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ABSTRACT
In this paper we review recent developments in scattering theory related to applications involving polarised electromagnetic
waves. We concentrate on applications in random media where second and higher order moments of the scattered field are
important. We split the discussion into surface and volume scattering effects and consider each separately. However, we
employ a unified approach based on the construction of an 8x8 scattering coherency matrix, encompassiing current
applications in Polarimetry and Polarimetric Interferometry. We then use this matrix as a template to explore the limitations
of currently used scattering theories and highlight areas for possible future study.
INTRODUCTION
In this paper we consider the subject of scattering polarimetry [1]. This is to be distinguished from the more mature topic of
propagation and specular polarimetry. While the Jones calculus is widely employed for the analysis of polarisation
transformation due to propagation through cascaded devices, there is a relatively poor analytical appreciation of how to deal
with the structure of depolarisation effects caused by wave scattering. This is despite a long history of depolarisation
measurements in astronomy, remote sensing, atmospheric optics and surface roughness studies.
A key distinguishing feature of scattering polarimetry is the presence of depolarisation, to be distinguished from crosspolarization. While the latter is a deterministic effect, the former is fundamentally a stochastic process whereby incident
radiation is made noise-like due to the randomness of a scattering volume. The classical methods for describing such
phenomena are based on the degree of polarisation, defined from the Stokes vector. These may be formally connected to a 2
x 2 Hermitian wave coherency matrix [J], leading to the wave dichotomy and associated Hermitian eigenvalue problem.
However, there has been a recent trend towards using active sensors (particularly polarized Radar and Lidar) for remote
sensing purposes. These systems can fully populate the scattering matrices of polarimetry and this has lead to a more
sophisticated understanding of the generalised relationship between depolarisation and scattering. This in turn has lead to
improved methods for remote sensing using polarized waves. Here we review the implications of these developments for
scattering theory.
COHERENCY MATRIX FORMULATION OF POLARIMETRY AND INTERFEROMETRY
A key development has been the mapping of the real 4x4 Mueller matrix into a 4 x 4 Hermitian coherency matrix. Figure 1
shows how this coherency matrix can be derived from Maxwells equations. Here we derive the covariance [C] and in the
lower diagram we show schematically how [C] may then be transformed into 2 other equivalent forms [1], the 4 x 4 Mueller
matrix [M] or 4 x 4 hermitian coherency [T]. All contain information about scattering amplitudes, amplitude ratios, relative
phase and coherence. Unlike the Mueller matrix, [T] and [C] are positive semi-definite Hermitian with a real non-negative
eigenvalue spectrum. These eigenvalues can be used to interpret the depolarisation properties of the medium. Further, the
eigenvectors provide an analytical parameterisation of the ways in which systems can depolarise by using N-1 dimensional
unitary groups [2,3]. For backscatter systems, the reciprocity theorem restricts N = 3 and hence SU(2) governs the possible
types of depolarisation. For general scattering N = 4 and so SU(3) is the governing group. Fully characterising the way in
which a system can depolarise waves is an important step towards the development of data inversion schemes for radar and
optical remote sensing.

       
        
 



  


These techniques have recently been applied to measured data from surface and volume scatterers [4,5] but quantitative
interpretation of the results requires support from improved scattering theories. For example, when we examine the
polarisation structure of the classical approximation methods available we find widespread differences in their predictive
properties.
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Figure 1 : Coherency and Scattering Matrices in Polarimetry
Figure 2 shows how this coherency formalism may be extended to include polarimetric interferometry. Here we retain the
polarimetric information from two ends of a baseline as sub-matrices [T11] and [T22] but also employ phase and coherence
information from the off-diagonal 3x3 complex matrix [ 12]. Given that current measurement systems can fully populate
these matrices, the challenge to surface and volume scattering theories is to provide analytical and numerical estimates of
this full 8 x 8 matrix. Here we provide a review of the status of such efforts.

K
:
?
@
;
A
:
: ; L HIJ FG E<>= L HIJ BK CD;FG E
3
95 78 6 5 2001 .- 55 *,4 + . // & %' & % ! ) $"# ) ! (

We show in figure 2 how the interferometric coherence and phase can be estimated for arbitrary polarisation vectors w.
Also shown is coherence optimisation as an eigenvalue problem. The eigenvectors then locate low noise phase centres in the
random medium. These can be used for inversion and imaging applications. Interpretation is then centred on the eigenvalue
spectra of these matrices.
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Figure 2 : Extension of the Coherency Formalism to Polarimetric Interferometry

SURFACE AND VOLUME SCATTERING
In surface scattering for example, standard scattering theories provide for very restricted types of depolarisation. The vector
small perturbation method is an example of a non-depolarising stochastic scattering system, setting three of the four
eigenvalues to zero. This prediction is not matched by experimental observations, even for small roughness scales ks < 0.3,
where classically the Bragg model is applied. A recent development has been the extended Bragg model [5], which expands
the range of validity of the small perturbation model for backscatter problems by adding a depolariser with the restriction
that it be reflection symmetric in the plane of polarisation. This model has been compared with microwave chamber data for
surfaces and shows good agreement with the depolarisation properties up to ks = 1 [5]. Another popular surface model, the
integral equation method, while providing improved copolar scattering coefficients, makes no predictions of surface
depolarisation and hence is not yet suitable for use in depolarisation studies.
Fractal surface scattering models are also currently being developed as more realistic descriptors of natural surfaces than
classical single or dual scale statistical models. However, scattering solutions are often restricted analytically to 1-D surface
roughness profiles and this limits the nature of the depolarisation by always setting one of the eigenvalues to zero. This in
turn limits the interpretation of the scattering behaviour of natural surfaces, even if exact numerical methods and multiscale statistics are used for the solution.
Turning to volume scattering, polarisation plays an important role in the interpretation of scattering from clouds of nonspherical particles. The excellent review edited by Mischenko et al [6] provides an overview of the most recent numerical

and experimental methods in this important subject. Significant progress has recently been made in predicting the
polarisation structure of scattering from random particle clouds. These techniques provide fast averaging methods over
particle size, shape and orientation distributions for full depolarisation calculations and are being applied to a range of
problems in optics and microwave remote sensing [6].
While it is often sufficient to assume that all orientations of non-spheroidal particles are equi-probable, sometimes external
magnetic, electrostatic or aerodynamic forces provide an axis of symmetry for nontrivial orientation distributions. In the
former case depolarisation is a function of particle shape and size distribution and the scattering matrix is sparse, while in
the latter case all 16 elements of the scattering matrix must be considered. Again practical interest centres largely on
understanding the depolarising properties of volumes [3,6]. In particular, it is often important to ascertain the isotropy of the
depolarisation across polarisation states as this impacts for example on the potential for polarisation diversity to provide
vegetation structure information in radar remote sensing and enhanced imaging through turbid media in optics.
A second important development in recent years has been the remote sensing of volume scattering by employing
interferometric techniques [7,8]. Here the correlation between particle shape distribution and spatial density fluctuations can
be mapped by combining polarimetry with interferometry. For example, such a technique has recently been used to
measure the thickness of a random layer of non-spherical particles above a rough surface [7]. It has also been shown that a
similar method can provide information on the thickness of a slab of uniaxial scattering media, where particle orientation
effects become important [8].
However, further advances in these techniques require improved scattering models, which encompass not only nonsphericity in particle shape but also better spatial density models. For example, in vegetation scattering for forestry
applications, detailed fractal growth models are now coupled with particle shape diversity and Monte Carlo techniques to
provide better predictions of coherent volume scattering. These and other trends offer the potential for further improved
applications of scattering theory in remote sensing.
In this paper we provide examples of the polarisation structure of surface and volume scattering problems and highlight
possible future trends.
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