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Sommario

È previsto che il numero di immagini radar ad apertura sintetica (SAR) disponibili per una
stessa scena aumenti esponenzialmente in futuro, grazie soprattutto agli sviluppi tecnologici
nel settore. Per sfruttare completamente l’informazione contenuta in dati acquisiti in diversità
(di angolo di vista, cioè con basi multiple, di tempo e di polarizzazione) allo scopo di pro-
durre misure nuove e/o più accurate, attualmente sono in corso di sviluppo tecniche di pro-
cessing che costituiscono un’evoluzione dell’ormai matura interferometria SAR a dati di sola
fase. In particolare, combinando coerentemente (modulo e fase) i dati SAR, è possibile ot-
tenere un imaging e un’estrazione di informazioni miglioridella scena osservata. Tra queste
tecniche, un avanzamento promettente è costituito dalla Tomografia SAR, una modalità in-
terferometrica a basi multiple che permette l’imaging 3-D nello spazio range-azimuth-quota,
separando pertanto scatteratori multipli a quote diverse (cosiddetti in layover) all’interno
della stessa cella SAR in scenari complessi. Recentemente,all’Università di Pisa è nata una
nuova modalità interferometrica detta Tomografia Differenziale dalla fusione sinergica tra
Tomografia SAR e l’interferometria differenziale convenzionale. In questo modo, diventa
possibile anche la stima delle velocità di deformazione relative tra scatteratori multipli in
layover.

In questa tesi vengono presentati progressi teorici e risultati sperimentali per l’analisi di
scenari complessi. In particolare, il problema dell’imaging tomografico è stato affrontato
esplorando differenti opzioni algoritmiche capaci di migliorare il contrasto dell’immagine
3-D lungo l’asse di quota e, possibilmente, anche di aumentare la risoluzione. Inoltre, per
automatizzare la stima delle quote o delle coppie quota/velocità di deformazione, è stato
sviluppato un algoritmo di rivelazione, che può essere utilizzato anche come uno step pre-
liminare per la validazione estensiva dell’informazione tomografica estratta. Considerando
scatteratori volumetrici (come, ad esempio, la chioma degli alberi in uno scenario forestale),
tecniche di combinazione coerente dei dati basate su analisi tomografiche sono state proposte
ed investigate, con particolare riguardo all’estrazione della quota del terreno sotto la chioma
forestale e alla derivazione non basata su modelli di un set di dati coerenti a basi multiple
contenente solo lo strato in quota d’interesse. Infine, il contesto tomografico-differenziale è
stato sfruttato per l’analisi tomografica robusta di scatteratori volumetrici affetti da decorre-
lazione temporale. Per ciascun settore applicativo investigato esperimenti estensivi sono stati
condotti con dati SAR a basi multiple su scenari urbani e forestali.
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Abstract

It is expected that the number of synthetic aperture radar (SAR) images available for a same
scene will increase exponentially in the future, thanks to the technical developments in this
area. In order to fully exploit the information lying in dataacquired in looking angle (multi-
baseline, MB), time, and polarization diversity, developments are underway of processing
techniques which constitute an evolution of the mature phase-only SAR interferometry for
producing new and/or more accurate measures. In particular, by combining coherently (i.e.
amplitude and phase) the SAR data, new opportunities are arising for an improved imaging
and information extraction of the observed scene. Among these techniques, a very promising
advance is constituted by SAR tomography, a MB interferometric mode allowing a full 3-
D imaging in the range-azimuth-height space, thus separating multiple scatterers in layover
at different heights in the same SAR cell in complex scenarios. Recently, a new interfero-
metric mode called Differential SAR Tomography has been conceived at the University of
Pisa from the synergic fusion of SAR Tomography and the conventional Differential Interfer-
ometry, allowing the estimation of also the possible relative deformations between multiple
layover scatterers.

In this thesis, theoretical advances and experimental results are presented in the analy-
sis of complex scenarios. In particular, the tomographic imaging problem is addressed by
exploring different algorithmic options able to enhance the image contrast and possibly also
increase the scatterer resolution in height. Moreover, in order to automate the estimation
of the height or height/deformation velocity, a scatterer detection algorithm has been devel-
oped, which constitutes also a preliminary step for the extensive validation of the informa-
tion extracted. With regards to volumetric scatterers (e.g. the scatterer in forest scenarios),
tomography-based coherent data combination techniques have been proposed and investi-
gated, in particular for the extraction of the sub-canopy digital terrain model and for deriving
in a non-model based fashion a coherent MB dataset with only the signal from the scattering
layer of interest. Finally, the differential tomographic framework has been exploited for the
robust tomographic analysis of temporal decorrelating volumetric scatterers. For each inves-
tigated topic, extensive experiments have been carried outwith MB urban and forest SAR
data.

V



VI



Acknowledgements

This thesis is the result of three years of work at the Department of Information Engineering
at the University of Pisa. I would like to express my gratitude expecially to Dr. Fabrizio
Lombardini: working close to him gave me the possibility to learn a lot of things from his
experience and competence, spanning from setting up an experiment to presenting my work,
and increased my willingness of continuing doing research.I would like to acknowledge also
Prof. Fulvio Gini, for continuosly stimulating my activity, Prof. Lucio Verrazzani, for his
sensible and experienced advices and his continuous helpfulness, and Dr. Mario Costantini
for his support.

Many thanks also the whole team of the Signal & Image Processing Laboratory of the
department: Dr. Sabrina Greco, Salvatore, Pietro, Francesco, Stefano, Alessandro, Giovanni,
Federico, Paolo; without them, the days would have been longer, the spare time and the
uncountable coffee breaks would have not been the same, and all those dinners would have
not been so enjoyable.

I am grateful also to Dr. Gerhard Krieger and Dr. Kostas Papathanassiou of DLR
(Deutsches Zentrum für Luft- und Raumfahrt - Germany) for giving me the possibility of
spending part of my Ph.D. in the Radar Concepts department ofthe Microwaves and Radar
Institute, and for giving me the possibility to continue my adventure in the world of SAR
remote sensing. Thanks also to all the people I met here in thePolInSAR group and not, in
particular to Maria, my preferred guest at the table near thethe window at the Steinebacher all
the Friday nights, to Astor, the first person I knew in DLR, an excellent company in and out
of the office, to Ernesto, for our “fear & loathing” adventures from Geisenbrunn to Munich,
to Esra, for the amazing pictures she can take of me (which decorate excellently my Face-
book profile), to Francesco, for his (sur)realistic theories about the continuous fight between
the mankind and the divinities, to Michele, for his good humour and the amazing parties in
his house (willing or not), to Daniela & Anna for giving me thepossibility of putting on
weight everytime we see each others, and to all the population meeting in the kitchen for the
institutional coffe after lunch.

Most importantly, I really want to thank my parents, Rossanoand Rita, for their continu-
ous support and encouragement for all these years. Without them, all this would have never
be possible.

VII



VIII



Contents

Sommario III

Abstract V

Acknowledgements VII

List of Figures XI

List of Tables XIX

List of Symbols and Operators XXI

List of Acronyms and Abbreviations XXV

1 Introduction 1
1.1 Synthetic aperture radar imaging . . . . . . . . . . . . . . . . . . .. . . . . 1
1.2 SAR interferometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .2
1.3 Multidimensional imaging: SAR Tomography and Differential SAR Tomog-

raphy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.4 Contributions and outline of the thesis . . . . . . . . . . . . . .. . . . . . . 7

2 3-D SAR Tomography: Concept and Imaging Techniques 11
2.1 The SAR Tomography concept . . . . . . . . . . . . . . . . . . . . . . . . .11
2.2 Characterization of the achievable precision limits . .. . . . . . . . . . . . . 14
2.3 High contrast adaptive imaging . . . . . . . . . . . . . . . . . . . . .. . . . 18

2.3.1 Theoretical background of adaptive imaging . . . . . . . .. . . . . . 19
2.3.2 Experiments with real urban data . . . . . . . . . . . . . . . . . .. 20
2.3.3 Experiments with real forest data . . . . . . . . . . . . . . . . .. . 30

2.4 Knowledge-based imaging . . . . . . . . . . . . . . . . . . . . . . . . . .. 42
2.4.1 Derivation of the interpolation matrix . . . . . . . . . . . .. . . . . 44
2.4.2 Simulated and real data experiments . . . . . . . . . . . . . . .. . . 46

2.5 SAR Tomography with low bandwidth data . . . . . . . . . . . . . . .. . . 51
2.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

IX



3 Scatterer Identification with Tomo-SAR in Urban Scenarios 65
3.1 Scatterer detection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 65
3.2 Experiments with real spaceborne data . . . . . . . . . . . . . . .. . . . . . 74
3.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

4 SAR Tomography-Based Techniques for the Analysis of Volumetric Scatterers 83
4.1 Estimation of the sub-canopy DEM in forest scenarios . . .. . . . . . . . . 83
4.2 Separation and estimation of the reflectivity of the scattering layers . . . . . . 93
4.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

5 Differential Tomographic Imaging for Non-Stationary Scenarios 113
5.1 The differential SAR tomography concept . . . . . . . . . . . . .. . . . . . 113
5.2 Characterization of the achievable precision limits with the Diff-Tomo pro-

cessing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
5.2.1 A study case: CRLB for DEM estimation with MB-multitemporal data116

5.3 Scatterer identification with the adaptive differential tomographic imaging . . 122
5.4 Differential tomography for the analysis of temporal decorrelating volumet-

ric scatterers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140
5.4.1 MUSIC profiling of temporal decorrelating volumes . . .. . . . . . 140
5.4.2 A generalization of the MUSIC algorithm . . . . . . . . . . . .. . . 143
5.4.3 Experiments with real data . . . . . . . . . . . . . . . . . . . . . . .145

5.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152

6 Conclusions and Perspectives 155

References 157

List of Publications 165

X



List of Figures

1.1 - Examples of urban and forest layover geometries. . . . . .. . . . . . . . . 5

2.1 - Reference MB acquisition geometry; for the sake of simplicity, in this
sketch acquisitions are aligned alongz. . . . . . . . . . . . . . . . . . . . . . 12

2.2 - Performance prediction: example of Tomo-SAR CRLB and HCRBs on
scatterer height estimation for two scatterers in layover.. . . . . . . . . . . . 18

2.3 - Simulated tomographic responses to a stable scattererwith SNR= 25 dB. . 20
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