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Abstract

Synthetic Aperture Radar (SARdmographya new and advanced technique in the field of
SAR processing,is aimed at determing the 3-D reflectivity function from measured
multi-pass SARdata It is essentilly a spectrum estimation problem as for a specific
resolution cell the complex valued SAReasuremestof a SAR image stackre actually
the irregulaly sampled Fourietransform of the reflectivity function in the elevation
direction. The successfulaunch ofthe German high resolution SAR mission TerraSXR
provides anew possibility to investigate this topigth high quality spacebornéata.

Within the framework of this master thedise spectrum estimatigeroblem isformulated
from a mathematicapoint of view. Different spectrum estimation strategisuch aghe
Singular Value DecompositiofEVD) and Nonlinear Least Squaresstimation(NLS) are
evaluatedand compared using bo#fimulated data and TerraSARdatafrom the teskite
Las Vegaswith special consideration of thdifficulties caused byparseand irregulaly

spaced samplingThe problem of ill-conditioing when usingthe Singular Value
Decomposition is investigateahd regularizationtools Guch assingular valugruncaton

andWienerfil tering) areutilized to overcomehis problem.For thesake ofvalidation, the
spectrum estimation results with TerraSXRdata are compared to tipeobableground
truth.

Penalizednodel selection critesisuch ashe Bayesian Information CriteriofBIC), Akaike
information criterion (AIC) and Minimum DescriptionLength criterion (MDL) are
implementedon the spectil estimaésto determinethe number of scatterers inside one
resolution cell- which is necessarya prior knowledge for precise PSI displacemén
estimation.The probability of correctlydetectngthe numbenf scattererandthe accuracy

of the corresponding elevation estireatare evaluated from simulated daEinally, the
model selection results with PS points of TerraSARata are visualizeth GoogleEarth
and the nature of PS pixel with mudttatterers are discussed.

Key words: Synthetic Aperture Radar (SARPpmography, Spectrum estimatiddingular
Value Decompositiononlinear Least Squaresstimation,Wiener filter, multi-scatteres,
Model selectionpenalized likelihoodtriterion, TerraSARX
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1 Introduction

Synthetic Aperture Radar (SARps playedan important role in remote sensing sitice
1980s. Ithas beenlemonstratethatitisa bl e t o r el i ably map the
information about its lpysical properties such as topography, morphologyghoess and

the dielectriccharacteristics of the backscattering lagi@amler and Harl, 1998)As an
active sensor, SARunctions independery of solar illumination andis capale of
penetrang cloudsand (partially)vegetationcanopy, soiland snow. However, it also has
typical foreshortening, layover and shadowing prolslem

In Earthobservation, unique capabilities are associated with the use of remote sensing via
synthetic aperture radars (SARs)darparticularly, with the extensions of SAR to
interferometric modes (INSAR) and more generally to the joint use of coherent multiple
acquisitions (PSandSAR tomographtc) (Fornaro,2005)

The standard acquisition of a single SAR image is a two dioresmage of scene
reflectivity in azimuth and rangelnSAR techniqus, which combine two or more
complexvalued SAR images to ttgminegeometric information about the imaged objects
(compared to using a single image) by exploiting phase differences, diterent
applicationsaccording to théaseline type. With incidence angle difference (aeh@ak
INSAR), it is possibleto get topographiynformationand DEMs. Therefore, it isossibleto
reach the third dimension which is perpendicular to theatti and range plane. However,
with one or two acquisitionsthe reflectivity function along the third dimension is
undetermined and mutiie-scatterers within one resolution ceimot be separated.

SAR tomographyis a young technology which is based wnlti-pass acquisitigto
estimatethe 3-D radar reflectivity function. This thesis investigstiee spectrum estimation
problem for SAR tomographyith both simulated and real dagspecially in case aimall
irregularly sampled dataset8oth determirstic and statistical methsdare implemented
and investigatedAdditionally, the application of model selectitmSAR tomographyill
beaddressed

1.1 State of the Art

INSAR and DINSAR exploit the phase differences of coherently acquired SAR images i
order to measure land surface deformations from gj@aceler et al., 1998Vlassonneét al.,

1993. Since the first spectacular resuligere publishede.g. ceseismic deformation
(Gabriel et al., 1989the methochas beenvell established in the geopigal community

and complements GPS point measurements withdiwensional displacement maps.
These maps provide centimeter and even millimeter accuracy over areas of typically 50 km

by 50 km and can be used to monitor def or ma
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The accuracy of INSAR and-MSAR is limited by tempal decorrelation of the surfaeed

by electromagnetic path delay variations in the troposphere. The latter distortions can be
reduced by temporal averaging of multiple interferograms which in tedaces the
temporal resolutioiiHanssen, 2001The Persistent Scatterer Interferometry (PSI) method
uses stackof 183100acquisitiors of the same area, selectioriafg term coherent poinis
so-called Persistent Scatterers (RSnd motion models inrder to reduce the estimation
error to well below 1 millimeter/yedFerretti et al., 2001; Kampes, 20@@lam et al., 2007)
Persistent scatterers are bright points in the image that represent strong scatterers in the
object space, e.g. metallic strucwi@r retrereflecting corners at a building. They do not
decorrelate over long time spai®Sl is currently one of the most powerggace based
geodetic measurement methods.

The PSI technique, however, can only be appliben sufficientpoints with longterm
stable backscattering characteristics are found, i.e. when the spatial density of gisse PS
large enough to represent the ground deédion pattern. An example BfSI analysis over

an urban area is shownhkigurel, where a deformation map of §&egas, USA s presented.
Note themm-scale of the deformation process.

Deformation Rate
DLR Tl : wiber N SR subsidence of point 81491: ca. - 18.5 mm/a

processed by
PSI-GENESIS
DLR-IMF

detormation [mm)

1996 1998 2000
date

detormation [mm)

1992 1994 1996 1998 2000
date

Figure 1.1: Example of a deformation map created from PSI for Las Vegas showing long term
trends and periodic seasonal variations. Each of the colored points represents atime history
over 9 years, obtained from 64 ERS data sets. The color reflects the linear component of the
subsidence. The three ground water wells can be recognized, as well as two slight uplift
areas (Adam et al., 2008).



The mathematical algorithms for PSI haveen optimized for medium resolution SAR
satellite systems (ERS, ENVISAT, 25 m resolution). With this kind of data the PS density is
not high enough to achieve subsidence or deformation measurements for every building.
Typically 106450 PS/kr2 can bedetected, i.e.onaverage a single PS in a square 650

m side length. Only gross subsidence patterns liksetm Figure 1 can be retrieved.
Individual buildings can only be investigated opportunistically. Aflse limited resolution
prevents accuratedBlocalization of the scatterers. Often it cannot be distinguished whether

a scatterer is part of a building and, hence, represents the subsidence of this building, or
whether it is a doublbounce effect dfthe streewall-interface and shows the subside of

the pavement.

Figure 1.2: Example of thermal stress monitoring of a building in Las Vegas using the
Persistent Scatterer technique with TerraSAR-X high resolution spotlight data (Adam et al.,
2008). Only the linear motion component is retrieved and extrapolated to mm/y.

Recently a new generation of SAR dgms has been deployed in spa®@ong them the

first German SAR satellite TerraSAR with a spatial resolution 0D.6x1.1m. This
resolution has been made possible by virtue of the newgipdtinaging modeand the high
bandwidth Today only the DLRTUM group is able to exploit tts special data for PSI
measurement. The PSI density can be shown to rise by a factor of ald@l@t &6mpared to

the previously available dafadam et al., 2008)Several tens of PS can now be identified
on a single buildingFigure 2 provides a preliminarpuilding® deformation estimation
from TerraSARX data applying the straight forward PSI processing technique. This opens

the potential of retrieving for ther§it time deformation and structural stress of individual
3



buildings from space on a regular basis.

For a 4D (spacéime) analysis each scatterer and its subsidence history must be accurately
located in 3D space. In PSI this is done by exploiting the aladuft of orbits which results

in a slightly different observation andta each acquisition in the stack. A synthetic aperture

in the elevation direction can be built up, comparable to the synthetic apertiedlight
direction of the SAR imagingrimciple. The fundamental difference, however, is that in the
flight direction the data is sufficiently anggularly sampled according to the Nyquist
theorem, while in the elevation direction sampling reflects random orbit locations and is
sparse and irgular. A further complication is that in the multigdeattering case the
different scatterers may exhibit a different deformation history.

Imaging in the thirdlimension( el evati on) i s also referred
original references o8AR tomographyReigber et al., 200@n estimate of theeflectivity

in elevation is derived, P®ked to retrieve the coordinates of single points. Both methods
are tomographic and are equivalent to spectral estimation, the filsemgmon-parametic

and the latter parametric. For a full exploitation of 1 m resolution data in urban environments,
the omnipresent ambiguities due to multiptattering must be resolved. Hence, multiple
scatterers must be considered in the tomographic reconstructiorodetiselection must be
applied in order to estimate the number of relevant scatigréesn et al., 2005)

Tomography, introduceid SARin the earlynineties, isa way of overconmg thelimitations

of standardtwo-dimensional (2D) imaging by achieving similar to Computed Axial
Tomography CAT), focused3-D images. Howevewith respect to classic&AT, SAR
tomography hasa few additional difficulties. First ofall, acquisitions are generallyghly
unevenlydistributed in baseline a classical Fouriebased inersion may decrease the
perfomancewith respect to a redarized inversion(G. Fornaro, 2005)Second3-D data
cannot be collectesimultaneously, at least wiixisting satellites, but ratheyrghesized via
repeated passesyell separatedni time. Third, for spaceborneSAR the number of
acquisitions depends directhn the number of passewhich meanghat for young SAR
satellites such as TASARX the number of acquisitions can be very limited.

SAR tomography is addressed inrwdew scientific publications The frst experiments
were carried out ithe laboratory(P. Pasquali, 1995underideal experimentalanditions,
or by using airborne systeni8. Reigber and A. Moreira, 2000The applcation of 3D
SAR tomography tspaceborne stamms is limited(G. Fornaro et al 2005), (J. Homer,
2002) , (Z. She, 200@And not yet welassessedntil now Notwithstandingdevelopments
of SAR tomographyor spaceborne systems wouiih the potentials of advancénaging
techniques to the synoptview capabilitiegF. Gini et al, 2002) and isfundamental to
four-dimensional (4D) (space time) SAR imaging, i.@ techniques that not bnseparate
point scatterex interferingin the same azimuthange reslution cell, but also estimatkeir
relative deformation$G. Fornaro et al 20(5).
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1.2 Motivation and Objectives

Satellite remote sensing becomingmore and more important. It is able tecover
contactfree information about objects. Synthetic Aperture Radar (SAR) along with its
interferometric capabilities hasyany proven advantagesompared tather techniques in

the remote sensing sensor suite: SAR is independent of wealtheun illumination and

due to phase measurements, it is even capdhbieeasuringprecise 3D localization and
millimeter motions on the earth from space and reveals a previously unknown potential for
earth observation.

SAR tomographyTomoSAR) is a consequent further development of SAR and INSAR
TomaSAR can retrievéhereflectivity distributionin the elevation direction (perpendicular
to the range and azimuth plane), therefore, TomoSARoetterreconstruct 3Dstructures
distinguishmultiple scatters within one resolution cell antiows to monitor with highest
precision to 4D dynamic world extending the B&shnique.

In recent years, with ideal experimental conditions or by using airborne systems, some
experimerg for TomoSAR were carried out. However, for the spaceborne case, the
application of 3D SAR tomography to spaceborne systam$imited. Even houghthe
importance of spaceborne TomoSARSs been recognizeahdthe basic principle isvell
described and understood from theoretical point of Vilegre are nothanyexamplegrom

real data. The performanilimited either byatellitedata acquision or by the complexity

of the problemitself.

Currently, there are several new SAR satelliteg. TerraSARX, COSMOSkyMed,
RadarsaR, TanDEM-X, which are already launched or will be launched very soon. They
provide new high quality data acquisitioior TomoSAR unavailable so farThe
TerraSARX satellite,launched on June £52007, provides high resolutioaf up to 1min
Spotlight mode. TomoSAR can indeed profit a great deal from such high resolution as the
density of PSincreasedramatically andthe signal to clutter ratio has been improved
significantly as well. With a short repeat cycle of 11 d#lys,sadk can be built upapidly.
Needless to say, the launch of TerraSARbrings new blood to the development of
spaceborne TomoSAR.

To summariz, practical demonstratioon spaceborne TomoSAR is very important and
challenging

The research work in this thes$ias been carried out with th@lowing objectives.
A Analysis of existing tomographic algorithms:

An estimation theoretic framework is dsiahed to evaluate the applicability of existing
tomographic aorithmsin multiple scatteringases

A Simulation of typical elevation apertures and parameter estimation:
5



Based on typical TerraSAR orbit histories representative aperture sampling schemes
are generated. Parametric and4pamametric tomographic reconstructions are simulated
and evaluated.

A Implementation and assessment of model selection methods

Bayesian,the minimum descriptiondngth and theAkaike information criterion are
implementedand tested on the simulated dateorder to compare thgerformanceo
detect one, two or threlominantscatterersnside of a resolution cell

A Applicationof the developed algorithms on real data

Data d the Las Vegas testsigge prerocessed to form PSI stack. The tomographic
algorithms developed in the previous steps are applethe real data. The detected
single and multiple scatterers are compared to groundanativalidated

1.3 Introduction to TerraSAR-X Mission

The TerraSARX satellitewas launched odune 18, 2007, from Baikonur in Kazakhstan.
With its active antenna, the spacecraft acquires-gigllity X-band radar images of the
entire planet whilst circlinghe Earth in a polar orbit at 514 km altitude. TerraSKRs
designed to aay out its task for five years, independent of weather conditions and
sunrillumination, and reliably provides radar images with a resolution of Qp6tel.In.

Figure 1.3: Artist's view: TerraSAR-X in space
Technicalfeatures include:

Active phased aay X-band SAR
Single, dual and quagablarization
Sidelooking acquisition geometry
Sunsynchronous dawdusk repeat orbit
Repetition rate: 11 days; due to swath overlay, a 2.5 day revisit time can be achieved
Orbit altitude range from 512 km to 530 km
Three operational imaging modes:
- Spotight: up to 1m resolution, 10 km (width) x 5 km (length)
6

= =4 =4 4 -8 -—a -



- StripMap: up to 3m resolution, 30 km (width) x 50 km (length)

- ScanSAR: up to 16 m resolution, 100 km (width) x 150 km (length)
1 StripMap and ScanSAR: acquisttitength extendable to 1,650 km
300 MHz high bandwidth providing a range resolution of 0.6m.

TerraSARX is the first German radar satellite to be implemented within a PBbNate

Partnership (PPP) between tBe&rman Aerospace CentérDL R) and Europeods
satellite specialistAstrium. DLR and Astrium share the costs tife development,
construction and deployment of the satellite.

Figure 1.4: First scene acquired by TerraSAR-X only four days after its launch: Landscape
near Volgograd, Russia.

In the future, the PRRINndedTanDEM-X, a twin satellite to TerraSAK, will enhance the
mission. The satellite constellation will enable the generation of-duglity Digital
ElevationModels (DEMs) on a global scale.


http://www.dlr.de/
http://www.astrium.eads.net/
http://www.infoterra.de/terrasar-x/tandem-x-mission.html

1.4 Outline of the Thesis

After the introductionChapter2 introduces the basic principle 8AR tomography. The
framework of SAR tomography is presented showing that the technique resultsifireally
spectral esmation problem.Afterwards, severakpectrum estimation strategies, both
deterministic and statisti; (including theSingular Value Decompositioand Nonlinear
Least Squaresstimation strategig¢greexplained in detail.

Based on the theory explainedChapter2, the effect of differentriteriasuch asarandom
distribution of baselines, number of samples, amplitude ofidpeal mutual inference,
signal to noise raticand performance of different spectrum estimation strategies are
analyzed with snulated data in different condition§he practical applicability of the
developed algorithms is demonstrated using high resolution Spotlight data from
TerraSARX of the Las Vegas testsite.

SAR tomography can give information abthg scatterer distribtion within one resolution
cell. It is capablef determining number of scatterers and the corresponding reflectivity. As
an applicationof the developmentChapter4 gives a short overviewof the DLR
PSIGENESISprocessor andlescribes how SAR tomograplmelpsto improve the PSI
processing by estimation of the scatterer configuratinfierent model selection methods
are discussed and the performances are investigated with simulated and réaledatadel
selectiorresults arevisualized in Googlearth

Chapter5 concludes this thesis, and attemptsptovide an outlook d future research
directiors.

1.5 Summary

1) SpaceborneSAR tomographyis a new and challenopg techniquewhich allows
improvingthe PSI estimatiarit can be considered as a straightwfard extension of the
PSI processing.

2) Thesubject of this thesis is the prototyping and test of spectral estimation methods for
SAR tomography The practical applicability of the developed algorithms is
demonstrated on TerraSARdata even in irregutly sampled and small dataset.



2 Spectrum Estimation Strategies

This chapterpresents some fundamentals of SAR tomograipigrpolationand the use of
SVD and Nonlinear LeastSquaresestimation (NLS) for spectrum estimation. The main
purpose bthis chapteris todevelop and provide mathematical framewinkthe following
chapter

SAR tomography and its corresponding mathematical descrigtegiscussed in Section
2.1. Afterwards, theinterpolation strategy for spectrum estimation andcd@gesponding
frequency response keal is described in Section 2.2. Thagular value decomposition
strategy for spectrum estimatias introduced inSection 2.3 Nonlinear Least Squares
estimation which is a deterministic estimator is explainegktion 2.4 Finally, Sectior2.5
summarizes tachapter

2.1 Introduction to SAR Tomography

With applying a classical fosing algorithm, 2D full resolution SAR images are obtained
asthe singlelook complex (SLC) images. The complex valued measuremenspécific
resolution cell ofthe SLC image represents the integral of the reflected signal along the
elevation direction.

In Figure 2.1, the buildingat the centre ishe famous hotelWynn Las VegasTheorange
line refers to the line of siglandthe yellow lines representhe elevation direction fothe
respectivesingle resolution cedl Figure 2.2 shows the correspondiig@rraSARX high
resolution SpotlighSAR image of that buildingvherethe brightness refsto the intasity

of reflected radarignal. The pixels highlighted with yellow dots arethingmore tharthe
integration of the reflected radar sigaébng the yellow lines i.e. in the elevation direction
Therefore, if there are two scatterers witkich aresolution celle.g. a scattereron the
building and on the ground, we can not distinguish them with a single SLC image.

SAR tomography retriewhe distribution of scattereia the elevation direction and the
corresponding reflectivity. In order to uerdtand SAR tomographwe haveo understand

that SAR tomography is actually a spectrum estimation problem. The theoretical aspects of
SAR tomography are quite well understood and thgigtseveral publicationgRkeigber and
Moreira 2000, Fornaro and Serafino 2003, Fornaro and Lonmh&@05, Lombardini 2005,
Fornaro 2006) In this section, the theory of SAR tomography will be explained
mathematically.



Spectrum estimation strategies

Figure 2.2; Corresponding SAR image of Wynn Las Vegas. The brightness refers to the
intensity of reflected radar signal received by SAR sensor.

Spaceborn&SAR tomography isapplied todetermne the 3D reflectivity functionfrom
repeat pass acqusitiowith a single passAR image with coordindes intheazimuthrange
plane thetwo dimensional reflectivity propertiemn be retrieved. Mti-pas SAR images
have the potentialf providing informationin the third dimension.

Let usdefine the 3D referencesensor framef a single pass as

X: azimuth direction
r: range direction
S elevation direction

wherethe origin is the position of the satellite.

10



Spectrum estimation strategies

Figure 2.3: Sensor frame

Within this reference framel+1 SAR passest coordinates(x, r) are madefor each
resolution cellWe are interested in tlietermining the coordinates of each scatterer within
one resolution celindther corresponding reflectivigs

For the purpose of simplicity, weonsideronly one resolution ceind makehe following
assimptions.

1) All SAR imagesareco-registered
2) The SAR sensor idhgerving ideal poinscatterers.

With assumption 1, for a specifiesolution cellwe shift the geometry from3D world to a
2D world. As depicted ifFigure2.4, let usset the paskbelledwith n,, as the reference

pass (master pass), then the reference frame can be speittiadorigin which isthe zero
Doppler satellite position gfass,, ; anr axispointing to a reérence pointP, inside the

resolution cell with zero elevatiomnd ans axis perpendicular to the axis within the
rangeelevation planeNote that the reference pass can be any pBissrefore, we have
R, = (X, Iy, 0) with the targetP lying at the positiofix,, r,, ). Under this definitionthe

azimuth coordinatesf a specific targedt zero Doppler position is= X, .
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