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It is a great pleasure to have this opportunity to introduce a new Chinese language version of my
book. I offer my sincere thanks to the group of translators, especially Hong Wen and Qiang Yin
of IECAS in Beijing for their patience and efforts in generating a coherent summary from the
original wide ranging text. [ appreciate their help in maintaining the spirit of the original book
throughout their translation.

This does however provide a fine and timely opportunity to reflect on the original motivation
and background for the text, and to assess where it now stands in the fast developing area of remote
sensing employing combinations of polarimetry and interferometry. I believe it still offers a
unique and comprehensive approach to the topic, but how for example would the chapters change
in content, and what new chapters would be included if [ were starting this project in 2014 instead
of 2008? In the next few paragraphs I will reflect on the historical motivations for the book and
also try to cover some of the more recent developments in the subject.

The original motivation was to write a technical book suitable for graduate student
level that merged the two disciplines of polarimetry and interferometry, to give one of the
first didactic accounts of the subject. The approach was of course a personal one, but pulled
together many disparate strands of work scattered over more than twenty years of academic
publications on the topic by various authors and groups around the world. The idea was to
demonstrate clearly and rigorously how polarimetric interferometry has its roots in electro-
magnetic scattering theory, and how the constructs of complex matrix algebra could be used
to efficiently extract information on the physics of scattering from the signals and images
used in radar and optical remote sensing.

To this end I hope the book is largely successful, but it does contain a lot of theory and
reader feedback so far has, in roughly equal measure, been both great pleasure and horror at the
prospect. It is this high math content that led us to adopt this slightly unusual translation approach
of Chinese language summary together with the original text. In this way we hope the reader
will get maximum benefit. When writing a book, one always keeps in mind a typical reader who
shadows the author through development of the text. Mine was always motivated to understand
the fundamentals of the subject and encouraged to work through the chapters to see how the
themes develop before moving on to use the techniques in data analysis or applications. This for
sure is challenging given the scope and novelty of topics, but it remains my belief that the rigor
of such an approach pays dividends in the end, with readers better able to quickly see connections
between the basic ideas here presented and also understand the constant stream of new innovations
coming into the subject.

Turning now to more recent developments since the book’s publication and how they re-
late to the original content, I would offer three important up-dated themes: Generalized De-
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composition Theory, 3-D imaging or Polarimetric Tomography and Differential Polarimetry.
I now take this opportunity to present a brief discussion of each and how they relate to the
existing book structure, with some extra updated references provided for suggested further

reading.

1. Generalized Decomposition Theory

There have been several new developments in polarimetric matrix decomposition theory
since this book was first published (see chapter 4), extending across all three main types of
decomposition, namely eigenvector based, model based and matrix product factorizations. For

121 and van Zyl" model approaches have been extended since

example, both the Yamaguchi
writing and now are more comprehensive in their coverage. The Yamaguchi approach has been
extended to account for a full T3 matrix i.e. with nine model elements and the van Zyl approach
centered on estimating multi-parameter volume scattering components by enforcing a positive
semi-definite coherency matrix, while maximizing the volume scattering power. Although these
most recent methods are not here presented, the basic elements and building blocks of all such
model decompositions are developed in this book and so the reader can obtain a good basis for
quickly understanding these and any further new developments that may come.

There have also been important developments in optical decomposition theory, which
include natural extensions into bistatic scattering and would certainly be included in an
extension of chapter 4. These cover both model based approaches but also an elegant

¥l Indeed, these methods have all been

generalization of eigenvector decompositions
recently connected through the topic of generalized decomposition theory™, which uses
a rank decomposition of NxN coherency matrices to unite all model, eigenvector and
product decompositions. Again the seeds of this idea are already covered in chapters 3 and
4. Some important recent theoretical developments include explicit parameterization of

the eigenvectors of 3x3 and 4x4 Hermitian matrices %

, as introduced in chapter 2 (but
not fully developed there) and in Mueller matrix product expansions beyond the classical
polar decomposition described in chapter 17" I would recommend readers seek out these

publications as follow up to the material in this book.

2. Polarimetric tomography

The use of polarisation for 3-D radar imaging has also seen several important developments
since the original publication of this book. Currently the book does introduce one such technique,
coherence tomography in chapters 8 and 9, and the structure function there described plays an
important role in all such techniques. Again these would provide material for a new chapter 8,
where coherence tomography would be extended and unified with multi-baseline tomographic
techniques. In particular I would highlight two key recent developments in this area. The Capon
high-resolution spectral analysis technique has been recently extended to full 3-D estimation
of the polarimetric coherency matrix™™, allowing 3-D mapping of variations in polarised and
depolarised matrix components. Secondly, the algebra of polarimetric decomposition in radar
tomography has also been elegantly developed in [9]. Both of these are important milestone
developments towards truly 3-D polarimetry.



3. Differential Mueller/Coherency analysis

This topic, which involves the generation of a differential calculus of depolarised wave scattering,
has been recently further developed in [10,11], building on original work by Azzam in 1978 (as
already referenced in this book). These studies present a formal connection between the Jones
propagation calculus and Mueller/coherency matrix analysis presented here in chapters 1 and 2.
In this way propagation through complex systems, where waves become depolarised on their way
through materials, can be treated and decomposed into elementary processes in a physically (and
mathematically) consistent manner. This again is an important future research topic, with potential
applications across many areas, including differential time series analysis of polarimetric radar
data. While some elements of the required differential calculus are presented here, any future
edition would include a fuller treatment of this important new topic in a separate chapter. In radar
imaging there have been extensive developments in a related area, the application of filtering and
classification to time series analysis''”. As more radar satellite systems have been launched they
have made available long time series data stacks of polarimetric interferometric imaging data and
the optimum ways to process these stacks represents one of the most challenging and active areas
of research at the current time.

In conclusion, I would say that while it is impossible for any single book to keep up with
the pace of development in polarimetric interferometry, this in my view is a good thing. It reflects
the ongoing importance and global interest in this new technology and again I believe reinforces
the need for books that develop the fundamentals of the subject, so enabling quick adaptation to
change. I believe that this book is one such example and I hope you, the reader, will gain some
improved insight into the subject.

Shane R. Cloude
April 2015
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An alternative title considered for this book was Which Way is Up? Questions and Answers in
Polarisation Algebra. On advice it was rejected in favour of a more conventional approach.
Still, it is a good question. Which way is up? A question with a literal scientific interpretation —
namely, how to define vertical in a free reference frame for electromagnetic waves, but also one
with a colloquial interpretation about the best route to progress. At a technical level this book is
concerned with the answer to the former, but hopefully will serve to promote in the reader some
idea of the latter. It arises from over twenty years’ personal experience of research in the topic,
but also through the privilege of having met and collaborated with many of those who made
fundamental contributions to the subject. Much of this original work remains, unfortunately,
scattered in the research literature over different years and journals. This book, then, is an attempt
to bring it all together in a didactic and coherent form suitable for a wider readership.

The book aims to combine — I believe for the first time — the topics of wave polarisation
and radar interferometry, and to highlight important developments in their fusion: polarimetric
interferometry. Here indeed we shall see that the whole is greater than the sum of the parts, and
that by combining the two we open up new possibilities for remote sensing applications.

It is intended as a graduate level text suitable for a two-semester course for those working
with radar remote sensing in whatever context, but is also aimed at working scientists and
engineers in the broad church that is remote sensing. Hopefully it will also appeal to those
working in optical physics — especially polarimetry and light scattering — and to mathematicians
interested in aspects of polarisation algebra.

Before reviewing the structure of the book, certain spelling requires clarification.
Polarisation or Polarization? The usual response is that British English uses ‘s’, and American
‘z’. However, in this text we reserve spelling with ‘s’ for the property of a transverse wave, while
we use ‘z’ for the effect of electromagnetic fields on matter. Hence waves remain polarised while
matter is polarized. In this way we take advantage of both forms.

Chapter 1 first provides an introduction to the physical properties of polarised waves using
the formal machinery of electromagnetic wave theory. The idea is to provide motivation and
a foundation for many concepts used in later chapters. For example, the concepts of matrix
decomposition, the use of the Pauli matrices in wave propagation and scattering and, most
importantly of all, the idea of using unitary matrices to form a bridge between mathematical
descriptions of polarisation in terms of complex and real numbers, are all introduced in this
chapter. This is in addition to the more prosaic elements of polarisation theory, such as the
polarisation ellipse, the Stokes vector, and the Poincaré sphere, all of which are covered. The
chapter is organized around three main themes: how to generate polarised waves and describe
them in various coordinate systems, how to represent the propagation of such waves between
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two points A and B, and finally how to describe their interaction with particles via the process of
scattering. The idea throughout is to develop the concept of the ‘memory” imprinted on a wave
of its original polarisation and how this may be lost through the complexities of propagation and
scattering.

This idea of ‘loss of memory’ is developed further in Chapter 2, where stochastic effects
are treated in more detail. We start by considering the coherency matrix of a wave and show
how it leads to the wave dichotomy; namely, two different ways in which to model the loss of
polarisation information to noise. This then opens up a new approach to describing the effects
of noise, not just on a freely propagating wave but also on a scattering system as a whole via the
concept of scattering entropy. Entropy is an important concept in this book and here we show
how entropy from a generalized coherency matrix description can be formally linked to the
classical Mueller/Stokes formulation. This leads, for example, to a formal test for isolating the set
of physical Mueller matrices from the much wider set of 4 x 4 real matrices — something which
is quite difficult to do from the Mueller calculus itself. We also show how the entropy concept
can be applied to multiple dimensions, including general bistatic or forward scattering, so freeing
it from the important but special case of backscatter widely used in radar.

Chapter 3 was in many ways one of the most difficult to write. Here we attempt to apply the
ideas of entropy to electromagnetic models of surface and volume scattering (where polarization
becomes important). What makes it difficult is the sheer scope of the problem. There are so many
such models that they perhaps deserve a whole book to themselves. Instead we concentrate on
a few simple models to convey the key ideas, and also link to developments in later chapters
on decomposition theory and interferometry. Given that the main application of this book is to
microwave scattering, we further concentrate on low-frequency models, whereby the wavelength
is quite large compared to the size of the scattering feature, which has the further advantage that
closed-form analytic formulae are available to calculate, for example, the scattering entropy.
Having discussed this, we provide some treatment of high-frequency models and how they differ
in polarisation properties from the low-frequency approach.

Chapter 4 deals with the important new topic of decomposition theorems. These now have
widespread application in microwave remote sensing, and basically seek to isolate or separate
various contributions in a mixture of scattering processes. The most important such idea is to
separate surface from volume scattering. Microwaves have the ability to penetrate vegetation and
other land cover (snow, ice, and so on) and thus generally incorporate a complicated mixture of
processes in the scattered signal. Decomposition theorems are an attempt to separate these and
hence improve interpretation and parameter retrieval in quantitative remote sensing applications.
There are two basic classes of decomposition — coherent and incoherent-and within each class
several authors have proposed different models. Here we provide a unified survey of all such
methods and illustrate their various strengths and weaknesses by linking their physical structure
to the ideas developed in earlier chapters.

One key conclusion we will see from the first four chapters is that entropy or ‘loss of
memory’ about polarisation is often linked directly to the randomness of the scattering medium,
and that the remote sensing ‘observer’ has little control over this. This is problematic for
applications, for example, in vegetation remote sensing, where randomness in the volume leads
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to loss of polarisation information. A key idea for the second part of the book is therefore how
to achieve some kind of entropy control in remote sensing of random media. One way to do this
is to employ interferometry. Radar interferometry is a mature established topic, so in Chapter 5
we provide only a brief introduction for those not familiar with the key concepts. However, the
chapter also contains one or two novel developments required in later chapters. In particular we
develop a Fourier-Legendre series approach to a description of coherent volume scattering in
interferometry. This then provides a bridge between the two halves of the book, and allows us to
consider, in Chapter 6, the combination of polarisation diversity with interferometry.

The combination of polarisation diversity with radar interferometry has been a key
development over the past decade. It was first made possible from an experimental point of view
by late additions to the NASA Shuttle imaging radar mission SIR-C in 1994, and since then has
evolved through a combination of theoretical studies and airborne radar experiments. In Chapter
6 we outline the basic theory of the topic, showing how to form interferograms in different
polarisation channels before considering mathematically the idea of coherence optimization,
whereby we seek the polarisation that maximizes the coherence (or minimizes the entropy). In
this way we provide a link with earlier chapters by showing how polarimetric interferometry
leads to a form of ‘entropy control’, even in random media applications.

In Chapter 7 we therefore revisit the ideas of surface and volume scattering first introduced
in Chapter 4, but this time we investigate their properties in both interferometry and polarimetry.
This is built around the idea of a coherence loci, a geometrical construct to bound the variation
of interferometric coherence with polarisation, and closely related to the coherence region, the
latter taking into account spread due to statistical estimation of coherence from data. Given the
importance of surface/volume decompositions in microwave remote sensing, we treat in some
detail the two — layer scattering problem of a volume layer on top of a surface and use it to
review several model variations that are found in the literature.

In Chapter 8 we use these ideas to investigate the inverse problem: the estimation of
model parameters from observed scattering data. We concentrate on the two-layer geometry
and investigate four classes of problem. We start with the simplest: estimation of the lower
bounding surface position, which is a basic extension of conventional interferometry and allows
us, for example, to locate surface position beneath vegetation and hence remove a problem
called vegetation bias in digital elevation models (DEMs). We then look at estimating the top of
the layer, which corresponds in vegetation terms to finding forest height. This is an important
parameter for estimating forest biomass, for exam- ple, and in assessing the amount of carbon
stored in above-ground vegetation. We then look at the possibility of imaging a hidden layer using
polarimetric interferometry. In this case we wish to filter out the scattering from a volume layer
to image a surface beneath. The next logical step is to image the vertical variation of scattering
through the layer itself, and this we treat as the topic of polarisation coherence tomography
or PCT, which combines the Fourier-Legendre expansion of coherent volume scattering with
decomposition theory in an interesting example of what can happen when two of the major
themes of this book — polarisation and interferometry — are fused.

Finally, in Chapter 9 we turn attention to illustrative examples of these theoretical concepts.
By far the most important current application area is in radar imaging or synthetic aperture
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radar (SAR), and so we begin by reviewing the basic concepts behind this technology, always
highlighting those issues of particular importance to polarisation. We treat a hierarchy of such
imaging systems, from SAR to POLSAR and POLInSAR, and then consider illustrative current
applications in surface, volume, and combined surface and volume scattering.

We then present supportive material in three Appendices. In the first we provide a basic
introduction to matrix algebra. This is used extensively in descriptions of polarised wave
scattering, and is provided here to help those not familiar with the terminology and notation
employed.

As mentioned earlier, one key idea in this book is the role played by uni-tary matrix
transformations in linking (or mapping) different representations of polarisation algebra. For this
reason, in Appendix 2 we provide a detailed mathematical treatment of the algebra behind such
relationships, introducing concepts from Lie algebra, group theory, and matrix transformations to
illus trate the fundamental relationships between complex and real representations of polarised
wave scattering.

Finally, in Appendix 3 we provide a short treatment of stochastic signal theory as it relates to
polarisation and interferometry. Here we treat aspects of speckle noise in coherent imaging, and
show how estimation errors impact on estimation of scattered field parameters in remote sensing.

This book is the culmination of many years of study and research, and acknowledgement
must be given to those many colleagues and students who provided the impetus and curiosity
to study and develop these topics. Acknowledgements and thanks are extended to the
European Microwave Scattering Laboratory (EMSL) at Ispra, Italy, for their permission to use
data from their large anechoic chamber facility; to the German Aerospace Centre (DLR) in
Oberpfaffenhofen, Germany, for provision of airborne radar data from their E-SAR system;
and to Michael Mishchenko of NASA Goddard Space Center, USA, for provision of his latest
numerical simulations of multiple scattering from particle clouds. Thanks also to the Japanese
Space Agency (JAXA) for provision of the PALSAR satellite data used in Chapter 9. All these
datasets play a vital role in illustrating the theory outlined in this book, and, I believe, help
enormously in clarifying what would otherwise remain abstract concepts. Key personal thanks
go to five colleagues in particular. Firstly, to Professor Wolfgang Boerner of the University of
[llinois, Chicago, USA. His early vision and boundless energy have inspired several generations
of researchers in these topics, including my own early studies as a PhD student. Secondly, thanks
to Professor Eric Pottier of the University of Rennes, France. Our early collaboration on radar
polarimetry, and particularly on decomposition theory, was inspiring, and has lead, I am pleased
to say, to a lifelong friendship and collaboration. Thanks also to Drs Irena Hajnsek and Kostas
Papathanassiou of the German Aerospace Centre, DLR. Their support and their contributions to
the development of polarimetric interferometry have been key in the maturation of the subject.
Finally, however, I would like to acknowledge the late Dr. Ernst Luneburg of DLR, Germany. His
combination of scholarship and passion for the application of mathematics to remote sensing was
the true inspiration for me to write this book, and I feel I can now finally answer his oft-posed
question: ‘Wo ist das Buch?’

Shane R. Cloude
January 2009
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A, WERIXAANEE &N Which Way is Up? Questions and Answers in Polarisation Alge-
bra. BIRAKMBEFY, (HIXAARRE—AUF 8. Which way is up? MR} ) @511 # FE HE R,
Bpnfa] 72 H 2% R e BRI BT ). DG RIE R MR, BIAH 4 =R AFH
RIEEE. ABEERZEEZE TE -, HEdAERREEKEEXTE 1R
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& ERIAC T SE R . % TR 2 EAIMER TR AR BIEEA FFE 0 B AT, A
SR L ST R H O AH G TGS A R LR T .

ARLEE TERMM S ER WIS, HEALR - FRMEFNEERE. A1
e M5 B BT 5 B HE 1T SR AR AL AN TP B R AR INE B KR ARE 11, EHFE T
TE RN o B AT et .

AHEEEATIRERTE AR FHNEE A, ] DUE @ R4 & 4
LHREA A TRIGMSEH. & B NI T, R 5 68U 75,
AR AR A ARKUBG 0 [ B TN R BE AP RS K .

ERREHEMZA, FEEBHFEHS B E L. WL EAE Polarisation if 2
Polarization ? B # SN AEAFEMLH °, EXIEERM 27 A, ABxTF B
HFRIRE s XYFR P BEESBSAER 2’ Bk ik 12 polarised, T4 AR 2
polarized. XFEFEFH T HFEA .

51 FIE A RS AR T AR AR, N ET S S MR
TEAE. B, HREES BB, Pauli HFEERAESEUT MR, UURIENRLH
Hr MR RN R EEN TN, MEAEHIHEANA. W, TEE T REELHE
SEH RIS, BlIanARACHRE . Stokes [A1 & A1 Poincaré BK. ARZERSECAT 3 N EEFHITHEA:
AT A2 AR B FFAEAS [RI A AR 2R TR R EAT, el RAE X Ly 72 P i Z A A& 4%, A&t
R g R el SR T EEH. B8 - BREEFERE, @ —MEEH
TR RIE AR B “idi2” BE&, DARGXRp “idi2” EBFEER 4 B B A BU I R
HER. '

“RIZER” BBESES 2 EPZEPRIT, ML 7T HP RIS . AT ids
FIFTFREREFTAE, 1B =k, Ml R E B 2 K28 e X — i A2 B AR 1 7 ol
ANRTTE . IR SRR R S S — R 77, AMUER T B A RER B, 8 8 L U
PR AT T RABUN A RE. BRAPN N EEME, XREH TR m—
FEAR T B U R B 48 3L ) Mueller 5% Stokes Knik. HETT T HHIBET M 4 X4 sScha 4
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4y B B Mueller 56 FE4E A 150, B E AR ME A Mueller THEVEA B, ARt fi H
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93 ELEIR S 75 TR ED S B 55 A 3K R o 90 BB IS 8 2 T AN A U 9
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