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SAR Imaging using Coherent Modes
of Diversity: SAR Polarimetry,
Interferometry and Tomography

2.1. Introduction

Spectral and spatial diversity measurements, Synthetic Aperture Radar
(SAR) imaging uses modes to focus 2D images of electromagnetic
reflectivity of environments. Even though this information is very useful for
detecting objects or to evaluate some of their geophysical properties, it has
some limitations for further applications or characterizations. In fact, very
diverse objects, such as a vehicle or a forest parcel, may provide responses
with a similar energetic level. As a result their differentiation must
necessarily involve additional information, among which polarization
diversity is often considered. Classic SAR imaging uses a system of
antennas polarized in the same way, and so measures 2D scalar information.
The use of antennas with different polarizations allows the measurement, for
each image pixel, of a multi-variate polarimetric quantity which provides
information on the intrinsic geophysical properties of the imaged objects.
Another significant limitation of SAR imaging comes from the natural
ambiguity linked to the 2D mapping of 3D environments. This dimension
reduction causes a direct loss of height related information because of height
and, in particular, mixes the contributions from scatterers located at different
altitudes. The solution usually considered uses additional spatial diversity to
determine, for each 2D SAR image pixel, either the elevation position of the
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main scatterer, or the vertical distribution of the imaged reflectivity, for
tomographic applications. It should be noted that SAR interferometry
(InSAR) requires the coherent combination of N = 2 SAR measurements,
compared with N > 3 for tomography and 2 < N <4 for polarimetric
measurements. These different measurement modes, which can be combined
with each other, are illustrated in Figure 2.1. The use of wave polarization or
the measurement of an object’s position through interferometry are widely
known techniques used since the post-war period in the field of optics.
During the 1950s and 1960s, a group of researchers [DES 51, KEN 49,
SIN 48, SIN 50] developed the theoretical tools necessary to handle coherent
multi-variate data, using wave polarization to differentiate radar obstacles or
to identify them from their unique polarimetric behaviors. In the 1970s,
Huyen [HUY 70] deeply modified the approach of polarimetric data
processing by combining a rigorous mathematical analysis with a
phenomenological interpretation of electromagnetic scattering mechanisms,
paving the way for sophisticated techniques such as the ones presented in
this chapter. SAR interferometry, which can determine the elevation position
of the different SAR image pixels, appeared in the 1970s—1980s [GRA 74]
with airborne applications [ZEB 86], and then satellite applications
with SEASAT-A measurements [GOL 88]. The introduction of a
nearly uninterrupted series of satellite missions adapted to the InNSAR mode
since the ERS-1 launch in 1991 has resulted in a boom in SAR
interferometry techniques, which have now reached a nearly industrial level
of maturity and which provide, through differential SAR interferometry
[FER 0Ola, FER 07, MAS 93, ZEB 94], a technique with unique
performances. SAR tomography was born at the beginning of the 2000s
[REI 01] and has made it possible to image a scene in 3D by combining
several inSAR images [FER 15, GIN 05, HUA 11a, NAN 09, TEB 10]. To
date, its application is limited to airborne data, but adjustments are currently
being studied to extend this approach to satellite measurements.

The information gain brought by the use of coherent diversity modes is
shown in Figure 2.1.

This chapter first presents a detailed introduction to SAR polarimetry, its
formalism, the mathematical tools that it uses, and the phenomenological
interpretation of responses that it fosters. It is then shown that the
generalization of speckle filtering in both multidimensional cases requires
the use of the covariance matrix concept and that filtering, while it helps to
significantly reduce the variance of the estimated values, results in a serious
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limitation of the possible interpretations. Polarimetric decomposition
techniques, which aim to differentiate and estimate one or several prevailing
scattering are introduced as a mechanism. Examples of applications of these
concepts to automatically classify scenes or to further scattering mechanisms
are given. We discuss another diversity mode, SAR interferometry, or
InSAR, based on the use of measurements made from slightly different
positions, and which, through interferometry, uses the link between the
phase variations observed in different measurements and the scene
topography. After describing SAR data processing chain used to build digital
elevation models (DEM), we present an introduction to 3D imaging of
volumetric environments through SAR tomography, and some applications
mixing space and polarization diversities.

o T it

Figure 2.1. lllustration of coherent diversity modes for data acquired in L-band by the
DLR/ESAR sensor on the Oberpfaffenhofen site in Germany: a) SAR intensity at VV
polarization, b) RGB=|HH-VV|, HV, |HH+VV|, c) interferometric coherence for the VV
channel, d) color-coded images of optimal polarimetric interferometric coherences
(RGB = |Yopt, s [Yopt, | [Yopt,|; defined in section 2.3)

2.2. SAR polarimetry

2.2.1. Introduction to radar polarimetry: formalism, descriptors
and polarimetric operators

2.2.1.1. Wave polarization
2.2.1.1.1. Polarization ellipse

We consider a progressive electromagnetic (EM) wave model, adapted to
the representation of the electric field transmitted by a radar located at the
center of a 3D coordinate system, taking the general form of a modulated
quasi-spherical wave, whose expression is, in complex notations and in

o > j(wct—KcT)
spherical coordinates, E(r,t) = u(t)Eq (6, ¢) ¢ , with = (1,0, ¢),

r
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a position in space shown in Figure 2.2(a), f,, the carrier frequency w, =
2nf, = vy, and S, the wave propagation velocity. As discussed in Chapter
1 of this volume, the modulating signal u(t) represents the base band
waveform transmitted by the radar and has a spectrum, U(f), which covers a
spectral range with a bandwidth Bf. That signal may be directly defined in
the time domain, as in the case of simple unmodulated pulses or chirp-like
pulses linearly modulated in frequency, or generated in the spectral domain,
like continuous wave signals, CW. For a non-dispersive environment, i.e.
when the electrical, €, and magnetic, u, permittivities of the environment do
not change on the covered spectral band, the propagation characteristics of
that wave are identical to those of a monochromatic EM signal, and the
transmitted signal is not distorted during the propagation. The angular
dependence of EO, i.e. with respect to the 8 and ¢ coordinates, represents the
potentially anisotropic gain of the antenna that transmitted the electrical
field. As was presented in Chapter 1, such a wave can be locally
approximated by a plane wave, that is a wave propagating according to a
direction orthogonal to a plane with a normal &, and whose electrical field is
given by E(r,t) = Eyjef@ct=¥cR1)  with E, such as E,.® = 0 and with
components that vary according to the position r considered. That
approximation is given by is illustrated in Figure 2.2, with a size D virtual
object illuminated by a spherical wave at a 1 distance from the transmitter,
which is large compared to the size of the object. The spherical wave front
can be locally approximated by a plane wave defined by the tangent plane to
the r, radius sphere, and propagating in the direction orthogonal to that
plane. The validity of that approximation, which considers that the field has
constant amplitudes and phases on the tangent plane, around the central
position of the object, is generally evaluated by means of an empirical

criterion, called far-field criterion, given by 1y > %, with 15, D > 4., and

D, the sphere radius including the measured object [KNO 74]. This criterion
corresponds to an arbitrary phase walk error, |A¢| = %Ad < Z, where 4d

corresponds, as is shown in Figure 2.2(b), to the error term on the distance
actually traveled by a spherical wave, during its approximation by a plane
wave. When that criterion is verified, the object EM radiation can be
approximated with high precision by its response to a plane wave. On
Figure 2.2(c), it can be noted that the tangent plane definition varies with the
position r to which the approximation is applied. The wave polarization is
generally defined by means of a direct orthonormal coordinate system,

~ A~ A

(%,9,2), with, locally, 2 = # and X = ¢.
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]

Figure 2.2. a) Representation of the EM field of a spherical wave at the
coordinates (r, 0, ¢), b) local approximation of a spherical wave by a
plane wave, c) decomposition of a spherical wave in a sum of plane waves

The electrical field expression of a plane wave is then given, in complex,
E (z,t), or real,_E)R (z,t), notation by:

Exej(wct—lccz+a)
E(Z, t) = Eyej(wct_’ccz'i'a) ;

0
Eq cos (wct — Kz + 8, + &)
Er(z,t) = Ey,cos (wct — Kez + 8y +§) [2.1]

0

where E; = Ej qej %, E, q € R, and «a represents an absolute phase shift that

is dependent on the arbitrary position of the space—time coordinate system
used. The plane wave polarization establishes the type of trajectory followed
by its electrical field over time, or similarly, through space. Two examples of
trajectories are described in Figure 2.3, which correspond to a horizontal,
with Ej y = 0, or circular, with Ey . = Ej y and |6y - 6x| = 2, polarization. It

should be noted that the components of ER (z,t) verify the equation of an
ellipse, given by:

(Eﬁx(z.c))z _5 Eﬂx(z.t)iﬁx(z,t) cos(8, — 8,) + (Eya};(l,t)
y

2
bl o 2O0)" = sin (8, - 8,)  [22]
The evaluation of [2.2] at an arbitrary abscissa z, helps to assess the
elliptical trajectory or polarization ellipse, followed by E:R (z,t) in the plane
orthogonal to the propagation axis, as shown in Figure 2.4(a). A polarization
ellipse, and so the polarization of a plane wave, can be described by means
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of three actual parameters represented in Figure 2.4(b) [KOS 86, LUE 95,
LUE 96]:

—ellipse amplitude, A = /ng + Egy, which is fixed by the electrical
field amplitude;

e . . Eo,Eo . .
— ellipticity, 7, defined by [sin2 7| = ZE(Z):+E%}; |sm(6y — 6x)|, which sets
the ellipse opening. When 7 = 0, the ellipse degenerates into a segment and

the polarization is linear, whereas || = % indicates a circular polarization. In
a general case, 0 <17 < %’ and the polarization is elliptic. The sign of 7 is

arbitrarily determined by the rotation direction of the field covering the
ellipse over time, with 7 > 0 for a “left hand” polarization and T < 0 for a
“right hand” polarisation. The ellipticity definition domain is then t €

T 7|
_2113

— ellipse orientation calculated with respect to the axis X, ¢, linked to the

Eg,Eg . T T
field components by tan 2¢p = ZE%,;E?,}; cos(é'y — (‘Sx), with ¢ € [— - ]

2’ 2)

Figure 2.3. Examples of spatial trajectories described by the electrical
field of a wave with: a) horizontal, b) circular polarization
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The three types of polarization that can be encountered are:

— linear polarization, characterized by 6, =6, =0+ km = 7 =10 and
by its orientation ¢;
s

— circular polarization, with §,, — 8, = > +kmEy, = Eoy =71=4 %;

— elliptical polarization, for which t and ¢ take any values.

It should be noted that there are numerous other ways to configure the
polarization ellipse. The angular variables presented here are widely used in
radar or optical polarimetry due to their close link with the elementary
transformations of a plane wave, which have an immediate physical
interpretation.

Figure 2.4. a) elliptical trajectory described by the
electrical field at the coordinate z,, b) representation and
configuration of the polarization ellipse
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2.2.1.1.2. Jones vector

Definitions and formalism SU(2)

The Jones vector, E € C?*1

complex envelope as:

, 1s determined from the electrical field

| Eg e/ 0x . 1 Eo,
—eJa| T | peié L : — 2% Lj(8y—6x)
E=¢ Eoyef5y] o [p] with p B, e/ Oy [2.3]

where p is the polarization ratio, which specifies a polarization state. A
linear polarization is characterized by p € R, whereas for a circular
polarization, p = =j. The Jones vector and the polarization ratio can also be
derived from the polarization ellipse parameters as [KOS 86, LEE 08]:

E = Acla cosq,')cosr—jsin(psinr] _ tang+jtant
~ ¢ Ising cos T+ jcos g sintT

[2.4]

- l1-jtang¢ tant

Jones vectors for the most commonly used polarization states are given in
Table 2.1.

Polarization Unit Jones vector @ [rad]

Horizontal (H)

Vertical (V)

Linear +45°

Linear -45°

Left circular

Right circular

Table 2.1. Parameters of commonly used polarization states

The expression of [2.4] makes it possible to formulate a Jones vector by
means of matrix operators derived from the special complex unit matrix
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group (2 X 2) SU(2) [CLO 86a, CLO 92, CLO 09], which is the basis for
the modern polarimetric formalism:

E = Ao/ ?;ii _Cf)i”f] jcffnfr] = AU, (P)U5 (DU, (a)x =

U,(¢,7,) [2.5]

with x =uy =[10]". A (2 X 2) matrix U, € SU(2) verifies U,UY =1
and |U,| = +1, with I the identity matrix, UY = U3, the transpose and
conjugate matrix U,, and |U,| its determinant. The basis of SU(2) adapted
to the description of a Jones vector given by [2.4] and [2.5] is:

U,($) = [cosd) —sind)], U, (1) = [icosr jsinr]’

sin¢g cos¢ sint  coST

+ja
v@=["" %] 2.6

SU(2) matrices can be associated with rotations in complex spaces, and
the expression of any Jones vector using the one associated with a horizontal
polarization x, as shown in [2.5], has a highly physical interpretation: an
arbitrary polarization wave can be considered as a horizontal polarization
wave, phase shifted by an angle a, with a polarization ellipse open by an
angle T and orientated by an angle ¢ with respect to the horizontal.

Change of polarization basis

One of the main characteristics of radar polarimetry, linked to the
multidimensional nature of polarization information, lies in the fact that the
object response acquired in a polarization basis can be expressed in any basis
by means of a simple mathematical transformation, that is without having to
measure that response with a set of antennas with different polarization
properties. A polarization orthonormal basis is composed of two unitary
Jones vectors, u and u,, verifying ufu, = 0 and uu = uffu;, = 1. These
normalized orthogonality conditions do not allow us to uniquely determine
u, from u. To address this indeterminacy, we then use the formalism SU(2)
to define a basis from the same transformation of the two elements of the
reference polarization basis (uy, u,):

u= UZ ((l)! T, a)uh and u = UZ ((l)! T, a’)uv = UZ (¢J_J Ty, aJ_)uh [27]
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Thus, the two Jones vectors, defining a polarization orthogonal basis, can
be associated with polarization ellipses with parameters verifying ¢p, = ¢ +
%, T, = —7T, a; = —a. From the expression of a vector its coordinates in an
arbitrary basis, Egq,) = Eqa + E, @, , and using [2.7], we can define of

matrix operator associated with a change of polarization basis as:
— — -1
E(u,uJ_) - Uz(uh,up)a(u,ul)E(uh:uv) - UZ (¢’ T a)E(uh'uv) [28]

We can thus extend the principle of this change to any-two-orthonomal

basis, (a,a@,) and (b,b,), as E(b'bl) = UZ(“H»U—V)—’(I’J’J_) E(1111-1,uv)—’(a,uJ_)
Egq,y [LUE 95].

2.2.1.2. Polarimetric radar response of an object
2.2.1.2.1. Radar measurements with full polarimetric diversity
Receiving polarization diversity

The synoptic representation of a radar acquisition involving a diversity of
received polarizations is given in Figure 2.5(a). An electrical field with a
polarization state E; o u is transmitted, and the observed scene response
is simultaneously measured by means of two receiving channels,
corresponding to the two elements of the polarization basis (u,u ), Eg =
Ewuyu+ E@, wyuy, where (u;u) indicates an incident polarization
colinear to u and a scattered polarization aligned with u, . The selection of a
polarization state during the transmission and reception of signals is
provided by the antenna system used. In comparison with a radar system
operating over a single polarization channel, a radar having a diversity of
polarization at the reception is either more complex and hence more costly,
as two receiving channels are needed, or results into a reduction of
performance with a single channel at the reception and a commutation
between the two diversely polarized antennas. This option implies a
doubling of the Pulse Repetition Frequency (PRF) system, defined as the
inverse of the period at which radar signals are transmitted and measured.
Most of the radar systems having a diversity of polarization use two
receiving channels.

Full polarization diversity

While the use of a receiving polarimetric diversity helps to better
characterize an environment response or to detect particular objects, that
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type of measurement is limited by the use of a single transmitting
polarization state. Thus, we can give the example of a vertical dipole, which
is extremely difficult to detect with radars, transmitting horizontal polarized
waves. A fully polarimetric radar measurement, requires the transmission of
two signals over orthogonal polarization states.

Er ccu— Ep, = Euyu + Eu, yyu and
Er u; — Ep, = Eu, U+ Eq,u,u1 [2.9]

The full polarimetric information is generally represented under the form
of a polarimetric scattering matrix, § € C2*2, obtained from Jones vectors
measured for orthogonal transmitted polarization states:

E E S S
e ] =M 12] [2.10]

S=F%E%J=[ il D

E (wuy, E (upuy

The diagonal elements of the scattering matrix, measured for similar
receiving and transmitting polarization states, are called co-polar elements,
or co-pols, whereas the off-diagonal elements represent terms measured
in cross-polarization, or cross-pol. As shown in Figure 2.5(b), a fully
polarimetric information measurement requires a doubling of the transmitted
information, and so of the PRF, which can result, as was shown in Chapter 1
of this volume, in an increase of the azimuth ambiguity phenomena and a
significant decrease of the range swath.

Transmitter : X Transmitter : X &Y
Receiver: X&Y Receiver: X&Y

a) b)

Figure 2.5. Synoptic representation of a radar measurement:
a) with polarization diversity, b) with full polarization diversity
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2.2.1.2.2. Polarimetric scattering matrix and target vector
Polarimetric scattering matrix

From the expression of the scattering matrix given in [2.10] and the Jones
vector decomposition on a polarization basis, we see that the polarimetric
scattering matrix associated with an object measured in an arbitrary basis
(u,u,) makes it possible to calculate the object response for an arbitrary
polarization state, expressed in the basis (u, u, ):

) S S )
ES = SE! =[ 11 12]El 2.11
Ss Si [2.1]

with E, a Jones vector associated with an arbitrary polarization state. Thus,
for a § matrix measured in the basis (uy, u,,), that is from two measurements

for E' = u,, = [(1)] and then E! = u, = [2], the object’s response to a left

circular polarization can be obtained, without any additional measurement,
like ES « Su;, or for a linear incident polarization orientated at +45° like
ES x Su+4_5.

Back scatter alignment convention, reciprocity and relative scattering
matrix

Two conventions for the representation of fully polarimetric information,
based on the use of a Cartesian coordinate system and as a reference for
defining the electrical field amplitudes and phases according to each axis,
can be found in the literature. The Forward Scatter Alignment (FSA)
convention, illustrated in Figure 2.6, is generally used in electromagnetism
and considers a Cartesian coordinate system with an axis Z aligned with the
direction of propagation of the considered plane wave. During a monostatic
measurement, that is when the radar transmitting and receiving systems are
co-localized, the coordinate systems used to represent the transmitted and
received signals have Z axes orientated in opposite directions. The
community of users of monostatic radar polarimetry generally prefers to use
the Back Scatter Alignment (BSA) convention, which considers the same
coordinate system to represent the transmitted and received waves. The
scattering matrices expressed according to the FSA or BSA convention are
linked by a diagonal transformation matrix, as shown in [2.12].
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Figure 2.6. Geometrical configurations of the representation conventions:
a) general FSA, b) bi-static BSA, ¢) monostatic BSA

As nearly all the environments measured by radars have a reciprocal EM
behavior, that is to say that their response remains unchanged when the
transmitting and receiving antennas are switched, we see that the scattering
matrix, measured in a monostatic configuration and expressed according to
the BSA convention, shows a symmetry property illustrated in [2.12]
[CLO 09, LEE 08, LUE 95]:

-1 0 S S
S sa = 0 1] = Sksa Spsa = SE Szz] = 57;35A [2.12]

As shown in [2.13], the scattering matrix can be characterized, in a
monostatic configuration, by three complex values or similarly by six real
numbers. This structure can be slightly simplified by noting that the
polarimetric properties, that is the polarization ellipse parameters and the
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amplitude, associated with the scattered Jones vector, ES, remain
invariant by multiplication by an arbitrary phase term, e/5. We can therefore,
without losing any polarimetric information or any amplitude modification
of the scattered signal, use a relative scattering matrix, S,.;, obtained
through the factorization of an arbitrary phase term, as shown in the example
below:

S. S .
S = Sll 12] = el¢11srel 2.13]
12 22
ithS. = [S14] |512|ef(¢12—¢11)
WIRSrel = 15 |ei(@12=011) |5, |e) (@22-b10)

The scattering matrix and its relative version have the same trace value
defined as span(S) = |S;1]|? + 2151212 + [S,2|%, which represents the total
power of the wave scattered by a target for a unitary Jones vector incident
wave. Figure 2.7 shows an example of SAR images acquired with a full
polarization diversity on the site of the San Francisco Bay in L-band.

£
ISy, 1° 1S,

E—
-40 dB8 0dB

Figure 2.7. Polarimetric images of the San Francisco Bay
acquired in L-band by the JPL/AirSAR sensor

Polarimetric target vector

If the scattering matrix contains, for a given configuration, all the
polarimetric information of a target response, its representation under the
form of a matrix (2 X 2) is not well adapted to the manipulations required
by modern multi-dimensional signal processing. A formulation, called



SAR Imaging using Coherent Modes of Diversity 81

target vector, whose two most used versions in practice are defined from the
scattering matrix measured in the H-V basis, as [CLO 92, CLO 96]:

k=Kkp = % [Shn + Sov Shn = Svw 2 Shol,

T
K, = [Sun V2Sn  Su] [2.14]

The target vector k; corresponds to the lexicographic sorting of the
scattering matrix elements, whereas kp results from a different linear
combination, involving the matrix basis of the Pauli spinors. Those two
target vectors are equivalent, as they are linked by a non-singular and unitary
linear transformation, kp = P;_pk;, so that span(k) = span(k;) =
span(S), with here span(x) = Y;|x;|?.

Change of polarimetric basis

We consider here a fully polarimetric acquisition carried out in the H-V
basis, and the relationship [2.10] recalled here, Efy, o,y = SqupunE Euh.uv)’
that we wish to express in the basis (w,u,), as E¢yy ) = Suuy) Eua,) -
The expression of the Jones vector of the incident wave is, according to

i _ i : — -1
[28]’ E(ufuJ.) - Uz(uh,uv)—)(u.ul)E(uh:uv)’ Wlth Uz(uh,uv)—»(u,ul) - UZ (¢l T, a),
whose parameters are obtained by means of the expression of u in the
(up, u,,) basis. The application of the same reasoning for E fu,ul) requires,

because the incident wave and the scattered wave propagate in opposite
directions, the application of a complex conjugate on the SU(2) operator. By
using the unitary matrix property, U,UY = I, we can summarize the action
of polarimetric basis change on the expression of the scattering matrix as:

g -1 —
S(“:“J.) - Uz(uh,uv)e(u,ul)S(uh»uv)UZ(uh,uv)A(u,ul) -

U3 (¢, 7, @)S(uyu,)U2(0, 7, @) [2.15]

The transformation indicated in [2.15] is called consimilarity and can be
extended to a change between any two polarization bases. The application of
a basis change onto a target vector can easily be obtained from [2.15] and is
expressed in the form of a special unitary (3 X 3) transformation:

k(u,uJ_) = U3T(2¢: 27, 205)1((uh,uv) [2-16]
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where the SU(3) matrix is formed from matrices with an action
corresponding to the one of the different SU(2) elements:

1 0 0
Usr (@) = [0 cos2¢ sin2¢
0 —sin2¢ cos2¢
cos2t 0 jsin2t
0 1 0
sin2t 0 cos2t

yUsr () =

cos2a jsin2a 0
jsin2a cos2a 0| [2.17]
0 0 1

, Usp(a) =

J

It may be noted here that, although the SU(3) matrices detailed in [2.17]
have an action similar to those of SU(2) given in [2.6], there is no particular
link between those two groups for numerous reasons [CLO 92, FER 00].
One of the consequences of the structure differences between SU(2) and
SU(3) can be observed in [2.17] with an ambiguity brought by the factor 2
multiplying each angular variable.

2.2.1.2.3. Phenomenological interpretation

One of the main benefits of radar polarimetry lies in its capacity to
discriminate and estimate some of the geophysical characteristics of
environments through the analysis of scattering mechanisms. The values
taken by polarimetric indicators, constructed from the elements of § or
of k, over simple targets, may be linked, through a phenomenological
interpretation of canonical scattering mechanisms, to properties of the
objects observed, like their shape, their orientation [HUY 70], etc.

Canonical scattering mechanisms

We consider here ideal metallic elementary targets illustrated in
Figure 2.8, which are measured at a normal incidence and with a carrier
frequency adapted to their size.

The simplified forms of the corresponding scattering matrices are
summarized in Table 2.2.

We note in Table 2.2 that the fully polarimetric responses of the chosen
targets may have specific forms or properties depending on the polarimetric
basis used, which can be used to label a pixel of a polarimetric SAR image
according to the canonical mechanism that is the closest to it. The studies
carried out by [SIN 48, SIN 50, KEN 49, HUY 70], concern the
interpretation of scattering mechanisms from § and define polarimetric
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invariants or specific polarization states of a target in order to relate them
with some of its physical characteristics. This type of approach can be very
easily illustrated by means of the target vectors k and k;, which correspond
to different linear combinations, so-called Pauli or Ilexicographic
combinations, of the scattering matrix elements explained in [2.14]. Despite
the fact that, as was shown before, those two vectorial representations, which
match through a non-singular transformation, are strictly equivalent, k offers
a more direct interpretation of the observed scattering mechanism nature,
from the modulus of its elements. In fact, as can be noted in Table 2.2,
canonical scattering mechanisms associated with a surface, characterized by
a simple reflection of the wave, and those measured on a dihedral, leading to
a double interaction between the wave and the target, only differ, in an
extremely simplified configuration and for a null azimuthal orientation, by a
phase shift between the copolar channels. Thus, for a wave-matter
interaction of the simple reflection type, |[k]i| X |Spn + Syl >
I[k]>], [[Kk]3|, for a double bounce |[k];| < |Spp — Syl > |[k]4], |[K]3] and
for a scattering by orientated anisotropic particles, |[k]3| o |Sy,,| # 0. This
interpretation is illustrated in Figure 2.9. We note in Table 2.2 the influence
of the azimutal orientation angle, ¢, which can be estimated, in circular
polarization, from phase terms.

s A Ut e

//

" " 4’/&/' "

b) c)
f , v, vy
R, /;%’ R, /@ he
d) e) f)

Figure 2.8. Canonical targets: a) trihedral, b) horizontal dipole,
c) orientated dipole, d) horizontal dihedral, e) left helix, f) right helix
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Target type

Sphere, plate,
trihedral

Dipole

Dihedral

Right helix

Left helix

Supuy) Swpu,) (P) Sy, ) (@)
n 1o _ [0
S [0 S_[O 1 S_[j
cos? ¢ 1sin2¢ 3
so[t 9 |t 2 g
0 0 1 ) 2| —j e/
Esm2¢ sin? ¢
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Table 2.2. Scattering matrices of canonical targets, aligned with the horizontal, or
oriented at an angle ¢, in the H-V, (uy,, w,,),and circular, (w;, u, ) basis
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Figure 2.9. a) Optical image of the San Francisco Bay. Polarimetric
color-coded images from data acquired by the NASA/JPL/AirSAR

sensor in L-band, in the b) lexicographic, c) circular, d) Pauli basis.

For a color version of this figure, see www.iste.co.uk/baghdadi/2.zip
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2.2.2. Characterization of the polarimetric response of
environments: polarimetric decompositions

2.2.2.1. Polarimetric speckle filtering

2.2.2.1.1. Multivariate speckle filtering using incoherent averaging:
polarimetric covariance matrix

Statistics of polarimetric values

As laid out in Chapter 1 of this volume, SAR images are generally
affected by the speckle effect due to the coherent integration of numerous
independent contributions during the SAR imaging process, which
gives them a random nature. Over homogeneous regions, this physical
phenomenon can be modeled in the form of a product, s(1) = vIn(l), where
s(1) is a realization of the SAR image, I represents the average intensity of
the signal measured in the homogeneous region and n(l) is a complex noise
term, with independent real and imaginary parts, and which follows a
centered Gaussian distribution with unit variance, n ~ Ng(0,1). The
significance of the speckle effect, that is the estimated reflectivity variance,
can be particularly reduced by summing independent realizations of second
order moments, selected in a more or less extended spatial neighborhood. If
we consider a multivariate polarimetric measurement, v € C%, that can be
assimilated in a Jones vector, E and g = 2, or to a target vector, k, k; and
q = 3, then the marginal statistics, that is of a single channel v;, or the joint
statistics of the elements of the measured vector, are given, assuming a
homogeneous region, by [GOO 76, LEE 94a]:

v ~ N((:(O, Il')i Ii = E(lvilz) and v ~ NC(O,E) with X = E(VVH) € CT4 [218]

where [E(A)];j = E ([A]ij), with E(x), the expectation of the random
variable x, and X, the covariance matrix of v, a centered random vector, with
[Z];; =E (vivjf"). We generally represent the different types of polarimetric
covariance matrix by means of specific names: J = E(EE™) is called the
wave coherence matrix, whereas € = F (kka ) and T = E(kk") are,
respectively, the covariance and coherence matrix. We can note here the
arbitrary nature of these names, generated by the sometimes not so
rigorous handling of signal processing tools and notions, given by the radar
polarimetric community. In the remainder of this manuscript, we name each
of those covariance matrix types by specifying the kind of vector that
generated it.
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Similarly, in case of scalar or single-channel SAR data, we consider the
reduction of the speckle effect is obtained through the measurement of L
independent realizations of a measured vector, {v(I)}}_;. The complex
Gaussian distribution of a realization v(l) is given by:

__ 1 Bz — Y —u(Z"wvH(Q
foy@D) = e v(D) = e (£ wOvH 1) [2.19]

with tr(4), the trace of A. The joint law followed by the L realizations
derived from the same distribution is then written:

fw@), -, vL) =T, foy(¥D) = nquL o-Lir(z715) [2.20]
with £ =Xk, v()v" (1)

where Z, the L-view empirical covariance matrix, is also the optimal
estimate in the sense of maximum likelihood (ML) of X. By means of the

variable change {v(1),--,v(L)} > X = —Z _, (D (1), may be obtained
the Wishart law followed by Z:

qL|3 L-q+1 1
f(Z) = =1 foy (v ) = %Le—“f(f ) [2.21]

OPIE

where [, (a) represents the multivariate complex Gamma function [GOO
76, LEE 94a]. We notice here that the law, outlined in [2.21], is non-
degenerated if |2‘ | > 0, which requires estimating £ using a number L > q
of non-parallel samples v(1).

General properties of covariance matrices

Covariance matrices and their ML possess a hermitian symmetry X = Z¥
and are semi-definite positive, u’Zu = E(|ufv|?) > 0,vu € C9. From
those two properties, we can deduce a general form of covariance matrices
illustrated in the case g = 3 as:

L Iz P12 P13 \/I_l 0 0
=\l L 123 = P12 P23 I, 0 [2.22]

0
Iiz I P2z Pz 1 0 0 \/1_3
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where I; = E(|v;|?) represents the positive real intensity of the ith

polarization channel, and [;; =E(viv}‘), with i # j, is a complex cross-
I
JiT;
coefficients, whose modulus | Di j| <1 indicates the correlation level
between the channels i and j, and whose argument gives information on the
average phase shift between those two channels. The condition for the
matrix to be defined as positive implies, in addition to the fact that |pi jl <1,
cross-correlation conditions that can be intuitively illustrated as follows: if
channels 1, 2 and 1, 3 are very correlated, that is |p;2], |p13] = 1, then
channels 2, 3 cannot be uncorrelated, |p,3| # 0. We can see in [2.22] that a
complex covariance matrix (3 X 3) can be completely defined by means of
three real intensities and three complex intercorrelation coefficients, i.e. a set
of nine real parameters. A general complex covariance matrix (g X q) can
be parametered by means of g2 real coefficients. In addition, we can
characterize a covariance matrix through its decomposition into eigen-
elements, which takes the following specific form:

correlation term. The quantities p;; = are normalized correlation

X = UAU", with U = [uy,..,uq] and A = diag([Ay, .., 44])  [2.23]

where the operator diag() is such that [A];; = 4;6;_;, and where we
arbitrarily fix without losing generality, ufu; =1 and A; > A;,,. The
eigenvalues of the covariance matrix, A;, are the solutions of |2 — A;I| = 0,
and verify tr(2) = X7, A; and |Z| = [I]_, A;, whereas the eigenvectors
remain unchanged by the linear transformation X, in other words, Zu; =
A;u;. It can be demonstrated that U € SU(q), i.e. the eigenvectors of the
covariance matrix are orthogonal to each other, uf u; = 6;_j, and that the
eigenvalues of T are positive real, A; = 0. The set of eigenvectors defines a
vectorial space, from which we can write a covariance matrix may be
expressed by using q real coefficients, that are the eigenvalues, as:
2 = E(wv") = UAUP=3 L Luuf [2.24]
The convention used to sort the eigenvalues, 4; = A;,1, implies another
interesting relationship:

u;, = argmax wzu n =z, = E ([uf'v])  [225]

u{iuj=0,j<i
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The expressions [2.24] and [2.25] are crucial for the interpretation of
polarimetric data from their second order moment. The eigenvectors of a
covariance matrix are homogeneous to data vectors, v, that is to Jones or
target vectors in the polarimetric case, for which they define a representation
space which is not unique, but complete, i.e. any vector v € C? can be
written as v = ?=1 s;u;. The eigenvalue A; associated with an eigenvector
u; corresponds to the variance of the projection, s; = uf v, of the measured
vectors, v, on that eigenvector, and is of similar intensity, with A; =
E(|s;]?). An eigenvalue indicates that the measured vectors are very highly

. . . . 2
aligned with the concerned eigenvector, in other words: A; = E (|u{1 v| ) ~

E(w"v). On the contrary, a low eigenvalue reflects the fact that the pointed
direction, in a complex g-dimensional space, is represented very little in the

. 2 : .
measured data, that is (|u{1 v| ) ~ 0. We notice here a significant property

of the decomposition into eigen-elements, widely used in polarimetry, which
can be written as:

V= Z?=1 s;u; et Ai = E(|UFU|2) = E(lsilz) =
14 = E(v"'v) = E(span(v)) [2.26]

where the span is taken according to its polarimetric definition, as the sum of
the intensities received on each of the polarization channels. These various
principles can be illustrated by means of an example using a reduced
anthropometric vector data m = [w h]”, where w represents the mass of an
individual and h its size. The covariance matrix of m is given by:

2 T
C=Emml)=| awahpWh] = [u,u,] M 0] [Z; [2.27]
2

2
OwOnPwh Oh 0 4

where m, = m — E(m), o, represents the standard deviation of x on the
observed population and p,,, is the correlation coefficient between the
height and mass of the individuals. Figure 2.10 offers a graphic
interpretation in the case of a Gaussian statistic by representing the region
for whichmIC~'m, < 1.
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Vv

=Y

Figure 2.10. /llustration of the joint distribution of the size, h, and the mass,
w, of elements of a population, for unchanged marginal statistics.
Population of the a) “normal’, b) “clone”, c) “anarchic”, d) “unusual” type

We note that if g,, and oy, indicate the extent of the data projection on the
axes w and h respectively, the eigenvectors correspond to the axes of the
ellipse described by the distribution, and the eigenvalues vary with
the ellipse extent according to the specific direction considered. Four types
of populations are represented and have similar marginal dispersions, oy, .
The “normal” population possesses a preferred direction in the measurement
space, with relatively correlated sizes and masses, with p,,, = 0.8 and

2 . . ..
Ay = ?1 The “clone” labeled population has a noticeable characteristic: even

though they are randomly distributed, the size and mass of the individuals of
that population are perfectly correlated, p,,, = 1 and 1, = 0, in other words,
knowing one of the two values allows to determine the second without error.
For the third population, qualified as “anarchic”, knowing the size of an
individual only gives very vague information on its mass. In that case,
pwn = 0 and 4, = A, and the selection of a set of eigenvectors is arbitrary.
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The last case offers an “unusual” population, which does show a preferred
direction, but has a correlation coefficient with a negative sign resulting

L y) C e
from the direction taken by u4, p,n = — 0.8, 1, = ?1, which indicates that
the tallest individuals are those with the lowest mass.
Properties of polarimetric covariance matrices

The most used fully polarimetric data covariance matrices are defined as:
T = E(kk') and C = E(k,Kk}"), with T = P,_pCP{',, [2.28]

where T is the coherency matrix and C the covariance matrix. We notice that
those two representations of second order statistics share the same
eigenvalues, as their eigenvector’s matrices are linked by the unitary
transformation P;_,p, and that:

tr(T) = tr(C) = E(span(k)) [2.29]

The developed and parameterized expressions of those matrices are
given by:

1 |Shh + valz (Shh + va)(shh - va)* 2(Shh + SVV)S;W
T = EE (Snn = Sov) Shn + Spw)” IShr — vvlz 2(Shn — Sov)Shy
zshv (Shh + va) zshv (Shh - va) 4|Shv|2 [230]

24 C—jD G-—jH
C+jD By—B E+jF
G+jH E—jF By+B

where Ay, By, B,C,D,E,F,G,H € R, are the nine Huynen parameters
[HUY 70, LEE 08], which completely describe a fully polarimetric
covariance matrix in its most general form, and to which were linked some
physical parameters of targets and environments by studies conducted by
Huynen [HUY 70].

|Shh|2 \/Eshhs;;v Shhs:;v

C = E \/EShvS;h 2|Shv|2 \/EShUSIjV
SwSin V2SwSiy  ISml? [2.31]
1 BVS  p\y '

= o|pVs é 6\/)/_6
VY evs vy

with 0,8,y € Rand 3, p, € € C.
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By applying a basis change to the target vectors used to form a
covariance matrix, Ky, ) = Usr(2¢), 27, 2a) Ky, u,), We can express T or
C in any polarization basis such as:

— H —
Ty = E(Kauy) k) =
Usr (29, 27, 2a) Ty, u,) Usr (20, 27, 2a) [2.32]

The polarimetric second order representations verify the general
properties of covariance matrices: in particular with a “dimension” of
q®> =9, the statistics outlined in [2.20] and [2.21], as well as the
interpretation of their decomposition into eigen-elements. Polarimetric data
covariance matrices measured for environments showing some symmetry
properties, illustrated in Figure 2.11, assume specific structures [NGH 92,
YUE 94]:

—reflection symmetry: an environment, composed of symmetrically
distributed reflectors on either side of the radar incidence plane, has a
polarmetric response with reflection symmetry, which is characterized by
a decorrelation of co- and cross-polar channels, ie. E(SppSpy,) =
E(Sy,Shy,) = 0. This type of response is characteristic of horizontal natural
environments and has a coherency matrix with the following form:

a b 0
T=|b* ¢ 0 [2.33]
0 0 d

— rotation symmetry: an environment rotation symmetry environment has
a covariance matrix that remains rotationally invariant around the radar line

of sight axis, thatis T = U5;(2¢)TU32(2¢):

a 0 O
T=|0 b jC] withc € R [2.34]
0 jc b

— azimuthal symmetry: the environment has both reflection and rotation
symmetry properties. This type of response is specific to dense volumetric
environments and has a covariance matrix given by:

a 0 O
T=]|0 b 0 [2.35]
0 0 b
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[+4]
-

Figure 2.11. Geometrical configuration of an environment whose
response has a: a) reflection, b) rotation, c) azimuthal symmetry

2.2.2.1.2. Speckle filtering techniques for polarimetric data

As for scalar data, the speckle filtering of polarimetric data is based on
the use of independent realizations to reduce the variance of the different
covariance matrix elements, which can generally be represented by nine real
coefficients. In case of polarimetrically homogeneous data, which follow the
multivariate complex Gaussian distribution of [2.20], the optimal estimate of
a covariance matrix is given, for L independent views and in the sense of the

maximum likelihood, by T = %Z{;l k(DK" (1) [LEE 94a, LEE 94b,
LEE 06, TOU 02].
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Filtering forms

Some studies [LOP 92, LOP 97] proposed adaptive polarimetric filtering,
i.e techniques that adapt to the shape of the covariance matrix and which
process polarimetric channels differently according to their local statistics.
Due to the risk of significant modifications to the matrix structure brought
by an adaptive approach based on a limited number of views, this type of
technique was then replaced by a scalar filtering of matrix-valued qualities,
inspired by the single-channel case, which can be represented with an
extension of the Lee filter as [LEE 94a, LEE 94b, LEE 06]:

T=T+b(Ty—-T) [2.36]

where T, represents the covariance matrix of the pixel studied before
filtering, whose number of equivalent views Neq0 can be equal to 1 for

initial mono-view data, or greater when using pre-filtered data. T is an
estimate of the polarimetric second order statistics, generally obtained
through a weighted linear filtering of the form T = Z L wik(DKM (D). The
scalar coefficient, 0 < b < 1, regulates the filtering strength, according to
the homogeneity of the L views used for the filtering. This coefficient is
calculated from the span (k(l)) statistics, as in the case of data acquired
from a single polarization channel.

Filtering techniques

As in the scalar case, the main differences between filtering techniques,
concern the selection of samples, k(l), during the estimation of the span
local statistics. The three approaches mentioned in the single-channel case,
the refined Lee filter [LEE 99], the Intensity-Driven Adaptive-Neighborhood
(IDAN) filter [VAS 06], and the non-local filter [DEL 15], discussed in
Chapter 1 of this volume, are illustrated in Figure 2.12. Some versions of
these filtering methods use similarity measurements between local estimates
of covariance matrices. Such an approach generally requires the use of a
sufficient number of samples for the compared estimates to be actually
representative of the local multivariate statistics. It is easy to see here the
dilemma between the statistical accuracy and the spatial localization which
is confronted by a multi-variate filter, which is partially bypassed using the
span, to estimate the homogeneity of a series of samples and select its
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most representative elements. The scalar information associated with the
span shows converging statistics for a lower number of samples than in the
case of a covariance matrix. However, the span is partial polarimetric
information, whose values may not faithfully represent the variations of the
total polarimetric response.

Figure 2.12. Comparison of speckle filters for polarimetric data, given in
[DEL 15], on a NASA/JPL/AirSAR image in L-band (f. = 1.3GHz) of San Francisco
(the two first lines: full image and detail) and on a DLR/FSAR image in S-band
(f. = 3.25GHz) of Kaufbeuren in Germany (the two last lines: full image and detail):
a) initial two view image for San Francisco and one view for Kaufbeuren, b) refined
Lee [LEE 99], c) IDAN [VAS 06], d) non-local [DEL 15]. For a color version of this
figure, see www.iste.co.uk/baghdadi/2.zip
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2.2.2.2. Incoherent polarimetric decomposition techniques
2.2.2.2.1. Necessity of polarimetric decomposition
Deterministic and stochastic polarimetric responses

As previously presented, the polarimetric response of an object can be
analyzed by comparing its relative scattering matrix, S,.;, with that of the
canonical targets, such as a sphere, a dihedral... The use of 2nd order
statistics does not represent in itself a limitation to this type of interpretation,
since a relative scattering matrix can be rebuilt from the hermitian product of
a target vector, that is = k = §,.,; = kk'. However, the incoherent average
operation associated with speckle filtering significantly disturbs this type of
interpretation. In fact, the only configuration for which it is possible to
unambiguously associate a relative scattering matrix with a coherence matrix
represents a very specific case of statistical distribution, which is very
unlikely in practice, with:

k(D) = a(Dko = T = E(kk") = Akokl = S0, [2.37]

In such a case, the speckle effect similarly affects the different
polarimetric channels through the scalar quantity a(l), the relative
amplitudes and phases of the different channels remain constant, and the
polarimetric response is said to be deterministic. Other more realistic
configurations consider the polarimetric response as composed of a large
number of independent contributions, Ng, which are superimposed within the
same resolution cell, and homogeneously in a neighborhood within which
samples are selected:

k(D) = Xosy kn ()

= HY — Vs
E(kn(l)kz(z))ﬂnan_m}:' T=EMkK") =%,2,Tn £Srer  [238]

In this case, very often encountered in practice, a covariance matrix
cannot be linked without ambiguity to a relative scattering matrix.

Distributed target concept

A target is said to be distributed if its polarimetric response cannot be
represented by a single relative scattering matrix S,.;, as was shown in
[2.38]. This property can be illustrated in a number of different ways, in
particular through the decomposition of the polarimetric covariance
matrix into eigen-elements, T = UAU® = Y3_, L, u;ul’. For a deterministic
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response such as the one described in [2.37], we obtain u, = ko/_|kf kq,

Ay = Akl ky, 1, = 13 = 0, whereas for the general case of [2.38], we have
A; > 0,Vi and the response energy is “distributed” over several orthogonal
scattering mechanisms, u;. We can also use the concept of degrees of
freedom (DoF), which is easily highlighted through the following covariance
matrix factorization:

YAEE 0 0 1 P12 P13 Tl 0
T= 0 1/ T;, 0 p>1k2 P23 vV Tz 0 [2.39]
0 0 [Ts5| P23 P23 [Tss

For a deterministic polarimetric response, sometimes called “pure”,
we have T=Xdwul and so |pj|=1p.3 =pisp13. The
covariance matrix is then fully defined by five real wvalues,
T = {T11,Ty2, T3z, arg(p12) ,arg (p13)}, and DoF(T) = DoF(S;¢) = 5.
It is then possible to interpret the polarimetric scattering phenomenon
through a more or less advanced comparison of the five
DoF  polarimetric ~ representations  with  those  obtained for
canonical targets, and to deduce from it some physical properties of the
objects measured. For a distributed matrix, T =Yi_, Luul, T=
{T11, T22, Tss, P12l |p13l. |p23l, arg(p12) s arg(p1s) ,arg (p23)}, and  we
find DoF(T) =9 > DoF(S,e;) = 5. That profusion of DoF does not allow
a direct interpretation of the link between the characteristics of the observed
medium and those of the wave scattered by it. We then employ
decomposition techniques [HUY 70, CLO 96, CLO 97].

Objectives of the polarimetric decomposition techniques

The main objective of the polarimetric decomposition techniques is to
characterize a polarimetric response by means of one or several scattering
mechanisms. Four approaches are generally identified:

— coherent decompositions, which express a scattering matrix, § as the
linear combination of matrices associated with canonical scattering
mechanisms. That type of approach is suitable for analyzing deterministic
features and loses its appeal for the study of distributed responses;
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— decomposition techniques based on dichotomy, whose objective is to
represent a covariance matrix under the form of a pure term, that is to rank
one covariance matrix, Ty, and a residue, T;gp,: T = T + Tyep. Dichotomy
is usually performed according to physical considerations;

—approaches using the decomposition into eigen-elements of the
covariance matrix;

— approaches based on a scattering model associating the covariance
matrix with a series of arbitrary rank components.

22222 A few methods based on orthogonal scattering
mechanisms

Those approaches are based on the decomposition into eigen-elements of
the covariance matrix T = UAU? =Y3_ Luwul’, with A; > 2,4, and
uJH u; = §;_;. As was previously shown, the analysis of T when 4, > 0, that
is to say in the presence of a polarimetrically distributed response, faces a
profusion of DoF that is hard to interpret. Approaches aiming at extracting
a representative mechanism from eigen-elements to the covariance matrix

were proposed to address this issue.

Dominant or average scattering mechanism

The first approach, suggested by Cloude [CLO 86b], considers the
dominant mechanism, i.e. the mechanism with the highest associated
intensity. This decomposition is similar to a 1st order principal component
analysis, from which a relative scattering matrix can be extracted:

Sret = a1 = Ky [2.40]

The reconstructed principal target vector can be expressed up to an
arbitrary phase term, as a function of the S,.; elements, the Huynen
parameters of a pure target or angular variables, as:

Shh + va ZAO
1 . .
k, = NG ShhS_ Svv| =|Bo + BeJarg(C+jD)
hv

/BO _ Bejarg(G+jH)

cosa
— LH i Jjé
= kP'k, !smacosﬁe. ]

sinasinf etV

[2.41]
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The scattering mechanism associated with k; can be characterized by
means of various tools, including the Huynen generating parameters. The
mechanism is called a simple reflection if 4o >> By + B and By — B, a double
reflection if By + B >> A, and By — B, or otherwise scattering by an
anisotropic particle. An example application of that decomposition on the
AirSAR image of San Francisco Bay is given in Figure 2.13, by means of
color coded images which demonstrate that this approach helps to capture
the main polarimetric features of the observed scene. In this case, the drastic
size reduction associated with the selection of the single first eigenvector,
necessary to interpret the scattering mechanisms, does not excessively affect
the representativeness of the decomposed data.

HHEVV]  JHY I HH-wV
a) b)

Figure 2.13. Comparison of polarimetric color coded images in
the Pauli basis of the San Francisco Bay: a) original image, b) image
rebuilt from the dominant scattering mechanism, k, = \/A_lvl. For a
color version of this figure, see www.iste.co.uk/baghdadi/2.zip

This very simple decomposition approach is only based on part of the
polarimetric information, associated with the first eigenvector, whose
A
span

< 1. To take into account

predominance can be measured with 0 <

the significance of each of the eigen-elements of the covariance matrix, we
define their pseudo-probability, p;, as [CLO 95, CLO 96]:

T = UAU* = span ¥}, puuf = span¥i_ p;T;

Ai
span

with p; = and Y3 p; =1 [2.42]
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where T; represents a unitary rank matrix. Those pseudo-probabilities are
used to rebuild a target vector representing the average scattering
mechanism, from each of the parameterized eigenvectors:

cos q; cosa
. iS5 _ - 5 is _
u; = |sina;cos f; e]' |l a= smacos@eff where ¥ = Z?zlpi x;  [2.43]
sina; sin B; e’V sinasin B el?

We note that despite the fact that the averaging presented in [2.43]
depends on the formalism used to parameterize a target vector and does not
take into account the orthogonality of the different eigen-elements, it ensures
the adaptive consideration of the eigenvalue distribution of T, with U = u,
for a deterministic response and U = f(uq, Uy, u3) for distributed responses.
The representativity of this eigenanalysis can be evaluated by means of two
parameters describing the eigenvalue distribution, the entropy, H, and the
anisotropy, 4, defined as [CLO 95, CLO 96]:

H=-Y% p; logsp;and A = % with0 < H,A<1 [2.44]

3 2
where the entropy, borrowed from information theory, is an indicator of the
random nature of the polarimetric scattering phenomenon, with H = 0 for a
deterministic scattering, and H = 1 for a fully distributed scattering with

A= %, Vi. The entropy can be understood as a measure of the reconstituted

dominant or average mechanism representativity, or an indicator of the
complexity of the imaged environments. The anisotropy indicates the
significance of the third eigen-element relative to that of the second element.
As they are expressed from the set of the relative eigenvalues of the
covariance matrix, H and A are invariant through any transformation of the
type T' = QTQ", |Q| # 0, which takes into account any change of
polarimetric basis, Q = U(¢, T), or of the covariance matrix representation,
Q = Pr_c. The two key parameters of that decomposition are the entropy
(H), and @, the indicator of the average scattering mechanism nature,
0° < @ £ 90°, that can be interpreted by means of the scattering matrices
given in Table 2.2. Thus, we have & = Q¢pjneqrar = 0° for a sphere or a
plate, @ = @gipore 45 = 45° for randomly orientated anisotropic particles,
and @ = Agineqrar = 90° for a canonical dihedral. The parameters «; and @
are invariant by rotation around the radar line of sight, that is for
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T' = U(¢p)TU" (¢). The color coded images of Figure 2.14 show that the
average mechanism estimated according to [2.43] may be used to reconstruct
polarimetric information with more contrast than the one estimated by means
of the only dominant mechanism, due to the lack of representativity of the
latter for areas with high entropy values, i.e. where several eigen-elements
are required to analyze a covariance matrix.

[HH+VY| HY |  |HH-VV|
a) b) c)

Figure 2.14. Comparison of color coded polarimetric images in the Pauli basis of the
San Francisco Bay: a) original image, b) image reconstructed from the dominant
scattering mechanism k; = \/l_lul, c) image reconstructed from the average

scattering mechanism k = ./spanu. For a color version of this figure, see
www.iste.co.uk/baghdadi/2.zip

The potential of interpretation of the wave scattering over various
environments can be assessed in Figure 2.15. The entropy has low values in
environments with a low complexity, such as the ocean, associated in the
L-band with a slightly rough surface, and reaches high values over
volumetric over volumetric environments, in particular those covered by
vegetation, whose covariance matrix takes a form close to the diagonal.
Urban areas, at such a resolution, present responses mixing two dominant
contributions: the highly energetic ground-wall double bounce, linked to a
specular reflection phenomenon, and a surface response, originating from the
ground and the roofs of the buildings. Anisotropy proves to be highly
complementary to entropy on the parts of the image characterized by two
dominant mechanisms, like urban areas and coastal oceanic surfaces. The
parameter @ allows us to qualify the type of wave—matter interaction and
represents a good indicator of the type of environment measured.
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Figure 2.15. Result of the eigen-decomposition over the San
Francisco Bay: a) Pauli image, b) &, c) H, d) A. For a color
version of this figure, see www.iste.co.uk/baghdadi/2.zip

The complementary nature of parameters H and A can be assessed in
Figure 2.16, which shows various combinations whose sum is unitary.
A value x(1 —y) close to 1 means, for 0 < x,y <1, that x,(1—-y) = 1
andsothatx = 1andy = 0.

The parameters H, A, @ can be used to classify the different pixels of an
image and identify different types of imaged environments, as shown in
Figure 2.17. A set of thresholds, arbitrarily defined in a 3D space, is used to
label each pixel according to a typical scattering behavior.
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Figure 2.16. Different combinations of the H and A parameters (San Francisco Bay).
For a color version of this figure, see www.iste.co.uk/baghdadi/2.zip

@) H-@& classification plane

3 80 \
i T S . Double be
00T~ Multiple J Dihedral scatterer m‘;ar:s;:m
P : I
scattering l 7 A 1 Somplex
60
[ .~ o ot ¢ N R A Random
a) Volume 5“ B 6 e Anisotrople
scattering | 4, pole S e
30 [ e avize
w0 e % 2| Nonfeasible
region
Surface ] 5 Brage surface
scattering Low surface roughness
10
0
0 01 02 03 04 05 06 07 08 03 1
< -~ "~
Quasi Moderately Highly
deterministic random random

b)

Figure 2.17. a) Density resulting from the projection of the pizels of the San
Francisco Bay in the (H, A, @) domain, b) plane (H, &) segmented
in regions associated with typical scattering mechanisms. For a
color version of this figure, see www.iste.co.uk/baghdadi/2.zip



SAR Imaging using Coherent Modes of Diversity 103

The classification results of Figure 2.18 show an image labeled according
to the arbitrary division of the plane H — & shown in Figure 2.17. The
interpretation and/or the borders of the different classes defined in this plane
are likely to change significantly according to the measurement conditions,
in particular the carrier frequency used.
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Figure 2.18. H — & classification of the San Francisco Bay image: a) density
of the image pixel projection in the (H, &) domain and color coding, b) classified
image. For a color version of this figure, see www.iste.co.uk/baghdadi/2.zip

2.2.2.2.3. Decompositions into canonical scattering mechanisms

Those techniques model the polarimetric response within each pixel
corresponding to an environment under the form § = Zl-Smodi, where
Smoa; represents the response of a specific scattering mechanism. As
the different components of the global response represent different
mechanisms within the medium observed, we generally consider that they
are affected by independent speckle realizations, and so are not correlated.
The global polarimetric covariance matrix can then be written under the
form € = )}; C;(60;), where 0; represents a set of parameters describing the
associated contribution. The estimation of the different parameters,
especially of the power of each term, makes it possible to detect and identify
some characteristic components of complex environments. The Freeman—
Durden approach [FRE 98] decomposes a polarimetric covariance matrix
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under the form of three contributions associated with the canonical responses
of simple reflection, double reflection and volume scattering. The volume
component is modeled under the form of a sum of scattering contributions
from anisotropic particles, represented by a randomly oriented lexicographic
target vector or kg, = [a,0,b]", as:

3 01
. 2 v
Q=m%uﬁwwwww%wﬁwm=%kz 4 [2.45]
1 0 3

whereas the simple and double reflection mechanisms are associated with
pure polarimetric, that is rank 1 responses:

lal? 0 « IBI> 0 B
C,=f;1 0 0 o|landCyz=f;1/ 0 0 O [2.46]
a* 0 1 p* 0 1

The terms f, in [2.45] and [2.46] correspond to coefficients modulating
the intensity of volume canonical scattering mechanisms, simple or double
reflections, signaled by their respective index, x = v,s or d. The global
model of polarimetric response is given by:

3fv v
[]c.sla|2+fd|ﬂ|2+? 0 fsatfaB+3
C=CS+ Cd+ CU= 0 & 0

fa' + faB" + %

[2.47]

fit+fatl

S A

with span(C) = P, + Py + P, and P, = f;(1+ |a|?), Py = f;(1 + |B1?),
P, = f,. Estimation parameter of this decomposition requires us to
determine five parameters from only four equations. It is suggested in
[FRE 98] to replace C; or C; by a canonical expression according to the
argument of E(SppSay)- If R(E(SpnSyy)) > 0, then this correlation term is
dominated by the simple reflection contribution, and we set f = —1, or
otherwise we impose @ = 1. This decomposition technique implies that the
environment response has a reflection symmetry property, that is
E (SppS;;q) = 0, with p,q = h or v, which may not be verified in practice.
In addition, the estimation of the different model parameters from [2.47] can
lead to outliers resulting in negative powers, or in non postitive semi-definite



SAR Imaging using Coherent Modes of Diversity 105

compounds. The Freeman—Durden decomposition results are shown in
Figure 2.19.

[HH+VV|  [HV|  |HH-WV|
b)

Figure 2.19. Comparison of color coded polarimetric images in the Pauli basis of the
San Francisco Bay: a) image reconstructed from the intensity of canonical scattering
mechanism of the Freeman-Durden decomposition, b) original color coded
image (not decomposed). For a color version of this figure, see
www.iste.co.uk/baghdadi/2.zip

We notice that this decomposition tends to overestimate the volume
component, and is, by definition, not adapted to environments presenting
correlations between co- and cross-polar channels; i.e. orientated
environments or environments with artificial structures.

2.2.3. A few applications using polarimetric SAR images

2.2.3.1. Advanced decomposition techniques
2.2.3.1.1. Approaches based on a scattering model
Two-term Freeman decomposition

This approach models the response of a terrain with 2 compounds. A rank
1 ground covariance which represents simple or double reflections, where a
full rank term, C,, is associated with volume scattering [FRE 07]. The total
covariance matrix is written:
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la]? 0 « 1 0 p
C=C,+C,=f;l 0 0 of[+£|0 1-p O [2.48]
a* 0 1 p 0 1

This approach, illustrated in Figure 2.20, proves to be more robust than
the approach using three components, as it does not result in an
underdimensioned system and allocates to the volume component an
additional degree of freedom, helping to better condition the parameter
elimination parameters, as mentioned above.

Figure 2.20. Images of the intensity of the compounds of the of the
two-element Freeman decomposition for the San Francisco Bay:
a) ground component, b) volume component

Four-term Yamaguchi decomposition

Polarimetric responses measured over complex environments, containing
in particular artificial structures like urban areas, may not verify the
reflection symmetry property on which are based the decomposition
techniques suggested by Freeman—Durden and Freeman. The application of
those methods with no previous modification can result in a significant loss
of information. To address this limitation, the approach developed by
Yamaguchi et al. [YAM 05] suggests to add to the three component model a
fourth rank 1 component associated with the response of a left or right helix:

1 Fjv2 -1
Conrn=fu|Eiv2 2 FjV2 [2.49]
-1 +vV2 1
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The volume contribution is also modified to take into account a more
adapted particle distributions. Thus, the volume covariance matrix is
obtained through the disorientation of Ky, = [a,0,b]7, as:

2
Cvab = fo i Uc(29) kpartkgartUIC-I (2¢)f¢> (p)do
with £, (¢) = 2 cos prect (£) [2.50]
where rect(x) = 1,V|x]| <% and is nowhere else. Two cases are then

considered, depending on whether the particles composing the volume are
orientated around the vertical, C,, , or horizontal, €y, , direction:

80 2 302
Cy, = limCy,, =12{0 4 Ofand Cy, =1limC,, =210 4 0f [2:51]
2 0 3 2 0 8

The expression of the global model is given by € = C; + C4 + Cp + C,,
and its estimation, more complex than the one of the Freeman—Durden
approach, requires the selection of the most adapted helix, C;, = C;por Cppy,
and volume responses (Figure 2.21).

[HH+VV|  |HV|  [HH-WV|
a) b)

Figure 2.21. Comparison of color coded polarimetric images in the Pauli basis
of the San Francisco Bay: a) image reconstructed from canonical mechanism
intensities s,d,v of the Yamaguchi decomposition, b) original image.

For a color version of this figure, see www.iste.co.uk/baghdadi/2.zip
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Neumann decomposition with an advanced description of the volume
contribution

This approach [NEU 09] considers a volume composed of lexicographic
target vector particles Kpgre = [a,0,b]" = A[146%,0,1—6*]", oriented
according to a truncated normal law, whose dispersion, 7, is parametric:

fold) = @ with 7 = Iy(k)e ™™ [2.52]

where ¢ represents the average orientation of particles and k is the degree of
concentration of the distribution, similar to the reverse of the standard
deviation of f,(¢). The different types of particles simulated by means of
the parameters § and 7 are described in Figure 2.22. The global covariance
matrix is given by a ground component and a volume component, through
T =fyTy+ f, Ty, with:

1 gco 0
— * 1+_g 2 -
T, = Usp(§) 98" — 161 0 |t ()
0 0 1‘Tg|5|2
1 B 0
and T, = !ﬁ* By, O ] [2.53]
0 0 fs3

where g = I,(x)/Iy(x) and g. = I,(x)/Iy(x) and with a full rank ground
contribution. This decomposition technique models, with a reduced number
of parameters, the response of a very realistic volume, allocating a high
number of degrees of freedom to the ground contribution. The estimation of
the different parameters can be adaptively conducted using the Non Negative
Eigenvalue Decomposition (NNED) approach [VAN 11] presented below.
Figure 2.22 illustrates the relevance of that approach by comparing its
definition domain with those of the Freeman and Yamaguchi approaches.

Another adaptive method and NNED estimation

Similarly to the previous approach, this technique models a volume as a
cloud of anisotropic particles, randomly orientated according to the
following law:
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cos®™(¢—9)
i e — 2.54
1@ = s [2.54]

where n represents the distribution order that sets the dispersion 7 [ARI 10,
ARI 11]. This type of law helps to generate a quasi-deterministic
distribution, when n — +4oco, up to a uniform distribution, for n = 0, as
shown in Figure 2.23. The global polarimetric covariance model is given by:

C=Cs+ Cz+ £,C,(d,n) + Crom [2.55]

where C,.,, represents the estimation residue, that is the part of C that
cannot be explained by the suggested model. The NNED estimation
approach, or positive semi-definite estimation, is then applied to find the
optimal volume parameters, that verify:

(for qg; n)opt =arg min(fv,$,n) tr(Crem) With
Crem =C— fvcv(d—): n) and Crppp = 0 [2.56]

with tr(Cyen), the span of residual term from which are estimated the
contributions C; and C,, whose constraint Cy.,, = 0 ensures the semi- an
adequate parameterization. The performances of that approach can be
assessed in Figure 2.23.

Figure 2.22. /llustration of the Neumann adaptive decomposition. Top: example of
particles modeled by means of parameters t,5,¢ =1, bottom: illustration of t,|d|
domains covered by the Freeman—Durden decompositions (blue), Freeman Il (red),
Yamaguchi (green) for a) |Ti,|, b) T,, and c) Tsz5. For a color version of this figure,
see www.iste.co.uk/baghdadi/2.zip
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Figure 2.23. Results of the polarimetric decomposition approach based on an
adaptive model [ARI 11], applied to the polarimetric image measured in the L-band
by the JPL/AiIrSAR sensor over the Black Forest, Germany: a) orientation
distributions used, b) span(C) in C-band, c) span(Cyen)/span(C), d) P;/span for
each identified component. For a color version of this figure, see
www.iste.co.uk/baghdadi/2.zip

2.2.3.1.2. Generalization of the approach based on an eigen-
decomposition

Among the various polarimetric decomposition approaches based on the
eigen-elements of the covariance matrix, we can quote the method developed
in Paladini et al. [PAL 12], which aims at improving two aspects linked to
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the estimation of the dominant or average mechanism presented in [2.43]
and [2.44]:

— among the four angular variables used to parameterize a target vector in
[2.43], only « is rotationally invariant around the radar line of sight;

—the definition of an average mechanism by means of the different
angular variables on the different eigen-elements [2.43] can result in a
significant bias and a potentially erroneous interpretation of the scattering
mechanism.

The invariance improvement is provided by redefining the
parametrization of a target vector in the circular basis. The application of a
rotation on the target vector in the basis ([, [, ) can be written as:

Shh - va + jzshv

. 1]
ki) (@) = R(@kq,,y, with kg y =5 jV2(Spn + Sp) |
va - Shh + jzshu

e /2% 0 0
R(¢>)=! 0 o0 0] [2.57]

0 0 e/2¢

This relationship shows that contrary to what happens in the Pauli basis,
an azimuthal rotation may be summarized, in the circular polarization basis,
by a symmetric phase term. A unit target vector may be parameterized under
the following form:

—jGr+2¢)

ka1, (@) = R(@RE)IR(BIR(@) [0 JiGP [2.58]
-jGr-2¢)

1 sina cos f.e
] = cos ae

—sinasin f.e

where the various parameters can be interpreted as follows:

— ¢ represents the target vector orientation around the line of sight, which
may be close to the one of the imaged object;

—Y is an indicator of the anisotropic nature of the polarimetric response,
i.e., of its sensitivity to the polarization state used for the transmission and
reception of the SAR signal;
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—a is identical to the Cloude—Pottier decomposition parameter and
indicates the nature of the scattering mechanism;

— [, represents the contribution of the helix type scattering mechanism in
the polarimetric response.

In the same way as the approach suggested in [2.42], the covariance
matrix expressed in the circular basis can be decomposed into eigen-
elements, by:

-jGYi+260) ]

|[ sina; cos Bg.e

. .8
Ta = UAU? | with u; = | cos a,iej(gyi)

—jGri-2¢)

[2.59]
[—sin a;sinf.e

The potential bias provided by an average characterization of the type
X =Y3,px; can be avoided by rigorously taking into account the
orthogonality relationship between the different eigenvectors. In fact:

1
u, = R(d)ll Yl' Bcl, 0(1) [0] and ulfuz =0=>
0
0 0
R (¢, 1, By aq)u, = [a =R(,€) H [2.60]
b 0

and, of course, R71(¢, 6)R'1(¢1,Y1,Bcl,a1)u3 =1[001]7, which shows
that the third eigenvector, orthogonal to the first two, does not provide any
information. The parameter € measures the predictability of the second
eigenvector scattering mechanism from the first one and & is a mutual
orientation parameter. We can illustrate € by noting that in case of an
environment with a reflection symmetry, we have by definition a, = g -y,

and in that case € = 0. This decomposition approach is suitable as its
parameters are rotationally invariant and the technique takes into account the
orthogonality conditions of the eigenvectors, that is to say it only uses a
minimum number of real parameters to describe the covariance matrix: four
angular coefficients for the first eigenvector, two terms to describe the
second eigenvector according to the first one, and three eigenvalues, so a set
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of nine real parameters, equivalent to DoF(T). An application example of
that technique is given in Figure 2.24.

Many polarimetric decomposition approaches, based on mathematical
considerations or specific perspectives of physical interpretation, may be
found in [LEE 08].
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Figure 2.24. Parameters of decompositions into “classic” and
“generalized” eigen-elements on a polarimetric image acquired in the
C-band by the DDRE/EmiSAR sensor in the Nyborg port area (Denmark)

2.2.3.2. Statistical classification of the polarimetric SAR images

Though based on the analysis of 2nd order multivariate moments through
the covariance matrix, the polarimetric characterization approaches
presented so far do not explicitly use the statistical laws of polarimetric
quantities. The consideration of that type of information can be extremely
useful, in particular to gather image pixels with a similar polarimetric
behavior. This allows us to better estimate or classify underlying scattering
mechanisms, or to jointly use the polarimetric information, based on the
study of the relative amplitudes and phases of the various channels, and the
one linked to radiometry, through span, which plays a leading role in
differentiating various environments.
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2.2.3.2.1. Iterative ML polarimetric classification

The segmentation of a polarimetric SAR image into a set of statistically
homogeneous groups aims at assigning, according to a given optimality
criterion, the SAR image pixel, p, to one of the possible M groups or segments
{Cy, ..., C;} according to the polarimetric response k measured for the pixel
p. A solution to this optimization problem, which minimizes the error
probability, is given by the decision called the maximum a posteriori (MAP):

Decide p € C; if P(C;|k) > P(C;|k)Vj # i [2.61]

where P(C;|k) is the a posteriori probability, that is after measuring k, of
the segment C;. A pixel is then allocated to the most likely segment after
measuring its polarimetric response. As the a posteriori probabilities
mentioned in [2.61] generally have expressions which are hard to determine,
we use the Bayes rule, which when coupled with the assumption of the a

priori equiprobable segment, i.e. P(C;) =%Vi, leads to the so-called
maximum likelihood (ML) decision rate:

where f}(k|C;) is called the likelihood, whose estimation requires us to
estimate the statistics of the members of the segment C;. Thus, the optimal
ML classification solution consists in finding the distribution of the different
image pixels on the M segments, which maximizes a global likelihood
criterion formed from the likelihoods of the different measurements.
Rigorously solving this combinatorial optimization problem requires
significant computing power, suboptimal techniques such as the k-means
algorithm [FER 01b, LEE 99, LEE 01, LEE 04] are generally preferred. This
aims at iteratively optimizing the global likelihood, and may be summarized,
in the polarimetric case, as follows. We suppose that we have, at the n‘
iteration of the algorithm, a segmentation map temporarily allocating each
image pixel to one of the M segments {C7, ..., C/t}. Assuming responses are
affected by the speckle effect, the likelihood of L realizations of the pixel p
response, f(k,(1), ..., ky(L)|C;) or f(T,|C;) with T, = % Lk, (DRI (D)
can be obtained from [2.21] as:
Flrny ~ £(F 5. ) — R L i, Ty
f(Tp|Cl ) ~ f(Tp|zln) - fq—l(L)lfinlL ( )

. S 1 ~
with 5, = = Specr T [2.63]
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where Z‘L-n represents the centre of class C; at the n'" iteration; i.e. the
covariance matrix barycentre of the filtered matrices Tp of the pixels
p € C[*. By using log-likelihoods and by ignoring terms not involved in the
decision process, we obtain the following decision ML rule:

Deciding p € ¢t if £(Z; ,T,) < L(Z; ,T,)
with L(Z; ,T),) = log |1Z; | + tr(Z;'T}) [2.64]

where L(E‘ i Tp) represents a concentrated log-likelihood, i.e. within which
elements not dependent on % i,, are removed. The synoptics of the k-means
segmentation algorithm adapted to polarimetric data is given in Figure 2.25.

Initial segmentation
on N classes

For each class

For each class
peC, if
L£(2.7,) s L(2,T,).v)

Convergence ?
No

Yes

A

Figure 2.25. Synopsis of the ML classification of multi-look
polarimetric data, based on the k-means technique

The results shown in Figure 2.26 confirm the relevance of the
classification approach to separate the specific scattering mechanisms.
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Figure 2.26. Unsupervised polarimetric segmentation results for the
image of the San Francisco Bay using 8 or 16 classes. For a color
version of this figure, see www.iste.co.uk/baghdadi/2.zip

2.2.3.2.2. ML polarimetric classification respecting the nature of
scattering mechanism

This is a variant of the iterative k-means algorithm, which has been
known to give an excessive importance to the radiometric aspect of the
polarimetric response, through the span; which plays a leading role in the
decision rate of [2.64]. As a consequence, pixels with different scattering
mechanisms, but with similar radiometry, may fall within the same segment.
To place a greater emphasis on polarimetric information in the classification
process, it was suggested in [LEE 02a] to split the image, before the
statistical segmentation, into three classes by means of the Freeman—Durden
decomposition. Each class is then separately segmented, through k-means
procedures, thus avoiding mixing the different polarimetric behaviors during
the iterative process. A classification example is given in Figure 2.27.

2.2.3.3. Advanced characterization of scattering mechanisms
2.2.3.3.1. Estimation of rough surface geophysical properties
Estimation of a scene azimuthal topography

The orientation of an imaged object around the radar line of sight plays a
significant role in radar polarimetry. It is indeed possible to measure the
azimuthal orientation of environments whose polarimetric response shows a
moderate entropy, satisfying the reflection symmetry conditions for an
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orientation parallel to the horizontal, as was shown in [LEE 02b]. The
covariance matrix expressed in the circular basis, after an azimuthal rotation
is given by [2.57] as:

(o) = UCrl(qb)CrlUCrl(qb) =

¢ (1,1) Crl(l'z)e_j2¢ Crl(113)e_j4¢
C,(2,1)eti2® C,(2,2) C,,(2,3)e7 /29 [2.65]
Crl(3:1)e+j4¢ Crl(3:2)e+j2¢ C1(3,3)
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Figure 2.27. /llustration of the polarimetric segmentation preserving the
scattering mechanism nature on the AirSAR image of San Francisco

This expression shows that the azimuthal orientation modifies the
argument of the three intercorrelation coefficients, i.e. the off-diagonal
elements, it can in practice only be estimated from a single one, as C,;(1,2)
and C,;(2,3) generally have complex values, whereas, in case of a horizontal
natural environment, we have (SppS;q) =0 = C,;(1,3) € R, which makes
it possible to easily estimate ¢ from C,;(¢)(1,3). Examples of estimation of
azimuthal slopes are given in Figure 2.28 for surfaces not covered by
vegetation, observed in the L-band or oceanic scenes measured in the
P-band. The comparison of continental azimuthal slopes obtained with
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a digital elevation model (DEM), shows that the polarimetric approach
allows us to estimate the main land relief characteristics, when the
polarimetric response is not dominated by the volume component. However,
this topographical characterization approach cannot be compared with
dedicated means or techniques, like LIDAR and SAR interferometry. In fact,
the polarimetric estimates are generally affected by significant noise and
ambiguities, and do not provide sufficient information to reconstruct an
elevation profile, even mono-dimensional, without any assumption as to the
scene range topography. The second result indicated in Figure 2.28 shows
the potential of polarimetric SAR processing for measuring marine currents,
an application for which very few remote sensing means can be considered
as really adapted.
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Figure 2.28. Estimation of azimuthal slopes by means of the polarimetric azimuthal
orientation angle, ¢. a) Polarimetric image of the Camp Roberts site acquired
in the L-band by the JPL/AirSAR sensor, b) estimated values of ¢, c) values
of ¢ simulated from a DEM estimated in the C-band, d) a DEM estimated in the
C-band [LEE 02b], e) values of ¢ estimated by the same sensor in the P-band, of the
Gulf Stream oceanic current, f) orientation angle profile [LEE 98]. For a color version
of this figure, see www.iste.co.uk/baghdadi/2.zip
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Soil characterization by means of the H,A,& parameters and of the
SPM model

Due to the close link between the polarimetric response of soils and some
of its geophysical properties, SAR polarimetry has often been used to
estimate, on a large scale, the roughness and moisture of natural surfaces.
Among the various approaches mentioned in the literature, the one
developed in [HAJ 03], directly uses the parameters H, 4, @, derived from
the eigen-decomposition technique of [CLO 97], as well as the small
perturbation model (SPM) EM scattering model [FUN 94]. This 1st order
model makes it possible to very easily simulate the polarimetric response of
a moderately rough surface, as:

Tspy (k.0 W, 80, €,) = m2(k.0,W)Ty(6,€,) [2.66]
where K, = i—” is the wave number of the carrier used, o is the standard

deviation of the soil surface heights, modeled here under the form of a
random process, whose power spectral density, W, is given by the Fourier
transform of its autocorrelation function. The incidence angle, in range, is
denoted by 6 and €, represents the soil relative dielectric permittivity. This
Ist order modeling technique offers a formulation that separates the
influences of the soil roughness and moisture from the global response.
Roughness modulates, through the scalar function m2(«.o, W), the overall
response, and does not modify polarimetric characteristics, whereas
moisture is considered through €,, which intervenes in T((0, €,-). The global
covariance matrix has a zero intensity cross-polarization term, Tgpp(3,3) =
0, and perfectly correlated co-polarized channels, which provides a unit rank
and a zero entropy, very different from the values generally observed on real
data, in the L- and C-bands. A solution to that limitation is suggested in
[HAJ 03], which consists in introducing some degree of depolarization in the
SPM model through a rotation of T¢p,, around the radar viewing axis:

T(AY) = [%Usr (P Tspy (.0, W, 0, €U (D) fy(9) dp  [2.67]

with f,(¢), a uniform probability density centered around 0 and with a
width Ayp. The aforementioned eigen-decomposition is then applied to
T(4y), to produce H(Ay), @(4Ay), A(AyY), whose simulated values, shown
in Figure 2.29, indicate that €, can be estimated from H(4y) and a(4y),
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whereas the simulated anisotropy, A(4Yy), is not at all correlated with

E(4).

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
Entropy

a)

Figure 2.29. Geometrical locations covered by the polarimetric
parameters of T (Ay), simulated according to Hajnsek et al.
[HAJ 03] for 6 = (10,20,30,40,50)[deg] and €, € [2,40], in the
a) H(4p) — a(4y), b) A(dyp) — @(4y) planes

In their studies, Hajnsek et al. [HAJ 03] linked the measured anisotropy
with a roughness characteristic, through the empirical relationship
A =1-k.0. Soil moisture indicators, like the volume water content, can
then be estimated from e,..

Soil characterization by means of the IEM model, taking into account
the reflection symmetry

Another technique, introduced in [ALL 04, ALL 05a], suggests an
alternative approach which does not require an arbitrary azimuthal
disorientation and uses the integral equation model (IEM) [FUN 94,
CHE 03]. In the case, always verified over rough surfaces, of a polarimetric
response showing a reflection symmetry, we can give a simple analytical
expression of the unsorted eigenvalues of the covariance matrix [ALL 05b]
may be given:

_ E(Shal*+1Spw| ) +VEUShrl 2 +Spp 22 +4E(Shn|?)

Alnos - 2
1 _ E(Shal*+1Sw|*)=VE(Shn|2+ISpw|?) 2 +4E(Shnl?) [2.68]
2n0s 2

A3,,. = E(Shy!?)
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The eigenvalues given in [2.68] are not sorted, evenif 4, = 4, ., and
that they can be defined exactly through the span and two real parameters,
for example, the relative differences of the simple (SERD) and double
(DERD) reflections, defined in [ALL 05b]. The reflection symmetry
property, implies that, the eigenvectors associated with 4, _and 4,  only
contain reduced information of the associated scattering mechanisms, with
a, = g— a;. In fact, when the assumption of the symmetry reflection is

verified, a fully polarimetric covariance matrix can be defined with the help
of 4; . and a two-complex element unit vector, sufficient to construct vy,
orthogonal to v,. That information redundancy gives the average parameters
defined by [CLO 96], and to & in particular, a highly biased nature, which
can undermine the estimation of physical parameters and even the
identification of scattering mechanisms [FER 03]. The approach of
[ALL 05b] uses a reduced set of parameters, composed of ag, SERD and
DERD, defined as:

_ As—2A3505 _ AD—A3p05
SERD = —/15""/131105 and DERD = —AD+A3nos [2.69]

where Agp = A;; with i such as a; < %, i=1lor2 and j =3 —i. Due to
their dented range of variation and the possibilities of interpretation given by
their analytical expression, SERD and DERD cover a domain more
significant than the anisotropy, with —1 < SERD,DERD < 1. The DERD
parameter can be compared with the anisotropy, whereas the SERD proves
to be particularly useful in case of a high entropy. The method to
characterize the soils introduced in [ALL 04, ALL 05b] uses the IEM for
higher orders, which generally takes into account the depolarization
phenomenon and allows us to obtain a covariance matrix revealing a
reflection symmetry. In Figure 2.30, the anisotropy and DERD obtained by
means of the IEM for different soil configurations are compared.

If the link between the anisotropy and some roughness descriptors is
verified by the IEM, the use of identified rather than sorted eigenvalues
helps to free the anisotropy of its significant ambiguity, by giving the DERD
parameter a more extended and non-ambiguous definition domain. Similar
conclusions were obtained from measurements taken at the European
laboratory JRC of Ispra, in Italy, whose results are shown in Figure 2.31.
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Figure 2.30. Simulation result of the EM response over rough
soil by means of the IEM model, for different field conditions
and as a function of ko a) anisotropy (A); b) DERD
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Figure 2.31. Polarimetric parameter values derived from measurement
taken at the European laboratory JRC, as a function of ko: a) anisotropy; b)
DERD. For a color version of this figure, see www.iste.co.uk/baghdadi/2.zip

The use of the ag parameter instead of & to estimate €, allows us to avoid
a significant bias, which cannot be avoided by the joint use of & and H. The
results obtained using data measured by an airborne SAR sensor are shown
in Figure 2.32.
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Measured g, values Estimated g, values
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Figure 2.32. Dielectric permittivity estimation over agricultural fields from
polarimetric data acquired in L-band by the ESAR sensor of the DLR and
the technique proposed in [ALL 05b]. For a color version of this figure,
see www.iste.co.uk/baghdadi/2.zip

2.3. An introduction to SAR interferometry and tomography

2.3.1. Principle of topography measurement through the SAR
interferometry

SAR imaging uses spectral and spatial diversity, to focus a 2D image of
an environment EM response, which can be expressed as:

s(x,r) = fj;o :,;o a.(x', 7" e ke h (x — x', 7 — r)dx’dr' [2.70]

where hg-(x —x',7 — ") represents the focused response of a punctual
scatterer with coordinates (x',r"), and a.(x’,r") is the projection of the 3D
reflectivity density of an environment in the range-azimuth domain. As was
shown in Figure 2.33, the reduction of the representation domain to two
dimensions leads to a cylindrical ambiguity: for a given position in azimuth
Xg, there is an infinity of coordinates y,z leading to the same focusing

position in range r; = /(H — 2)? + y2.
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Figure 2.33. Principle of the estimation of a scatterer position in elevation using
coherent spatial diversity: a) the location P is the only intersection solution
for circles with r, and r,; b) representation of the signals acquired by each sensor
before and after co-registration in relation to a reference point Pref

Spatial diversity is set up with a second measurement taken from a
slightly different position, parameterized by a distance, the baseline B, and
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an orientation angle a. The imaged scatterer position Yy, z, is then given by
the intersection of two circles, whose radiuses, 1; and r,, must be measured
with high accuracy. From the expression of the focused response of a point-
like scatterer, given by:

si(xo, 1) = acie_jkcrihar(ol T —To) = |aci|har(0' T — ro)ej(fi—kcn) [2.71]
with &; = arg (a.,)

we note that the radiuses 7; can be incoherently measured, by
radargrammetry using |s;(xo,7;)|, or coherently measured by using
arg (s;(xq,1;)) through interferometry. As shown in Figure 2.34, the
selection of a method depends on various factors and in particular on the
amplitude of the shifts generated by the scene topography. These shifts may
be measured by synchronizing the two images on an arbitrary geometry,
during a “co-registration” phase: image 2, called “slave”, is resampled so
that each of its pixels corresponds, for a nominal scene geometry, to its
equivalent in image 1, called “master”. Once the images are synchronized,
the appearance of a shift indicates that the real scene geometry is different
from the one used to co-register the images. Radargrammetry, suitable for
large shifts, estimates Ary, = r; — 1, with an accuracy similar to the range
resolution &r, whereas interferometry, suitable for the estimation of small
shifts, has an accuracy in the range of 4, << ér. Assuming a perfect speckle
correlation between the two SAR measurements, the interferometric phase
difference, or interferogram, is given by:

if§; = &, then Agy, = arg(s;s;) = —kcAry, [2.72]

As shown in Figure 2.34b, that phase term can be approximated, by a
locally plane wave, if r; > B, by [BAM 98]; as:

Apyp; = —kAr; = =k Bsin(0 —a) = —k.B) [2.73]
We then see in [2.73] that A¢,, is indeed linked to the scene topography,
H-h

h, through 6 = acos (

1

), but also depends on the considered range

position 1y (Figure 2.35).
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Figure 2.34. a) Parameterization of the relative positions of measurements
in InSAR configuration in a Cartesian (By, B,,), polar (B, «), or wave (B, B,)
coordinate system; b) illustration of a locally plane wave approximation

Figure 2.35. /llustration of the dependence of Ar,, on
a variation of the position in elevation Ah or in range Ar

Those two behaviors can be separated by means of a linearization, valid
in the neighborhood of a reference point with coordinate (ry,, z) [FER 07]:

AA¢12 = A¢12 - A¢120 = AA¢topo + AA¢fe = kzohrel + kferrel [2~74]
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where A44¢;op,, represents the increase of the topographic component of
A¢,, sensitive to an elevation variation h,,; = z — z, relative to the one of
the reference point, and 44¢y, is the “flat earth” component, which takes
into account the variation of Ary, with 1., =1, — 19, for a site with a flat
topography. The height-to-phase conversion coefficients k,, and kg, are
determined by the acquisition geometry, as:
By
kyy=—kc————and ks, = —k,

To,SinBo,

By
To tan Bg,

[2.75]

where 6y, and B, respectively, represent the incidence angle and the
orthogonal baseline, in the image co-registration geometry, at the considered
reference point. The relative topographic component of an interferogram can
then be obtained through the simple compensation of the flat earth
component. Before converting the phase measured in height using [2.74], the
topographic phase, generally needs to be unwrapped, since k,,hy¢;, can only

be measured on a reduced domain, with - < AA¢,, < m. The elevation
domain that can be measured without phase aliasing is called the ambiguous

height or the height ambiguity, and is given by g, = % = %. For

relative elevations superior to h,,,),, the estimation of the scene topography
from the interferometric phase requires the developement of a phase
unwrapping procedure, whose principle is illustrated in Figure 2.36
[FER 07].

An example of interferometric SAR data processing chain is given in
Figure 2.37.

2.3.2. Polarimetric SAR interferometry

Similarly to the case of polarimetric data, the practical estimation of the
interferometric phase information requires the use of second order moments
through the covariance matrix that can be expressed from s = [s;5,]7 as:

e=on=[y e Al

0“1 0] ith lyle/®  [2.76]
* withy = [yle .
Sl Vi

where y is called the interferometric coherence and is a quality indicator of
the interferometric phase. It may be shown this coherence can be written
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under the form of a product of various components, associated with
decorrelation sources, as:

Y = VsnrRVprocYtempVsurfVz with |y| < min (|y;]) [2.77]

where the different terms, respectively, represent the action of the
signal/noise ratio (SNR), of the focusing processing errors, of the scene
reflectivity density variations between the two measurements, of the scene
geometry and, finally, of the reflectivity density distribution in the vertical
direction. The interferometric coherence notion is illustrated in Figure 2.38.

Derivation
—_—

|
+7 I ‘ | +7 +

/ Integration l Wrapping
—
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Figure 2.36. a) Principle of interferometric phase unwrapping in 1D; b) wrapped
interferometric phase measured during the SIR-C XSAR campaign, a color cycle
corresponds to a phase cycle from —r to +m; ¢) unwrapped phase.

For a color version of this figure, see www.iste.co.uk/baghdadi/2.zip
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Figure 2.37. Digital elevation model (DEM) generation of a SAR processing chain:
a) formation of the interferogram; b) compensation of the flat earth phase; c) 2D
phase unwrapping; d) phase to height conversion before geo-codification. For a color
version of this figure, see www.iste.co.uk/baghdadi/2.zip

Ytemp

Figure 2.38. lllustration of the interferometric coherence over the Oberpfaffenhofen
site, observed at VV polarization and in L-band by the DLR/ESAR sensor, with
indications of the dominant decorrelation phenomena: a) intensity image; b) |y| after
1 h and with B = 20 m; ¢) |y| after 1 year and with B = 0m
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Assuming that the other components of y listed in [2.77] can be
compensated and coherence can be used to measure the geophysical
properties of a volume, through the expression [BAM 98, TRE 99, TRE 00]:

_ [ f(z)eikzZ dz
V2= " r@) az [2.78]

with f(2) = E(a, (2)az,(2)), the elevation reflectivity density in elevation.
Figure 2.39 shows a description of a canonical volume environment often
used in radar, called Random Volume Over Ground (RVOG), composed of
ground with a reflectivity density f;(z) =1;6(z—2,) and a semi-
transparent volume with a reflectivity density f,(z), with [ f,(z) dz = I,,.

29+ Iy

Figure 2.39. Geometric configuration of the RVOG model and
associated reflectivity distributions. For a color version of this
figure, see www.iste.co.uk/baghdadi/2.zip

Figure 2.40 shows the evolution of y,,, the coherence of the volume term
obtained by replacing f(z) with f,(z) in [2.78], for different volume
characteristics: in case of a constant extinction volume, it is possible, for a
given extinction value (k,), to estimate the vertical extent and the volume
average elevation.

In practice, the reflectivity density is composed of the ground and volume
responses, and the measured coherence is written [CLO 98, CLO 03,
PAP O17]:

_ yytuel*7%g I

f@=f@D+f@) =2y, ="——withp= Iﬁ [2.79]

1+u

where p, the intensity ratio of the ground and volume responses, or Ground
to Volume Ratio, is a priori unknown, which prevents any reliable
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estimation of the volume characteristics. By means of a formalism not
presented here, it is possible using polarimetric measurements taken from
slightly different positions, to synthesize an interferometric coherence for an
arbitrary polarization state w, y(w), which, assuming a volume with an
extinction independent from the polarization state of the wave going through
it, may be written as:

Yotuw) e/¥z=

g .
Vo(w) = 2= o =(1 = L)y, + L(w)e/ "%
with L(w) = % [2.80]

where only u(w) or L(w) depend on polarization [CLO 98, CLO 03,
PAP 01]. We note from [2.80] that coherences obtained for different
polarization states show varying phase and correlation values, which depend
on the proportion of the ground and volume responses for the considered
polarization state. There then is a polarization state close to the ground
response for which p(w) is maximum, and y,(w) -y, = e/kz%g and
another one for which p(w) is minimum and y,(W) = y,,,;. This type of
relationship results in a coherence which describes, when it is calculated for
arbitrary values of w, a line segment in the complex plane, shown in
Figure 2.41. Generally, despite the fact that max,, (u(w)) < +oo, Zg can
still be estimated through the extrapolation of the line segment up to the unit
radius circle, that is up to y, = e/¥2%s [CLO 98, CLO 03, PAP 01]. As an
example, a result obtained by PolinSAR is shown in Figure 2.42.

Kk >>0

fe = [0.001,0.2,0.5,1] dB/m

Figure 2.40. Characteristics of the interferometric coherence for a nulll ground
response, v, = Vo1, fOr k, = 0.2 and for a constant extinction volume. For a color
version of this figure, see www.iste.co.uk/baghdadi/2.zip
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Figure 2.41. a) Idealized representation of the phase centers obtained
in an environment of the RVOG type for different polarization channels;
b) geometric location followed by y,(w), the segment extrapolation allows
us to estimate ¢o = ¢, with p(w) < +oo
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Figure 2.42. Estimation of forest height results over the Oberpfaffenhofen site,
measured in L-band by the DLR/ESAR sensor. Results derived from [PAP 01].
For a color version of this figure, see www.iste.co.uk/baghdadi/2.zip
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2.3.3. Differential SAR interferometry

The principle of differential SAR interferometry [FER Ola, GAB 89,
MAS 93, ZEB 94], illustrated in Figure 2.43, is particularly simple: a
displacement of the area observed occurring between the two SAR
measurements of an interferometric pair, results in a phase anomaly, adding
to the flat earth or topographic components, and which makes it possible to
very accurately measure a topographic deformation. In fact, for a scatterer
whose range position changes by Ar between the acquisitions, the
interferometric phase is written, after compensating the flat earth term, as:

AApq, = AA¢topo + AAd)displ = kzohrel + kcAr [2.81]

The phase measured can be compensated from its topographic
component, through a differential approach using data previously measured
or through simulation from a DEM, to isolate the term linked to the ground
displacement, A4 ;5 = kAT

On the one hand, we note the extreme accuracy of that type of
. . L !
measurement, whose ambiguous displacement is given by Arg,p = ?C, and

on the other hand, the independence of that measurement with respect to the
used baseline.

Ad1a = Adtopo + Ase Adra = Adropo + A se + keArsy

Figure 2.43. Ground deformation measurement principle using
differential SAR interferometry. For a color version of this figure,
see www.iste.co.uk/baghdadi/2.zip
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The combination of this type of approach with the permanent scatterer
technique allows us to measure displacements ranging from a few mm/year
on very long periods, as shown in Figure 2.44.

Figure 2.44. Differential a) and c) measured interferograms; b) and
d) modelized on Mount Etna, Italy, for a series of images acquired in
C-band by ERS-1 [MAS 95]. For a color version of this figure, see
www.iste.co.uk/baghdadi/2.zip

Differential SAR interferometry is one of the most popular SAR imaging
disciplines, due to its very close link with the physical evolution of an
environment and its unique aptitude for mapping, on a large scale and at low
price, ground movements with extreme accuracy. There are numerous
applications of this technique, in particular in the geosciences and
geophysics fields; two famous illustrations are shown in Figure 2.45.

The main limitations to the development of differential SAR
interferometry concern the management of scene variations observed
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and of the propagation conditions. Changes in the effective propagation
speed of SAR signals in the atmosphere creates phase patterns, called phase
screens, which can be wrongly interpreted as displacements. Scene
variations over time create a reduction of the interferometric coherence,
which, over the span of several years, can reach values for which the
interferometric phase cannot be interpreted. A technique based on the
characteristics of some point-like scatterers that remain coherent over time,
permanent scatterers (PS), has made it possible to overcome those
limitations on urban areas [FER 0la, FER 07], as illustrated in Figure 2.46.

Figure 2.45. lllustration of the application differential SAR interferometry in C-band in
geophysics. a) “Breathing” time deformation visualization of the Galapagos island
volcanoes, Equator (each fringe corresponds to a 5 cm radial displacement)
[AME 00]; b) differential interferogram caused by the Hector mine earthquake, United
States (each fringe corresponds to a 2.8 cm radial displacement) [ZEB 99]. For a
color version of this figure, see www.iste.co.uk/baghdadi/2.zip
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Figure 2.46. Map of subsidence established over the city of Pisa, ltaly, by means
of 45 ERS images. Result made available by the SAR group of Politecnico di
Milano, ltaly. For a color version of this figure, see www.iste.co.uk/baghdadi/2.zip

2.3.4. SAR tomography

SAR tomography is the generalization of SAR imaging to 3D focusing,
which uses an azimuth and elevation bi-dimensional synthetic aperture
combined with a 3D adapted filter. The configuration of a topographic
measurement given in Figure 2.47 shows that, in practice, we use a set of N
images, with N < N, and N,, the number of pulses acquired during a single
measurement, measured in interferometric mode along parallel trajectories.

Those N images can also be coherently combined by means of the back-
projection algorithm, for example, to synthesize an elevation aperture and to

form a 3D image, whose elevation resolution is given, for a set of N images
2n

ldkg|’
— k,,, proportional to the baseline difference of the two

. . h .
arranged as a uniform linear network, by 6z = “Tmb, with hgmp = and

de = kZi+1
consecutive measurements of the elevation network. Since the vertical

resolution is sometimes insufficient, techniques with better performances
than the Fourier approach may be used, i.e. the adapted filter approach may
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be used, in terms of resolution, at the expense of the SNR in general
[GIN 05, GUI 05, HUA 11a, SAU 11]. For this, a covariance matrix
R € C"*V s formed as R(i, j) = Iy;;, with:

ff(Z)ej(kzj_kzi)Z dz
Yij =

[2.82]

[f(2)dz
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Figure 2.47. a) Configuration of an N image tomographic SAR measurement;
b) illustration of the resolving power over volume contributions in the vertical
direction. For a color version of this figure, see www.iste.co.uk/baghdadi/2.zip

The estimation of f(z), the elevation reflectivity density, defined in
[2.79], from R is similar to a spectral analysis problem for which there exists
a large variety of solutions. A synopsis of the tomographic SAR processing
chain is given in Figure 2.48.

The reflectivity profile estimated by tomography, P(z) = f(2), can then
be used to estimate geophysical characteristics of the observed
environments, directly or through 3D EM scattering models. Like in the case
of interferometric data, that type of spatial approach can be combined with a
polarization diversity, which allows us, as shown by the works in [TEB 09,
TEB 10], to automatically separate the ground and volume responses,
through the technique called Sum of Kronecker Products (SKP)
decomposition. Following the pioneering work conducted in [REI 00],
numerous SAR tomography applications were carried out, for which
Figures 2.49-2.52 show arbitrarily sampled results.
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Figure 2.48. Synopsis of the tomographic SAR processing chain using
coherent N SAR images to estimate an elevation reflectivity profile P(z).
Example of application on very high resolution tomographic SAR data of a snow
cover. For a color version of this figure, see www.iste.co.uk/baghdadi/2.zip
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Figure 2.49. 3D reconstruction of the urban area of the city of Dresde, Germany,
using intermediate resolution of the polarimetric SAR data in L-band for a minimum
number of images (N=3) [HUA 09, FER 15]; a) illustration of the vertical resolution
gain provided by some spectral analysis techniques; b) comparison of the results
obtained on a group of buildings with a LIDAR profile. For a color version of this
figure, see www.iste.co.uk/baghdadi/2.zip
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Figure 2.50. Suggested 3D reconstruction [SHA 12] of a facade by means of two
sets of very high resolution TerraSAR-X data each of 25 images: a) 3D position of
the detected scatterers; b) 3D reconstruction of the intensity profile. For a color
version of this figure, see www.iste.co.uk/baghdadi/2.zip
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Figure 2.51. Characterization of a tropical forest using polarimetric SAR tomography
in P-band using ONERA/SETHI data [HUA 11b, FERRO 15]; a) PolISAR 2D image
and tomographic profile reconstructed HH polarization; b) comparison of the
tomographic and LIDAR estimates of the altitude of the tree tops (Ztop) and of the
underlying ground height (Zground), on the whole site. For a color version of this
figure, see www.iste.co.uk/baghdadi/2.zip
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Figure 2.52. lllustration of the SKP approximation capacity presented in [TEB 09,
TEB 10, TEB 12] to separate the underlying ground and volume contributions
through the analysis of PolTomSAR data. Case of an image of a boreal forest in the
L and P-bands. Images made available by S. Tebaldini. For a color version of this
figure, see www.iste.co.uk/baghdadi/2.zip



140 Microwave Remote Sensing of Land Surfaces

2.4. Key points

The use of coherent diversity modes makes it possible to significantly
increase the characterization capacities provided by classic SAR imaging. In
fact, the 2D electromagnetic reflectivity of environments alone can seem
limited to further characterize realistic objects with complex or volumetric
structure. The two most used modes to improve SAR imaging performances
implement a polarization diversity for the polarimetric mode, or a space
diversity for interferometric imaging. Measuring the response of an object in a
polarization basis gives information on some of its intrinsic geophysical
properties, whereas interferometry allows us to measure the topography of
environments, and its multi-acquisition version, or tomography, allows us to
estimate the reflectivity of complex environments and to separate the
contributions from scatterers located at different altitudes. The use of those
diversity modes requires the extension of statistical representations and
speckle filtering procedures to the case of N—D data, with N = 2 in inSAR,
N = 3 for SAR tomography and 2 < N < 4 for polarimetric measurements.
The processing and the interpretation of those different types of data require
signal processing procedures, specific to each mode, such as polarimetric
decomposition, interferometric compensation or tomographic focusing
techniques.

SAR polarimetry makes it possible to differentiate the environments
observed according to their EM scattering mechanism, by estimating some of
their key parameters, like their structure, orientation, moisture or roughness.
Space borne SAR interferometry allows us to map the planet with a global
accuracy never achieved before, and the use of a differential mode gives us
access to the measurement of field displacements ranging from a few
millimeters per year. SAR tomography aims to image semi-opaque complex
volume environments and has resulted in significant progress in characterizing
complex environments, whose study by means of 2D images is ill-
conditioned. We note that those different diversity modes can be combined for
a better characterization of environments, and that their implementation within
the context of space borne measurement is either already operational, or under
study for the tomographic mode.
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