the most popular numerical techniques used to analyze the
radiation and scattering from complex structures. In the MoM, first the surface current is
linearly expanded in a set of basis functions with unknown coefficients

M NLU
]u(kx’k ) xzzlmmu]mu(kxlk )+yzzjmww]nu /ky)' (19)
m=1n=1 m=1n=1

where ML and NL control the expansion modes in x and y directions on each interface layer,

respectively, IS,

are the complex coefficients in the ¢ direction (g =x or y) that need to be
determined, and j,(kx, ky) and jn,(kx, k,) are the Fourier transform of the surface current density
components, which are defined only over the electric element. Applying the Galerkin
technique (whereby the test functions are chosen to be identical to the basis ones) the integral
equation is reduced to a system of simultaneous linear equations, which can be compactly
written in matrix form as [V] = [Z][]. In this notation [V], [Z] and [I] denote, respectively, the
excitation matrix, the impedance matrix and the coefficient matrix. For example, the integral

equation referring to the scattered fields at the interface z = d,, can be written as

+00 +00

N NLU
47’ I (B y,d) T ) dedy =35> I, j jgi?; Jono Ty i dle, +
n=1

M,
>
v=0 m=1
N M;,N;, +00 +00
202121 Lo J Igi%} Juv o Ak dk, (20)
N M;,Ng, +00 +0
4r’ HEW v, d,) I y)dedy =33 1%, I jgﬁ?x]mvjqndk dk, +

v=0 m=1 n=1
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N MLUNLU +00+90
o) . %
Z Z munu J' J‘gyuy Jno ]qn dkx dky 4 (21)
v=0 m=1 n=1

where the left side of (20) and (21) defines the [V] matrix, the double integrals are related to
the [Z] matrix and the variables p and g range equally to the variables m and n, respectively.

It is important to point out that for notation simplicity the functions gg?))g(kx,ky,dn),

jmulkx, ky) and  jy, (k. k,) were written without their respective variables in equations (20)

and (21).
As abovementioned, following the same procedure it is possible to get similar expressions
when magnetic elements are used. Nevertheless, the scattered electric field, the transformed

surface electric current density and the Green’s function g(g?))g should be changed by the

scattered magnetic field, the transformed surface magnetic current density and the Green’s

(0)

function ® Sve 1

respectively.

The double integrations in equation (20) and (21) must be performed numerically, usually in
a very inefficient and time-consuming way. In order to improve the computation efficiency
some mathematical simplifications are employed. These simplifications include the
evaluation of the even and the odd properties of the Green’s functions, the change of the
coordinate system (rectangular to polar: ky =f cosa and k, = sina) and the asymptotic
extraction technique.

2.3 Asymptotic Expressions

In microwave remote sensing applications the major interest consist on the target radiated
power and it’'s carried information. Therefore, is necessary the determination of the far
electromagnetic fields scattered by the target. These fields scattered by the multilayer
structure are computed based on asymptotic expressions, which are derived from the
stationary phase method (Collin & Zucker, 1969). The electric far-field, using this method, is
given by

Zk e_iko"
Ey(r,0,0) = —2—;

cotd {é%z(kxg/kye)—(r’; 770“10z(kxefkye)}’ (22)

in a spherical coordinate system, where the intrinsic impedance of free space is represented
by 10, kxe = ko sinB cos¢ and k. = ko sin6 sin¢ are the stationary phase points, ko is the wave
number of the excitation wave, eo(kw, ky) and ho.(kyw, k) are the amplitudes of the
transformed far-field components (in the z direction) in free space and r characterizes the
distance between the receiving antenna and the target. Note that the far magnetic field
Hy(r, 6, #) might be obtained from Eo(r, 6, §). For instance, considering a particular structure
consisting of four layers (N = 2) and having electric and magnetic elements printed on each
interface, the eo.(kxe, kye) and tho(kx, kye) are expressed by
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626 Advances in Geoscience and Remote Sensing

4o” . . . .
A—{(kxeG)O)]gx + (kye®0)]gy + (kxe®1)]1x + (kye®l)]1y +
1

(kxe®2)j2x + (kye®2)j2y + (kye®3)mgx + (_kxe®3)mgy +
(kye®4)m1x + (_kxe®4)m1y + (_kye®5)m2x + (kxe®5)m2y }’ (23)
4o* _ — [ e _
A—Z{(_kye‘zo)]gx + (kxe‘zo)]gy + (_kye:‘l)]lx + (kxedl)]ly +
(kyeE‘Z)ij + (_kerZ)ij + (ker3)mgx + (kyeE3)mgy +

(ker‘4)m1x + (kyeE4)m1y + (kerS)mZx + (kyeE‘S)mZy }’ (24:)

€oz (kxe/kye) =

IhOz (kxe ’kye) =

with

25
26
27

Oy =—616201727 ¢/ (25)
(26)
(27)
Oy = 016,75 (€71 COSQy +ig1y,8In), (28)
(29)
(30)
(31)
(32)

O =—67172(617cOsay +ig,y8inay),

O3 = 08162647172

Eog = =01y V17 2 29
By = =0 [y, (Mg COSay +ipysinay ), 30
B3 = MMo)172Y ¢ 31

By = )1 7211y g cO8Qq +ipL y sing ), 32

where the terms A;, A,, ©,, ®5;, E, and Ej are given, respectively, by equations (12) to

(17). It is important to observe that all terms of equations (23) and (24) are obtained on
stationary phase points and the transformed surface current densities were written without
their respective variables.

2.4 Simple Target

In order to complete the electromagnetic modeling development, simple target embedded in
a multilayer structure consisting of four layers is considered. The simple targets are
represented by electric and magnetic rectangular dipoles having infinitesimal thickness,
oriented along the x direction and printed on interface z = d>. The dipoles size 2a and 2b
(a>>Db) in the x and the y directions, respectively. In this particular situation, the surface

current density along the y direction is neglected since the dipoles width is considered to be

x2x2

p2m2] matrix needs to be evaluated, being

very thin. Thus, for either dipole only the [Z
represented by [Z,..], where the variable ¢ defines the type of dipole, electric ({'=e) or
0)

magnetic ({'=m). This evaluation involves the Green’s functions G,

(electric dipole) or

® 9. (magnetic dipole). After the aforementioned mathematical simplifications (subsection

2.2), the [Z,n/] matrix becomes
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+00 400
0 *
A I ARy ) ) e, =
40 7w/2
1
I J Alg(cosa) + Azg(sma) 1R, ; da df +
=0 a=0
+00 7r/2
I j ”/ (cosar)® R o dadpy, (34)
£=0 a=0
where 4'9 represents the spectral Green’s function and d;» means the transformed surface

current density. The spectral Green’s function will be defined by 3. or by ® ) in the electric

and magnetic dipole cases, respectively. Similarly, the transformed surface current density will
be described by j,» or m,». In each dipole case, the factors A1, Az Asand Ry are expressed by

40)2ﬂ70®2 1Az

A, = - , 35
le Al ® ( )
40 Puy=
Ay = M ) (36)
AZ
ﬁZ
ASe = 7 (37)
€o + &y
Pro=
Alm » (f —1 A3m (38)
pe,O
Apm = f, (39)
2
A3m = ﬂ 7 (40)
Ho + to
R,, e = 7" b* 5 (bk,)sinc* (k Ax / 2)cos[k, (x,, —x,)], (41)

with Rymm = Ryme-

Additionally the equation (41) is obtained from the modeling of the surface electric current
density as the summation of piecewise-linear subdomain basis functions (rooftop functions)
taking into account the edge condition. In this equation sinc(y) = sin(y)/yx, Jo(.) stands for the
zero-order Bessel function of the first kind and Ax = 2a/(M+1), where M is the number of
current expansion modes.

From (34) to (41) it is noted that the first double integral of [Z,,] is dependent on the operating
frequency, whereas the second one is not. The former is the well-known Sommerfeld integrals,
which exhibit singularities in the form of branch points and poles; as such, their computation
requires careful attention. The poles (generally complex) correspond to surface and leaky
waves that can be excited in the layers. According to (Marin et al., 1990) the number of surface
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wave poles and their locations depends on the thickness of the layers, their electromagnetic
parameters and the wave number. For a multilayer structure and depending on the thickness
of the layers, the Green'’s functions might present hundreds of poles, making their integration
a formidable task. Since the number of poles and their locations are not known beforehand
(Newman & Forrai, 1987), the use of a deformed path to compute the integrations seems to be
an efficient way to avoid this problem. Therefore, in this work a parabolic path was chosen to
compute the integrations.

Using the rooftop function as basis function, the excitation matrices [Vye] and [Vym], for this
particular structure, are defined only over the S; region, which is limited by -4 and +a in x-
direction and by -b and +b in y-direction being given by

[ ;] J.J‘F(x y,d, )@p2x(x)@p2y(y)dxdy_

+b
iV x \P
=2(B§singo,.+C§c0s¢i)sinc2(\P]Ax/2) ot I cos('V,y)

2 oy,
o J1—=(y/b) yoo 6

where variable ¢ (e or m) defines the type of dipole as defined in equation (34). Therefore,

the function F(x, y, d2) can represent the scattered field Ej,(x,y,d,) or Hg,(x,y,d,)and the
complex conjugate of the surface current density @,  will stand for J;, or M,,_ , with
¢=x ory. The constants B, C,;, 1 and > are given by

= —(Ej e +Eje™™), (43)

ce = —cos O, (Ele™ —Ele™™), (44)
B, :_no—l(Ei iQ+Er —iQ)’ (45)
C,y =—115" cosO,(~E} e** + Eje ™), (46)
Y, = k,sinf;cosg;, (47)

¥, = kysiné;sing, , (48)

with Q =kod>cosé, E;, and E, standing for incident and reflected electric fields having

linear p polarization (horizontal or vertical) and the angles & and ¢ define the direction of
the incident wave. In equations (43) to (48) the subscript v and h stand for vertical and
horizontal linear polarization. The solution of integral equation leads to coefficient matrix
[I], from which it is possible to obtain the surface current density expression over the
scattering element. This density jointly with the spectral Green’s function permits the
evaluation of the electromagnetic fields in spectral domain.

3. Remote Sensing Applications

This section is devoted to some remote sensing applications, which can be derived from the
electromagnetic modeling described in section 2. All results are referred to a simple target
(electric and/or magnetic dipoles) embedded in a four layers structure (N = 2).
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3.1 Scattering Matrix

The determination of analytical expressions for the dipoles scattering matrices is the first
application considered in this section. The scattering matrix is the most important parameter
in polarimetric SAR analysis, since it provides complete information about the scattering
mechanism. All polarimetric features that describe the target scattering can be derived from
it. The scattering matrix can be seen as a mathematical characterization of the target
scattering. This matrix linearly relates the electric fields of the wave scattered (Es) by a target
to the ones of the incident wave (Ei). As consequence the scattering matrix can be seen as a
linear operator between Es and Ei, given by

s —ikqr i —ikgr )
L S

E, r E, r

where the subscript v and h stand for vertical and horizontal linear polarization. In order to
determine the scattering matrix of electric and magnetic dipoles embedded in a multilayer
structure, as illustrated in Figure 3, the procedure defined in (Sant’Anna et al., 2007a) will be
followed. This procedure directly relates the elements of the scattering matrix to the
components of the scattered electric field; a standard spherical coordinate system (r, 6, ¢) is
chosen to coincide with a coordinate system (k,v,h) defined in terms of horizontal and
vertical linear polarization components, as stated in (Ulaby & Elachi, 1990).

Free Space
(805 0)

Layer 2
(&2, 422)

% '~"--* Layer1 -
&, (€1l m) o i w,
e T -'; - y X

- ~_ Ground {Layer

:v R S, ,wgyk,l
Fig. 3 - A lateral view of the multllayer structure under analy51s
The incident wave sets up currents on the scattering elements (dipoles), which in turn re-
radiates a scattered wave. The currents induced on the dipoles depend on the incident wave

polarization. Therefore, from the reciprocity theorem, relation (50) between the components
of the transformed far electric field in free space due to each linear polarization

el (kye ko) = —110h52 (kyo Kye), (50)

can be obtained, where the superscripts (v, h) are associated to polarization of the incident
wave. Consequently, for an electric planar dipole the induced currents due to horizontal and
vertical linear polarizations are, then, related by

" k,
]1x (kxe/kye) = _Cﬂ k

]]1x) (kxe' kye) . (51)

xe
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This relation leads to the following scattering matrix

[S.]= (cosg,)? /€, sing, cos,
ed cos¢s sing, cosg,  C,(sing,)?

where the constants C; and C, are given by

A1:5“1
nyand C,=--—90"1
A0, " 2 A

cosé, ]m,(k k .) -

Jl < xe’
Similarly for the magnetic dipole, the relation between the induced currents and its
corresponding scattering matrix are expressed, respectively, by

1 kxe v
gcz(kxe’kye) =-C, k gxz (kxe/kye) ’ (53)
e

C, |(sing,)*/C; —sing, cosg,

[Smd ] N sin ¢s —sin ¢s Cos ¢s C3 (COS ¢S )2

(54)

where the constants C; and C4 are represented by

AE i20°k2n,=
1=4 7, and C, = —ﬁcosﬁsm(”) (k

C, =
3 A2®4 7Z'A2 1xe

xe’kye) :

Note that the constants C, and C4, which are directly related to the currents induced on the
dipoles, affect equally all the elements of the scattering matrices. The terms A;, A,, O,
®,, E; and E,, given by equations (12), (13), (26), (28), (30) and (32) respectively, are
evaluated at stationary phase points. From equations (52) and (54) it can be also observed
that the scattering matrix expressions are derived for any direction of the scattered wave.

In (Sant’Anna et al., 2008a) it was used two polarimetric features as comparative metrics
between the electric and magnetic scattering matrices. These features included the o-angle
derived from the eigenvalue/eigenvector decomposition (Cloude & Pottier, 1997) and a
similarity measurement based on square of correlation coefficient, which was proposed in
(Yang et al., 2001). The results were obtained in (Sant’Anna et al., 2008a) for a structure
composed of layers having the same electromagnetic parameters of free space. They showed
that even though the dipoles present different electromagnetic nature the dominant a-angle
for both are equal to 45°. Therefore, based on this feature it was not possible to differentiate
the two dipoles, despite their electromagnetic characteristics. On the other hand, measuring
the correlation coefficient it was shown that it can be used as a discriminating feature
between the two scattering matrices. This statement is promptly verified when the four
layers are assumed to be the free space. In this particular case the constants C; and C; are
reciprocal real values yielding a correlation coefficient equal to zero, i.e. the scattering
matrices are non-similar.
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3.2 Simple Target Characterization

The simple target characterization is the second application considered in this work within
remote sensing context. The characterization is made using several electromagnetic
attributes that are measured at far-field condition. The measurements are done based on a
particular configuration of the four layers structure, in which the dielectric parameters of
layers 1 and 2 are made equals. That is, the structure is then composed by three dielectric
layers (the free-space region, one inner layer and the ground layer) and the dipoles (electric
and magnetic) are printed on interface z = d», as depicted in Figure 4.

In antenna theory the directivity function D(6, ¢) is one of several parameters used to
characterize or define an antenna. According to (Balanis, 1997) this function is defined as the
ratio of the radiation intensity U(6, ¢) in a given direction from the antenna to the radiated
intensity average over all direction. The D(6, ¢) is expressed by

D@, =200, 5)

1

where P; = I[U(¢9,¢) dQ is the average radiated power within the solid angle 2 and the
Q

U(6, ¢ function is defined, for a multilayer structure, as

2
1 ( k,cot@
U@, ¢) = —| = { k. k.
( ¢) 2’70[ 27Tj |‘BOZ( xe y)

2
+ U§| ]hOz(kxe/ kye)

1 (56)

with the transformed electric and magnetic longitudinal amplitudes the eo.(k, ky) and
thoz(kxe, kye) being expressed by equations (23) and (24), respectively.

Considering the structure of Figure 4 and assuming that the size of dipoles are infinitesimal
the function D(6, ¢) is promptly computed. Since, in this case, the surface current density
can be considered as constant. The directivity function for a structure characterized by & = 2,
tgo=0, ;=1 and tgd, =1.0x10*15 as dielectric parameters values, it was evaluated at
225 GHz for printed infinitesimal electric and magnetic dipoles. The respective three-
dimensional graphic of D(6, ¢) are illustrated in Figures 5 and 6 for two values of inner layer
thickness, { =4 mm (0.034) and € = 40 mm (0.3 4o).
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Fig. 4 - A lateral view of the mul;cilayér structure under énalysis.
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From these figures it can be notice that the radiation patterns are completely different for
both dipoles. This fact it was expected due to the dissimilar electromagnetic feature of the
dipoles. Theoretically, the radiation pattern can be used to differentiate structures which
present these kinds of dipoles. In addition, it can be observed that the shapes as well as the
radiation levels are modified by the variation of the inner layer thickness. The radiation
levels modification may be associated to the modes (guided and leaky) existing within the
structure. Increasing the layer thickness more guided modes might be established inside the
structure, consequently decreasing its scattered power.

(@) (b)
Fig. 5 - Three-dimensional graphic of D(6, ¢) for infinitesimal electric dipole: (a) £ =4 mm
and (b) € =40 mm.

(@) (b)
Fig. 6 - Three-dimensional graphic of D(§, ¢) for infinitesimal magnetic dipole: (a) { =4 mm
and (b) ¢ =40 mm.

The SCS is other parameter that can be used on the characterization of target scattering
properties. In general, it is function of the operating frequency, wave polarization, incident
and observation angles, target geometry and its dielectric properties. According to
(IEEE, 1993) the target SCS can be expressed by
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s 2
| L E®)
SCS(ks,kZ) =lim|4rxr am— (57)
r—0 |El (kl )|

where E'(k)) is the electric field of incidence plane wave in k; direction and E°(k,) is the
electric field of the scattered wave in k; direction, measured at a distance r of the target.

The multilayer structure (Figure 4) containing dipoles that their length and with are equal to
50 mm and 1 mm, respectively, is used to evaluate the SCS parameter. The dipole length is
oriented along the x-direction while its width is oriented along the y-direction. For SCS
analysis a basis structure characterized by & =233, tgo=1.2x10"1, {=50cm, &;=>5 and
tgo, = 2.0x101 is used. The evaluation, conducted at 1.25 GHz, uses a vertically polarized
incident wave at oblique direction defined by & =40° and ¢ = 60°. The SCS analysis comprises
the influence of the inner layer by varying its thickness (f) and its relative permittivity (s;). The
SCS resulting curves are plotted in azimuth (s fixed at 6; and ¢ ranging from —180° to +180°)
and in elevation (0 ranging from —90° to +90° and ¢ fixed at ¢) directions. It is important to
mention that for each analysis the others structure parameters were kept constant.

The plots of azimuth SCS for the € variation are depicted in Figure 7. It can be observed that
the SCS results for the structure containing the electric dipole are greater than those for the
magnetic one. An inversion of the greatest and the lowest SCS curves, relative to both
structures, is also observed in Figure 7. That is, for instance, the £ = 0.2 leads to the greatest
SCS values for the structure having the electric dipole, however conduct to the lowest SCS
values for the structure with the magnetic dipole. From Figure 7b it can be seen that the
greatest RCS level occurs when € = 1.0 and the ¢ values 0.1, 0.2}, and 0.5 present the
lowest RCS levels, where the scattering of the dipole seems to be mandatory. The amplitude
of the SCS variation (it is about 4 dB) is similar for both structures.

ey [ L AT SR T, ¥ L U HaT TP S

~Hg NI # -4 (/] L] L ] v 18 e i #* -y ("] 1] w . g
o Deagnae] o D]
(a) (b)

Fig. 7 - The azimuth SCS curves for different £ values: (a) electric dipole and (b) magnetic dipole.

The effects of the inner layer relative permittivity (&) on the SCS curves are shown for
structure with electric dipole in Figure 8 and for structure that has the magnetic dipole in
Figure 9. In both figures are presented the SCS in azimuth and elevation directions. In
general, similarly to ¢ variation, the SCS values for the structure having the electric dipole
are greater than those for the magnetic dipole. For the structure with the magnetic dipole is
noted that there is not alteration in the curves shape, only in their SCS levels. These SCS

www.intechopen.com



634 Advances in Geoscience and Remote Sensing

levels increase when the & grows. However, the SCS curves shape as well as their
magnitudes for the structure having the electric dipole are modified by the inner layer &.
From the azimuth SCS curves (Figures 8a and 9a) it can be seen that, for ¢ values greater
than 4, the curves seem to show a kind of complementary. Since, in the ¢ angles where
occur the maximum SCS levels for structure containing the electric dipole are found the
minimum SCS level for the other structure and vice-versa. The SCS is sensitive to
electromagnetic properties of the scattering element since; in general, both dipoles bring
different responses.
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Fig. 8 - The electric dipole SCS curves for different of & values: (a) azimuth and (b) elevation.
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Fig. 9 - The magnetic dipole SCS curves for different of & values: (a) azimuth and (b) elevation.

Several parameters have been proposed to assist the interpretation and the classification of
polarimetric SAR data. For instance, the entropy, the anisotropy and a-angle derived from
Cloude-Pottier’s target decomposition theorem (Cloude & Pottier, 1997) has been widely
used for this purpose. The a-angle can be also used as characterization parameter since it
provides information about the type of scattering mechanism. In this way, the a-angle was
evaluated at 1.25 GHz for the same multilayer structure used on the SCS analysis. In Figure 10
is showed the a-angle variation in terms of the inner layer relative permittivity (s).

From the evaluation of a-angle it is verified that the average a-angle varies completely
different from that expected with a-theoretical (around 45°). This fact it is observed for both
structures. It probably occurs due to the existence of cross components in the scattering
matrix of the structures. In contrast, the computed a-dominant values are almost constant
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and very close to 45° and to 60° for the structure containing the electric dipole and magnetic
one, respectively. Therefore, according to (Cloude & Pottier, 1997), the scattering mechanism
of the structure having the magnetic dipole can not be assumed as a scattering mechanism
produced by an electric dipole. It leads to state that the layers introduce a certain degree of
anisotropy to scattering mechanism of the magnetic dipole since its a~dominant value is

characteristic of anisotropic scatter.
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Fig. 10 - The a~angle variation in terms of & for structure with: (a) electric and (b) magnetic dipoles.

According to (van Zyl et al., 1987) the polarimetric response is another way to represent the
target SCS. In this graphical representation, the SCS is plotted in function of ellipticity and
orientation angles of the transmitted electromagnetic wave. The polarimetric responses for
the multilayer structures containing the electric and the magnetic dipoles when & = 25 are
presented, respectively, in Figures 11 and 12. The polarimetric response is sensitive to
electromagnetic properties of the scattering element since both dipoles bring different
responses. Besides, it can be observed that the two polarimetric responses seem to be
complementary, because the point where occurs the maximum value of polarimetric
response for one dipole corresponds to the point of minimum value for the other dipole.
This complementary relation can be though as the duality that there exist for both dipoles.
The magnitude of the polarimetric response for electric dipole is greater than for the

magnetic one for this value of &, as can be sustained by Figures 8 and 9.
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Fig. 11 - Polarimetric response of electric dipole: (a) co-polarized and (b) cross polarized
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Fig. 12 - Polarimetric response of magnetic dipole: (a) co-polarized and (b) cross polarized.

3.3 Polarimetric SAR Images Simulation

The polarimetric SAR data simulation is the third remote sensing application that is
considered in this work, which can be derived from the current electromagnetic modeling.
The methodological approach employed on the polarimetric SAR image simulation is
completely described in (Sant’Anna etal., 2008b and Sant’Anna, 2009). It is based on the
computation of the far electric field scattered by a multilayer structure excited by an elliptically
polarized plane wave, in order to perform the simulation process as realistic as possible.

The multilayer structure used to simulate two sets of polarimetric SAR images is composed
of three isotropic, linear and homogenous layers stacked up in z direction, as depicted in
Figure 4. A rectangular perfect electric dipole, sizing 50 x 1 mm, is printed on the planar
interface between the free space and the inner layer (interface z =¢). This dipole has
infinitesimal thickness and will act as scattering element. A large number of dipoles is
spread over the inner layer in such way that is guaranteed at least 30 elementary scatters
(dipoles) inside of each SAR resolution cell and there is no dominant scatter in the scene.
The dipoles position and local orientation are conveniently (uniformly) distributed over the
inner layer.

The simulated images represent the acquisition of an airborne monostatic SAR flying at
6000 m of height, having a grazing angle of 35° and imaging a terrain where only a small
area of 290 x 290 m will be consider in the simulation. The simulated images were generated
having 3.0 m of spatial resolution in range and azimuth directions and 2.8 m of pixel spacing
in both directions. The SAR spread point function was represented by a separable two-
dimensional sinc function, whose support region is a square window of 9x9 pixels.

The first image set, illustrated in Figure 13, was generated for a SAR operating at L-band
(1.25 GHz) and for a multilayer structure having the following characteristics: the ground
layer with relative permittivity &¢=5.0 and loss tangent tan¢; = 2.0x10-, the inner layer
characterized by thickness € =527.63 mm, relative permittivity & =2.33 and loss tangent
tano=1.2x10+4 and both layers having s as magnetic permeability. In this set, the images
contain four distinct regions that are different by local orientation of the electric dipoles. The
dipoles are preferentially oriented at 10°, 30° and 20°, respectively, for upper left, upper right
and lower right regions, while for lower left region the dipoles are oriented totally random
(TR). These regions are denoted by A, B, C and D letters, respectively. It is important to
mention that the orientation is referred to the azimuth-axis (az) and the origin of the system
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coordinate is located at image center. Note that the VH channel is not presented in Figure 13
because it is equal to HV one, due to reciprocity assumption framework.

© @
Fig. 13 - L-band amplitude simulated polarimetric SAR images: (a) Phantom, (b) HH, (c)
HV and (d) VV channels.

These simulated SAR images were quantitatively evaluated in (Sant’Anna et al., 2008c). The
amplitude SAR data were investigated by fitting a simple linear regression model to sixteen
samples of 100x100 pixels extracted from each region. The polarimetric analysis was based
on the discriminatory capability of the « and S angles derived from the standard Cloude-
Pottier's decomposition theorem (Cloude & Pottier, 1997) and the orientation angle (¢)
induced by azimuthal terrain slope (Lee et al., 2000).

Under linear detection and for single look data the ratio of the standard deviation and the
expected value (the coefficient of variation — C,) over homogeneous area is constant and
equal to [(4-w)/n]1/2 = 0.5227. This value can be obtained from the moments of the Rayleigh
distribution. As consequence, a simple way of evaluating the simulated data is to check
whether the mean value (1) and the standard deviation (o) of the data holds, within
homogeneous area, the linear relationship o= 0.5227*x. This analysis was performed by
applying a simple linear regression model to the estimated means and standard deviations
for all sixty four samples in each channel.

The adjusted linear model (Y = bo+b1*X) and expected one (Y = 0.5227*X) are depicted on
Figure 14 in each channel, respectively, by dashed and solid lines. From the adjusted model,
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where Y represents the standard deviations and X the mean value, is expected that the
estimated intercept (bp) and slope (b1), should be zero and 0.5227, respectively. It can be
noted that two straight lines are almost coincident, showing that the adjusted model and
theoretical one are approximately equal.

A Student'’s t-test for the intercept being equal to zero and the slope being equal to 0.5227 was
performed. These two parameters and their p-values for statistical analysis of the regression
are shown in Table 1. The estimated slope values are around the expected value (0.5227) for all
channels. The estimated intercept values for HH and VV channels are very close to 0, and for
HV channel is a little bit higher than this value. Analyzing the p-values is observed that only
one value lower than 5% is encountered for b; test in VV channel, that is, for this case there is
no evidence to accept the hypothesis of b1 to be equal to 0.5227 at 95% of significance level.
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Fig. 14 - Linear fit to sample data: (a) HH, (b) HV and (c) VV channels.

p-value*100%

Channel bo by bo by
HH 0.0971 0.5070 47.34 94.24
HV 0.2754 0.5030 70.98 75.12
\'AY% -0.0880 0.5245 6.74 440

Table 1. Statistics for the linear regression fit.

From the linear fit results it can be concluded that the polarimetric SAR data has one look
and the regions can be considered as homogeneous areas. Additionally, the equivalent
number of looks (ENL) was estimated for the whole image based on all the sixty-four
samples. The estimated ENL for the HH, HV and VV channels are 1.005, 0.994 and 0.998,
respectively, which results in 0.999 as final estimate of ENL computed as mean of those
individual estimates. The estimated values are very close to one, as expected for a single
look data.

Knowing that the a-angle provides information about the scattering mechanism and the S
and ¢ angles are related to target orientation angle, it was formed attributes bands from
pointwise estimation of these angles. The ¢, fand ¢ images and their respective histograms
are shown in Figure 15.

The « image does not show a notably difference among the image regions, leading to a low
discriminatory capability based on only « feature. The a-angle mean value of each region is
around 55.96°, value that is greater than 45° (typical value for electric dipole scattering
mechanism), it probably occurs due to the existence of cross components in the scattering
matrix. Comparing the results presented in (Sant’Anna et al., 2007b), where the dipole
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scattering was mandatory, it is concluded that the thickness of the inner layer can influences
significantly in the scattering mechanism of the multilayer structure. Therefore, might be
state that the inner layer can introduce a certain degree of anisotropy to scattering
mechanism of the regions.

As abovementioned the difference among the regions comes from the dipole local
orientation, in this sense is expected that fand ¢ angle images present, in general, the best
discriminatory capability. This fact is easily verified by a visual inspection of
Figures 15b and 15¢, where the four image regions appear visually distinguishable. The g
and ¢ image histograms exhibit three dominant modes that are related to the values of
regions A, B and C. However, for these regions the variances of ¢ values are smaller than
those of £ values, meaning that the former image (¢) presents regions more homogeneous
than the later one (£ image), which displays an aspect noisier than ¢ image and this fact
influences on the regions discrimination.

In order to evaluate the discriminatory capability of fand ¢ polarimetric features a simple
threshold classification procedure was employed. The thresholds were defined based on the
mean and one standard deviation of each region (et Where reg stands for region).
Over the classified images was applied a mode filter with window of 3x3 pixels to improve
the classification results. The final classified images that arise from £ and the ¢ images are
illustrated in Figure 16. The classification performance was assessed from the matrix
confusion (Tables 2 and 3), overall accuracy and kappa coefficient of agreement and its
sample variance. The confusion matrices were estimated based on all pixels of each region.
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Fig. 15 - Angle images and their respective histograms: (a) ¢, (b) # and (c) ¢.
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In general, from Figure 16 can be noticed that all regions are better classified when the ¢
angles feature is used, this is corroborated by the values of overall accuracy and kappa
coefficient. From a statistical z-test with 95% of significance level is observed that the
classification result of ¢ image is much better than that obtained with fimage, showing that
discriminatory power carried by ¢ feature is superior to one gathered by f feature, for the
simulated image used in this study. It is noted that the regions border are better defined in ¢
image classification, probably due to their smallest class variances.

(@) (b)
Fig. 16 - Classified images arising from: (a) fand (b) ¢ features.
Orig./Class A B C D Orig./Class A B C D
A 9622 002 005 371 A 9780 017 012 191
B 003 9734 0.07 2.56 B 005 9976 0.02 017
C 0.00 015 96.85 3.00 C 007 095 9810 0.88
D 8.69 3.66 786  79.79 D 154 439 098  93.09
Overall Accuracy = 0.93 Overall Accuracy = 0.97
£=0.90 and 62 =7.46x107 £=0.96 and 62 =2.97x107°
Table 2. Confusion matrix for fimage. Table 3. Confusion matrix for ¢ image.

The region D, where dipole local orientation angles are randomly distributed, presents the
greatest confusion in both classification results, being the worst classified region. The region
B (dipole oriented preferentially at 30°) obtained the best region discrimination. The regions
A (dipoles at 10°), B and C (dipoles at 20°) are very well differentiate by the simple
threshold method, using fand ¢ features. The fimage classification is characterized by the
largest misclassification of the region D values. The classification results point out that these
two features gather the proper information to distinguish targets whose present differences
in their scatter orientation about the radar line sight.

The variation of the soil moisture content might be symbolized by variations on the relative
permittivity and on the loss tangent of the structure layers. As consequence, simulated
images containing regions that are distinct by these layers dielectric parameters should be
used aiming for the retrieval of soil moisture from SAR data studies. Keeping this idea in
mind the second image set was generated. Images having five different regions were
simulated for a SAR operating at C-band (5.3 GHz) and X-band (9.6 GHz). The dielectric
parameters of the multilayer structure of each image region are presented in Table 4.
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Using the HH and VV images were computed two polarimetric attributes derived from the
backscattering coefficient. The former was proposed in (Singh & Dubey, 2007) and is called
by polarization discrimination ratio (PDR). The later was employed in (Tadono et al., 1999)
and is denoted here as polarimetric description square root (PDS). These attributes are,
respectively, given by

0 0
O, —0O
PDR =—% I | (58)
Ow M Ohn

PDS =./cl o? , (59)

where O'Sq represents the backscattering coefficient for pg polarization.

Region Location & tano, Erg tano, Dipole Orientation
Upper Left 2.33 1.2x10+4 5.0 2.0x101 10°
Lower Right 2.33 1.2x10+4 5.0 2.0x101 30°
Central 2.33 1.2x10+4 5.0 2.0x101 TR®@)
Lower Left 4.00 1.2x101 8.0 2.0x10+1 TR
Upper Right 2.33 1.2x10-4 8.0 2.0x10+1 TR

(a) TR means totally random.
Table 4. Dielectric characteristic of the structure layers of each image region.

The attribute images are depicted in Figures 17 and 18 for C- and X-bands, respectively. In
these figures are also shown their respective ICM (Correia et al., 1998) classification results.
It is important to mention that it was assumed a bivariate Gaussian distribution to model
the joint density of the PDR and PDS attributes. From the classification results it can be
noted that the five image regions were completely distinguished in both bands. The overall
accuracy reached 99.75% for C-band images and 99.70% for X-band images, showing that
the PDR and PDS attributes properly combined can be used to discriminate image regions
having different dielectric characteristics.

Fig. 17 - C-band images: (a) PDR, (b) PDS and (c) classified.
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(@)
Fig. 18 - X-band images: (a) PDR, (b) PDS and (c) classified.

4. Conclusions

A scattering electromagnetic model for planar multilayer structure is introduced in this
work. The methodological approach used to determine the electromagnetic fields existing in
this type of structure is concisely described. The electromagnetic model potentiality is
demonstrated through some remote sensing applications. These applications include the
establishment of analytical expression for the scattering matrix of electric and magnetic
dipoles, the simple target electromagnetic characterization and the 1-look SAR polarimetric
image simulation.

The characterization of radar scattering from complex targets in terms of a linear combination
of scattering from simpler ones, consists in an effective tool for the analysis of polarimetric
data. From this point of view, knowledge of the scattering matrix from simpler targets is
crucial to extract information gathered by polarimetric SAR data. Besides, the closer to the
exact solution the determination of the scattering matrix is, the more precise the scattering
analysis will be. From polarimetric SAR images and using the knowledge of scattering matrix
it is possible, for instance, to develop mathematical models for natural targets and to derive
several polarimetric target descriptors. It is also possible to improve the classification accuracy
of land cover and use, to identify the scattering mechanisms intrinsic on an ensemble of pixels,
and to built up a sensor calibration processes. In this context, the computation of scattering
matrix plays a central rule in the polarimetric radar remote sensing imagery.

The scattering characterization of dipoles embedded in multilayer structure was carried out
by evaluate the directivity function, the scattering cross section (SCS), the polarimetric
response and the a-angle derived from Cloude-Pottier’s target decomposition theorem. The
directivity function revealed that the both infinitesimal dipoles irradiate differently, indicating
their distinct electromagnetic nature. Besides, from the directivity function it could be the
influence of the inner layer thickness on the radiated power. The SCS curves analysis
demonstrated how the inner layer thickness ({) and the relative permittivity (&) of a multilayer
structure can affect the target characterization. The { parameter affects only the SCS levels
while the & influences the SCS shape as well as its level. In general, the SCS shape is dissimilar
for the electric and magnetic dipoles. This statement is also verified from the graphic of
polarimetric response. The estimated average a-angle for both dipoles showed great deviation
from the theoretical one. On the other hand, when the dominant o-angle is used the estimative
for the electric dipole is in accordance with expected one. However, for the magnetic dipole
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the estimated dominant a-angle values are constant and greater than 45° (typical value for an
electric dipole), indicating a degree of anisotropy in the scattering mechanism.

The developed image simulation process is not restricted to monostatic airborne sensors, it
can be employed to orbital sensors as well as in bistatic configuration without any
additional complexity. The simulated images can be generated at several operating
frequencies, containing different spatial resolution and pixel spacing among others SAR
parameters. The generated images were evaluated according to several measurements
commonly employed in SAR data analysis. It was checked by using a simple regression linear
model whether the mean value () and the standard deviation (o) of the data exhibit the linear
relationship o= 0.5227xu within homogeneous areas. From regression linear analysis it can be
concluded that this relationship holds for all simulated images. The equivalent number of
looks was estimated, proving that the simulated data have only one look as simulated. It was
also assessed the discriminatory capability of the image regions by applying two classification
approaches, one using a simple threshold procedure and other based on the ICM classifier.
Consequently, from the evaluation results it can be concluded that the simulation process is
working properly, since the results are in accordance with those presented in the literature.
Furthermore this simulation process can be used to improve the understanding of SAR data
properties in different situation, images can be generated to do theoretical as well as
practical studies in several SAR subjects. From these kind of simulated image can be
developed specific tools for digital image processing and to perform studies relative to SAR
data calibration. In the remote sensing context still catches a glimpse the use of the model in
ground penetrating radar (GPR) studies. Finally, from the obtained results it can be
concluded that the presented electromagnetic model is a useful and powerful tool to be
utilized in several remote sensing issues.
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