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Preface

Electromagnetic wave propagation, scattering and emission are the physics basis for
modern information technology. Great advances of satellite-borne remote sensing,
wireless communication, and other information high technology during recent
decades have promoted extensive studies on electromagnetic fields and waves, such
as theoretical modeling, experiments and data validation, numerical simulation and
inversion. To exchange most recent research achievements and discuss the future
topics, the International Workshop on Wave Propagation, Scattering and Emission
(WPSE2003) as an international forum was scheduled to be held in Shanghai, China,
1-4 June 2003.

This workshop was sponsored by the IEEE Geoscience and Remote Sensing
Society, the USA Electromagnetic Academy, PIERS, the Fudan University, and the
City University of Hong Kong. Our many colleagues, especially many distinguished
scientists in the world, enthusiastically prepared their presentations for the WPSE.
However, unfortunately, due to the SARS infection in the spring season 2003 in
some places of Asia, this workshop had to be cancelled.

To meet the goal of our international forum, we edit this book to enclose some
full papers, which cover seven areas:

1. Polarimetric scattering and SAR imagery,

2. Scattering from randomly rough surfaces,

3. Electromagnetics of complex materials,

4. Scattering from complex targets,

5. Radiative transfer and remote sensing,

6. Wave propagation and wireless communication,

7. Computational electromagnetics.

I hope this book as a good reference would benefit to our colleagues to learn
and exchange the research progress in this rapidly developing area of information
technology. :

We are very grateful to that all authors for their excellent contributions and
make this book publication possible.

This book is financially supported by Ministry of Science and Technology of
China via the China State Key Basic Research Project 2001CB309400, the National
Natural Science Foundation of China, and Shanghai Magnolia Foundation.

Ya-Qiu Jin

WPSE2003 Chairman

Center for Wave Scattering and Remote Sensing
Fudan University

Shanghai
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Abstract In this paper we develop a multi-layer coherent polarimetric vegetation scattering
model to investigate physical parameter estimation using fully polarimetric multi-baseline
multi-frequency radar interferometry. It is shown that 2-layer model inversion for single
baseline/single frequency sensors requires regularisation to remove multiple solutions.
Traditionally this is achieved by using assumptions about polarimetric ground scattering ratios.
By employing dual frequency or multi-baseline data these multiple solutions can be removed.
However, the model inversion becomes ill-conditioned unless the correct baseline and
frequency ratios are employed. In this paper we show how wave propagation and scattering

models can be used to help devise robust inversion methods for land surface parameter
estimation.

1. Introduction

In previous studies we have shown that by using single baseline polarimetric interferometry
(SBPI), estimates of vegetation height and ground topography can be obtained without the
need for external reference DEMs or data specific regression formulae [1,2,3,4]. However, the
robustness of this inversion process is based on the assumption that in at least one (not all) of
the observed polarisation channels, the ratio of ground to volume scattering is small (typically
less than —10dB for 10% height accuracy). We have found two main limitations to this SBPI
approach. The first is that the polarisation response of the sub-canopy ground cannot be
properly estimated, as by definition the ground scattering is assumed zero in one of the
channels. Hence, if we could devise a sensor capable of estimating the full polarisation
response of the underlying surface then this would lead to the following improvements:

a) free the technique from the need to assume a directly observable volume coherence
b) enable several interesting extensions of the method such as to sub-canopy moisture
and surface roughness estimation.

A second limitation of SBPI is the inability of single baseline techniques to determine
vertical structure. The model assumes a vertically uniform spatial density of scatterers which
maps into an exponentially weighted integral to determine the coherence. However, many
trees show important variations in canopy density and if we could devise a sensor
configuration capable of estimating this structure, then we could augment the height
information for improved species and biomass related studies. In either case we need to
increase the number of observations in the data. There are several possible ways to do this.
Dual frequency or multiple angles of incidence are important examples.  The use of dual
baseline regularisation has already been treated in [5] and the use of an extra frequency
channel in [6]. Here we review the background to this important topic and highlight the key
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contribution made by electromagnetic wave propagation and scattering models to the
development of quantitative parameter estimation algorithms.

2. COHERENT VECTOR INSAR MODEL

The key observable of interest in interferometry is phase. The phase difference between
signals from positions 1 and 2 and is non-zero due to the slightly different propagation path

lengths Ar. This phase has the form shown in equation 1 (where B, is the normal component of
the baseline)

exp(i2kAr) =~ exp(4—;- 66m) ~ exp(—ét;i—lf'L m) 1)

where 6 ~ Bp/R if R >> B and the co-ordinate m is defined as normal to the slant range

direction. Transforming to the surface y,z co-ordinates using the mean angle of incidence 0 we
can also express equation 1 in the modified form exp(i ¢(y, z)) where

kB
Ak = u 2
+2Akcos@) Riand )

#y,2) =y

(ZkB,,Rcose 2 Ak sin 6) N Z(ZkB,,Rsm 1

In equation 2 we have further included the possibility of making a wavenumber shift Ak
between the two images. This shift can best be derived using a k-space representation of
interferometry as shown in figure 1 [12, 13]. Here the radial co-ordinate is the wavenumber k
= )\ and the polar co-ordinate the angle of incidence. By making a frequency shift Af to
one of the signals then we see that we can equalise the ky components of the wavenumber.

As is apparent from equation 2, we can then always remove the 'y’ dependence of the phase ¢
by choosing Ak based on the geometry of the system. In this case the interferometric phase
depends only on the height of the scatterers above the reference plane (the z co-ordinate) i.e.
we need consider only the volume scattering contributions.

‘ ‘\afk‘ Af:—fﬁ

Figure 1 : K-space representation of radar interferometry

To study decorrelation in the ‘z’ direction, we then define an effective vertical propagation
constant using 1 and 2 so that
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To study decorrelation in the ‘z’ direction, we then define an effective vertical propagation
constant using 1 and 2 so that

47160 4nB
k=—— e ——— 1 3
© Asin® ARsin0 3)

A scatterer that changes in height by Az will then have an associated phase change of k,A? .
In foliage examples there will be a random distribution of scatterers in the vertical direction.
This will cause fluctuations in the phase which are manifest as a drop in the interferometric
coherence v [7,8]. In polarimetric systems we have 3 channels of complex data at positions 1
and 2 (HH, VV and HV). Hence to generate the appropriate coherence we need first to project
the 3 channels onto a unitary weight vector w) to generate a complex scalar s; as shown in
equation 4. Similarly we can define a different weight vector w, and scalar s; at position 2.

The interferometric coherence is then defined from the normalised product of the scalar
projections as shown in equation 4

S = -W:Tkl }
S, = W;Tkz .
[ KS‘S;>| B |V_V:TQ12"—V2| 0<vy<l1

Y: * * - * *
:><| J(%&)(szsz} Jv_v,TT“.[nzl.varTzzwz

4)

l ¢=arg(s1s2*)=arg(v_v,*rQ,2 V_Vz)

We see that the coherence and phase can be expressed in terms of a vector of scattering

coefficients k and 3x3 block elements of a 6 x 6 coherency matrix [P] as defined in
equation 5

el e\ TR [l
[P]‘\Lsz["“ kz]/‘[[on]" [7.1] ©

In the presence of speckle [11,24], the 6 dimensional coherent polarimetric signal can
then be modelled as a multi-variate Gaussian distribution of the form shown in equation 6

_1k _ 1 ' [P]u
E—[kz]:p@ ¢ de(P)

()
Here again the matrix [P] determines the fluctuation statistics of the signals. Hence to
evaluate the coherence [14] for arbitrary polarisation, we need to estimate the block

matrices [T] and [Q]. It is here that use can be made of EM wave propagation and
scattering models.

For example, in many vegetation problems the scatterers in a volume have some residual
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orientation correlation due to their natural structure (branches in a tree canopy) or due to
agriculture (oriented corn stalks). In this case the volume has two eigen-propagation
states a and b (which we assume are unknown but orthogonal linear polarisations). Only
along these eigenpolarisations is the propagation simple, in the sense that the polarisation
state does not change with depth into the volume. If there is some mismatch between the
radar co-ordinates and the medium’s eigenstates then a very complicated situation arises
where the polarisation of the incident field changes as a function of distance into the
volume [9,10]. By assuming that the medium has reflection symmetry about the
(unknown) axis of its eigenpolarisations, we obtain a polarimetric coherency matrix [T]

and corresponding covariance matrix [C] for backscatter from the volume as shown in
equation 7 [2,9]

t1.1 t 0 ¢y 0 ¢,
[(T]1=|t,t, 0| & [C]l={0¢y O @)
0 01 ey 0 ¢y

We can now obtain an expression for the matrices [Ty;] and [Q;;] for an oriented volume
extending from z = zg to z = zy + h, as vector volume integrals as shown in equation 8

owerpy . Gare)
[Q,l=e ~ €*“R(2p jo"e'*fze «s - p(7) T P(1*)dz {R(-2f)

_loaropih (0,40, )2
[f)=e ™ R(ﬂ”{f‘f‘e P(f)TP(T*)dZ}R(—zﬁ) ®

where for clarity we have dropped the brackets around matrices inside the integrals and
defined R as a rotation matrix to allow for mismatch between the radar co-ordinates and the
projection of the eigenstates into the polarisation plane (equation 9).

1 0 0
R(B)={0 cos 3 sinﬂ] )
0—sin Bcos

Differential propagation through the medium is modelled as a matrix transformation as shown
in equation 10, with the complex differential propagation constant shown in equation 11

P(T) TP(t*)=

[cosht sinhz 014, 4, O01fcosh? sinhz" 0]
|sinht cosht OllZ, 1, 0 llsinhz coshz ol

| o o 1llo 0 4l o o 1

_(o.=0s z an

(10)
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This now enables us to generate the coherence for any choice of weight vector w. in equation
4. However we are often more interested in the maximum variability of coherence with

changes in w and so we employ the coherence maximiser, which requires solution of an
eigenvalue problem as shown in equation 12 [1,3]

(751 12,,)7 (7' 119,,] w, :lm} 2
R 0<A=7y, <1 12
[Tﬁl] (€] [Tz_zl] (€2, TW\ =4iw, Yor (12

The cigenvalues of this matrix then indicate the maximum change of coherence with
polarisation. As the eigenvalues are invariant to unitary transformations of the vector k
we can replace [T] by [C] in equation 12. To account for the effects of propagation on the
polarimetric response of an oriented volume, it is simpler to employ the covariance [C]

rather than the coherency matrix [T]. For a general oriented volume we then have from
6,7 and 8

[-(,'”], 0 51312]
=l o cpr; 0|

Ld}lg 0 C3314J
13
(e, © {nlﬂ‘ (13)
1
=C = 1l 0 A 0
f| el ‘
L“C;31; 0 endy J

where f =(¢,,C3; —€5¢13)],1; and similarly for the Q matrix we can write

rcllls 0 CnIeJ
Q=1 0 cpf, 0|

277

Lc:sls 0 03319,\ (14)

Note that Q,, is neither symmetric nor Hermitian. The integrals I1 —I9 are defined as [5]

i i s hy By
‘ ; ; 26 52 ik. 20,2 (15)
I = j ez 1, = j L =j e g =J‘e‘ iz [ = j e dz
(= z 3
0
0 0 0 0
hy, hy A h,
i ) k. 20k, thyiz _ ik, 2052
I = j eihsgtthathdagz . = j PALIACIRALL B j gihzg?thothaizgy [ = je e*oridz
o
0

0 0 0

and k, is defined in equation 3, ka, kp are the complex propagation constants of the

eigenpolarisation states and o are the real extinction rates in the medium. Hence the first part
of the optimisation matrix (equation 12) has the form
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_Culﬂircnls 0 613[61
o | o
f | .1, ¢y o |

L_Cltslz. 0 el Jl-c’.318 0 CS3I9J a16)

which is diagonal if Ll - LIy = Isl; — *Is = 0. From equation 15 we can easily show that both
equations are satisfied for arbitrary medium parameters as we have

h,
_{ 20,2 ik, 20k+k)z g,
Ll =] e et ez = 11,
0

h,
2 i . *
Il = I e e*? b i gy = [ ]

0 a7
- 26 &9 by N 20,2
Y =f(ou) - a et ‘.ecoseadz’

l 038, (e <% l)j

i . (0,+0,)z

~ (©,+0,)ev b, fmRE
72 = /(0,0,) = =42 e &

2 f b coseo(e(oa 0, 1k, /cosé,, —l)'([
- 2G. &9 Koo 20,2
,y —_ (o- )= b e;kxz ecosoa dz/

3 f b COSeo(ezoh h,/cos8, _1)_‘; (18)

The optimum coherence values can then be calculated as shown in equation 18. It follows
from the above that K_ = C,'Q,,C;/Q]] is also diagonal and hence by using the relationship
between [T] and [C] we can show that the eigenvectors of K =T,Q,,T;Q); are functions of

Bas

. r+1 T o] N 1

Wy = :E| —cfos2[3| W, = sin2f3 | ws =ﬁ| co§2ﬁ |
L sin2f J I_cos2ﬁJ |_— s1n2ﬁJ (19)
Equation 18 shows that the maximum coherence is obtained for the medium eigenpolarisation
with the highest extinction. The lowest coherence is then obtained for the orthogonal
polarisation that has lower extinction and hence better penetration into the vegetation. The

cross polar channel which propagates into the volume on one eigenpolarisation and out on the
other has a coherence between these two extremes.

However, in real applications forest cover will often be random and any orientation effects are
likely to be weak. For this reason we must consider a special case of equation 18 when the
vegetation shows full azimuth symmetry in the plane of polarisation. In this case there can, by

definition, be no preferred B angle in equation 19 and hence the coherency matrix for the
volume must be diagonal with 2 degenerate eigenvalues of the form [3]
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1t o ol
[7.]=m]0 n ol o<n<i (20)
lo o n]

where 1 depends on the particle shape in the volume and on the presence of multiple
scattering. If there is no distinction between the eigenvectors in equation 19 then the
eigenvalues in equation 18 must become equal. This arises when 6> =0y = o i.e. when the
extinction in the medium becomes independent of polarisation. In this case volume scattering
alone leads to equal eigenvalues in 12 and hence the coherence is no longer a function of
polarisation. The situation is practice is made more complicated because some penetration of
the vegetation occurs and combined surface and volume scattering occurs. It is well known

that surface scattering is strongly polarisation dependent and hence in practice we need to
extend the above argument to a multi-layer model.

3. MULTI-LAYER COHERENT SCATTERING MODEL

We consider a general multi-layer oriented random media problem as shown schematically in
figure 2. We assume that each layer is composed of a cloud of identical spheroidal particles,
where the density of each layer is tenous enough so that we can ignorc rcflections at the
boundaries between layers. We further assume that we can ignore any refraction at the
boundaries between the layers, as justified in [4]. We assume that the propagation eigenstates
are orthogonal linear polarisations, but allow for the fact that they may not be aligned with the
radar h and v axes.

In order to assess the complexity of the inverse problem consider the following argument.
According to our model, each layer is characterised by a set of 9 parameters,

B -  orientation of the eigen-propagation states with respect to the radar co-ordinate system
hy — Layer Thickness in metres

dz, - Interferometric Phase of the bottom of the layer relative to reference z = 0

Xa — Refractivity (index of refraction-1) for eigenstate a

x» — Refractivity (index of refraction-1) for eigenstate b

o, - Extinction coefficient for the a eigenpolarisation

o, - Extinction coefficient for the b eigenpolarisation

v-  Shape parameter of particles in the volume

mc - the backscatter coefficient from the volume

Hence we face a set of at least 9n physical parameters to totally characterise the multi-layer
problem. A fixed frequency, single baseline polarimetric interferometer measures up to 36
parameters (the elements of P). Hence we see that, using this simplified argument, we might
consider inversion up to 4-layer structures with such a single baseline system.

In practice, for small angle baselines in the absence of temporal decorrelation, we can
assume that Ty; = T, and hence only 27 parameters are available from P. Hence we are
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limited to consider up to 3-layer structures. Nonetheless, many physical vegetation structures

can be characterised in terms of a small number of distinct layers and hence are suitable
candidates for this single base-line technology.

The most general formulation of polarimetric interferometry for an N-layer problem can
then be written in compact matrix notation as

T, =Ry (IIN + PNRN(N—I)(IIN_I + RN—I)R(N—IXN—Z)(IIN_Z +

Q,= RN(eMN L "'PNRN(N—l)(ei%H L7+ P(’N—I)R(,V-I)(N—Z)(emwz12N72+ ~~~~~~ IRy Byon)oee )R—N
(22)
_sartoniy Wi oyroy ity Oty
f=e " [e o PP Hi=e T [ e PPl e
0 0
(23)
r=w=(9—-_—cb—+xk(x —xb))—z'—— (24)
2 ¢ cos@,
A g _ 2kB,
. °  Rsin@,

z=2,+ X hy;

FXTITTTTITE TNV TT T FITITIIITI T I TTIIT IV I Ll
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PLLELIIIELLLLE AL Layer n il iidlid i
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Figure 2 : General Layered Random Volume Scattering Geometry
For Polarimetric Interferometry



