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Abstract 
 

Synthetic Aperture Radar (SAR) Tomography, a new and advanced technique in the field of 

SAR processing, is aimed at determining the 3-D reflectivity function from measured 

multi-pass SAR data. It is essentially a spectrum estimation problem as for a specific 

resolution cell the complex valued SAR measurements of a SAR image stack are actually 

the irregularly sampled Fourier transform of the reflectivity function in the elevation 

direction. The successful launch of the German high resolution SAR mission TerraSAR-X 

provides a new possibility to investigate this topic with high quality spaceborne data. 

 

Within the framework of this master thesis, the spectrum estimation problem is formulated 

from a mathematical point of view. Different spectrum estimation strategies such as the 

Singular Value Decomposition (SVD) and Nonlinear Least Squares estimation (NLS) are 

evaluated and compared using both simulated data and TerraSAR-X data from the testsite 

Las Vegas with special consideration of the difficulties caused by sparse and irregularly 

spaced sampling. The problem of ill -conditioning when using the Singular Value 

Decomposition is investigated and regularization tools (such as singular value truncation 

and Wiener fil tering) are utilized to overcome this problem. For the sake of validation, the 

spectrum estimation results with TerraSAR-X data are compared to the probable ground 

truth. 

 

Penalized model selection criteria such as the Bayesian Information Criterion (BIC), Akaike 

information criterion (AIC) and Minimum Description Length criterion (MDL) are 

implemented on the spectral estimates to determine the number of scatterers inside one 

resolution cell - which is necessary a prior knowledge for precise PSI displacement 

estimation. The probability of correctly detecting the number of scatterers and the accuracy 

of the corresponding elevation estimates are evaluated from simulated data. Finally, the 

model selection results with PS points of TerraSAR-X data are visualized in Google-Earth 

and the nature of PS pixel with multi-scatterers are discussed. 
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1   Introduction 
 

Synthetic Aperture Radar (SAR) has played an important role in remote sensing since the 

1980s. It has been demonstrated that it is able to reliably map the earthôs surface and acquire 

information about its physical properties such as topography, morphology, roughness and 

the dielectric characteristics of the backscattering layer (Bamler and Harl, 1998). As an 

active sensor, SAR functions independently of solar illumination and is capable of 

penetrating clouds and (partially) vegetation canopy, soil and snow. However, it also has 

typical foreshortening, layover and shadowing problems. 

 

In Earth observation, unique capabilities are associated with the use of remote sensing via 

synthetic aperture radars (SARs) and, particularly, with the extensions of SAR to 

interferometric modes (InSAR) and more generally to the joint use of coherent multiple 

acquisitions (PSI and SAR tomography etc.) (Fornaro,2005). 

 

The standard acquisition of a single SAR image is a two dimensional image of scene 

reflectivity in azimuth and range. InSAR techniques, which combine two or more 

complex-valued SAR images to determine geometric information about the imaged objects 

(compared to using a single image) by exploiting phase differences, have different 

applications according to the baseline type.  With incidence angle difference (across-track 

InSAR), it is possible to get topography information and DEMs. Therefore, it is possible to 

reach the third dimension which is perpendicular to the azimuth and range plane. However, 

with one or two acquisitions, the reflectivity function along the third dimension is 

undetermined and multiple-scatterers within one resolution cell cannot be separated. 

 

SAR tomography is a young technology which is based on multi-pass acquisitions to 

estimate the 3-D radar reflectivity function. This thesis investigates the spectrum estimation 

problem for SAR tomography with both simulated and real data, especially in case of small 

irregularly sampled datasets. Both deterministic and statistical methods are implemented 

and investigated. Additionally, the application of model selection to SAR tomography will 

be addressed. 

1.1  State of the Art  

InSAR and D-InSAR exploit the phase differences of coherently acquired SAR images in 

order to measure land surface deformations from space (Bamler et al., 1998; Massonnet et al., 

1993). Since the first spectacular results were published e.g. co-seismic deformation 

(Gabriel et al., 1989), the method has been well established in the geophysical community 

and complements GPS point measurements with two-dimensional 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 deformations of the Earthôs surface.  
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The accuracy of InSAR and D-InSAR is limited by temporal decorrelation of the surface and 

by electromagnetic path delay variations in the troposphere. The latter distortions can be 

reduced by temporal averaging of multiple interferograms which in turn reduces the 

temporal resolution (Hanssen, 2001). The Persistent Scatterer Interferometry (PSI) method 

uses stacks of 10-100 acquisitions of the same area, selection of long term coherent points ï 

so-called Persistent Scatterers (PS) ï and motion models in order to reduce the estimation 

error to well below 1 millimeter/year (Ferretti et al., 2001; Kampes, 2006; Adam et al., 2007). 

Persistent scatterers are bright points in the image that represent strong scatterers in the 

object space, e.g. metallic structures or retro-reflecting corners at a building. They do not 

decorrelate over long time spans. PSI is currently one of the most powerful space based 

geodetic measurement methods. 

 

The PSI technique, however, can only be applied when sufficient points with long-term 

stable backscattering characteristics are found, i.e. when the spatial density of these PSs is 

large enough to represent the ground deformation pattern. An example of PSI analysis over 

an urban area is shown in Figure 1, where a deformation map of Las Vegas, USA is presented. 

Note the mm-scale of the deformation process.  

 

subsidence of point 167088:  ca. - 4.1 mm/a

subsidence of point 81491:  ca. - 18.5 mm/a

 
 

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 a time 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). 
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The mathematical algorithms for PSI have been 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 100-450 PS/km2 can be detected, i.e. on average a single PS in a square of 50-100 

m side length. Only gross subsidence patterns like those in Figure 1 can be retrieved. 

Individual buildings can only be investigated opportunistically. Also, the limited resolution 

prevents accurate 3D localization 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 double-bounce effect off the street-wall-interface and shows the subsidence 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 systems has been deployed in space, among them the 

first German SAR satellite TerraSAR-X with a spatial resolution of 0.6×1.1m. This 

resolution has been made possible by virtue of the new spotlight imaging mode and the high 

bandwidth. Today, only the DLR-TUM group is able to exploit this special data for PSI 

measurement. The PSI density can be shown to rise by a factor of about 50-100 compared to 

the previously available data (Adam et al., 2008). Several tens of PS can now be identified 

on a single building. Figure 2 provides a preliminary buildingôs deformation estimation 

from TerraSAR-X data applying the straight forward PSI processing technique. This opens 

the potential of retrieving for the first time deformation and structural stress of individual 
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buildings from space on a regular basis.  

 

For a 4D (space-time) analysis each scatterer and its subsidence history must be accurately 

located in 3D space. In PSI this is done by exploiting the natural drift of orbits which results 

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

in the elevation direction can be built up, comparable to the synthetic aperture in the flight 

direction of the SAR imaging principle. The fundamental difference, however, is that in the 

flight direction the data is sufficiently and regularly sampled according to the Nyquist 

theorem, while in the elevation direction sampling reflects random orbit locations and is 

sparse and irregular. A further complication is that in the multiple-scattering case the 

different scatterers may exhibit a different deformation history. 

 

Imaging in the third dimension (elevation) is also referred to as ñtomographyò. While in the 

original references on SAR tomography (Reigber et al., 2000) an estimate of the reflectivity 

in elevation is derived, PSI needs to retrieve the coordinates of single points. Both methods 

are tomographic and are equivalent to spectral estimation, the first one being non-parametric 

and the latter parametric. For a full exploitation of 1 m resolution data in urban environments, 

the omnipresent ambiguities due to multiple-scattering must be resolved. Hence, multiple 

scatterers must be considered in the tomographic reconstruction and model selection must be 

applied in order to estimate the number of relevant scatterers (Adam et al., 2005). 

 

Tomography, introduced to SAR in the early nineties, is a way of overcoming the limitations 

of standard two-dimensional (2-D) imaging by achieving, similar to Computed Axial 

Tomography (CAT), focused 3-D images. However, with respect to classical CAT, SAR 

tomography has a few additional difficulties. First of all, acquisitions are generally highly 

unevenly distributed in baseline: a classical Fourier-based inversion may decrease the 

performance with respect to a regularized inversion, (G. Fornaro, 2005). Second, 3-D data 

cannot be collected simultaneously, at least with existing satellites, but rather synthesized via 

repeated passes, well separated in time. Third, for spaceborne SAR the number of 

acquisitions depends directly on the number of passes, which means that for young SAR 

satellites such as TerraSAR-X the number of acquisitions can be very limited. 

 

SAR tomography is addressed in very few scientific publications. The first experiments 

were carried out in the laboratory (P. Pasquali, 1995), under ideal experimental conditions, 

or by using airborne systems (A. Reigber and A. Moreira, 2000). The application of 3-D 

SAR tomography to spaceborne systems is limited (G. Fornaro et al., 2005), (J. Homer, 

2002) , (Z. She, 2002) and not yet well assessed until now. Notwithstanding, developments 

of SAR tomography for spaceborne systems would join the potentials of advanced imaging 

techniques to the synoptic view capabilities (F. Gini et al., 2002), and is fundamental to 

four-dimensional (4-D) (space time) SAR imaging, i.e. to techniques that not only separate 

point scatterers interfering in the same azimuth-range resolution cell, but also estimate their 

relative deformations (G. Fornaro et al., 2006). 
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1.2  Motivation and Objectives 

Satellite remote sensing is becoming more and more important. It is able to recover 

contact-free information about objects. Synthetic Aperture Radar (SAR) along with its 

interferometric capabilities has many proven advantages compared to other techniques in 

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

due to phase measurements, it is even capable of measuring precise 3D localization and 

millimeter motions on the earth from space and reveals a previously unknown potential for 

earth observation.  

 

SAR tomography (TomoSAR), is a consequent further development of SAR and InSAR: 

TomoSAR can retrieve the reflectivity distribution in the elevation direction (perpendicular 

to the range and azimuth plane), therefore, TomoSAR can better reconstruct 3D structures, 

distinguish multiple scatters within one resolution cell and allows to monitor with highest 

precision to 4D dynamic world extending the PSI technique.   

 

In recent years, with ideal experimental conditions or by using airborne systems, some 

experiments for TomoSAR were carried out. However, for the spaceborne case, the 

application of 3-D SAR tomography to spaceborne systems is limited. Even though the 

importance of spaceborne TomoSAR has been recognized and the basic principle is well 

described and understood from theoretical point of view, there are not many examples from 

real data. The performance is limited either by satellite data acquisition or by the complexity 

of the problem itself.  

 

Currently, there are several new SAR satellites, e.g. TerraSAR-X, COSMO-SkyMed, 

Radarsat-2, TanDEM-X, which are already launched or will be launched very soon. They 

provide new high quality data acquisitions for TomoSAR unavailable so far. The 

TerraSAR-X satellite, launched on June 15
th
 2007, provides high resolution of up to 1m in 

Spotlight mode. TomoSAR can indeed profit a great deal from such high resolution as the 

density of PS increase dramatically and the signal to clutter ratio has been improved 

significantly as well. With a short repeat cycle of 11 days, the stack can be built up rapidly. 

Needless to say, the launch of TerraSAR-X brings new blood to the development of 

spaceborne TomoSAR.  

 

To summarize, practical demonstration on spaceborne TomoSAR is very important and 

challenging. 

 

The research work in this thesis has been carried out with the following objectives. 

Á Analysis of existing tomographic algorithms: 

An estimation theoretic framework is established to evaluate the applicability of existing 

tomographic algorithms in multiple scattering cases. 

Á Simulation of typical elevation apertures and parameter estimation: 
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Based on typical TerraSAR-X orbit histories, representative aperture sampling schemes 

are generated. Parametric and non-parametric tomographic reconstructions are simulated 

and evaluated.  

Á Implementation and assessment of model selection methods: 

Bayesian, the minimum description length and the Akaike information criterion are 

implemented and tested on the simulated data in order to compare the performance to 

detect one, two or three dominant scatterers inside of a resolution cell. 

Á Application of the developed algorithms on real data: 

Data of the Las Vegas testsite are preprocessed to form a PSI stack. The tomographic 

algorithms developed in the previous steps are applied on the real data. The detected 

single and multiple scatterers are compared to ground truth and validated. 

1.3  Introduction to TerraSAR-X Mission 

 

The TerraSAR-X satellite was launched on June 15
th
, 2007, from Baikonur in Kazakhstan. 

With its active antenna, the spacecraft acquires high-quality X-band radar images of the 

entire planet whilst circling the Earth in a polar orbit at 514 km altitude. TerraSAR-X is 

designed to carry out its task for five years, independent of weather conditions and 

sun-illumination, and reliably provides radar images with a resolution of up to 0.6×1.1m. 

 

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

Technical features include: 

¶ Active phased array X-band SAR 

¶ Single, dual and quad polarization 

¶ Side-looking acquisition geometry 

¶ Sun-synchronous dawn-dusk 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: 

- SpotLight: up to 1m resolution, 10 km (width) x 5 km (length) 
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- 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) 

¶ StripMap and ScanSAR: acquisition length extendable to 1,650 km  

¶ 300 MHz high bandwidth providing a range resolution of 0.6m. 

TerraSAR-X is the first German radar satellite to be implemented within a Public-Private 

Partnership (PPP) between the German Aerospace Center (DLR) and Europeôs leading 

satellite specialist Astrium. DLR and Astrium share the costs of the 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 PPP-funded TanDEM-X, a twin satellite to TerraSAR-X, will enhance the 

mission. The satellite constellation will enable the generation of high-quality Digital 

Elevation Models (DEMs) on a global scale. 

 

 

 

 

 

 

 

http://www.dlr.de/
http://www.astrium.eads.net/
http://www.infoterra.de/terrasar-x/tandem-x-mission.html
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1.4  Outline of the Thesis 

After the introduction, Chapter 2 introduces the basic principle of SAR tomography. The 

framework of SAR tomography is presented showing that the technique results finally in a 

spectral estimation problem. Afterwards, several spectrum estimation strategies, both 

deterministic and statistical, (including the Singular Value Decomposition and Nonlinear 

Least Squares estimation strategies) are explained in detail.  

 

Based on the theory explained in Chapter 2, the effect of different criteria such as a random 

distribution of baselines, number of samples, amplitude of the signal, mutual inference, 

signal to noise ratio and performance of different spectrum estimation strategies are 

analyzed with simulated data in different conditions. The practical applicability of the 

developed algorithms is demonstrated using high resolution Spotlight data from 

TerraSAR-X of the Las Vegas testsite. 

  

SAR tomography can give information about the scatterer distribution within one resolution 

cell. It is capable of determining number of scatterers and the corresponding reflectivity. As 

an application of the development, Chapter 4 gives a short overview of the DLR 

PSI-GENESIS processor and describes how SAR tomography helps to improve the PSI 

processing by estimation of the scatterer configuration. Different model selection methods 

are discussed and the performances are investigated with simulated and real data. The model 

selection results are visualized in Google-earth. 

 

Chapter 5 concludes this thesis, and attempts to provide an outlook of future research 

directions. 

1.5  Summary 

1) Spaceborne SAR tomography is a new and challenging technique which allows 

improving the PSI estimation. It can be considered as a straight forward extension of the 

PSI processing.    

 

2) The subject 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 TerraSAR-X data even in irregularly sampled and small dataset. 
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2  Spectrum Estimation Strategies 
 

This chapter presents some fundamentals of SAR tomography, interpolation and the use of 

SVD and Nonlinear Least Squares estimation (NLS) for spectrum estimation. The main 

purpose of this chapter is to develop and provide mathematical framework for the following 

chapter.   

 

SAR tomography and its corresponding mathematical description are discussed in Section 

2.1. Afterwards, the interpolation strategy for spectrum estimation and its corresponding 

frequency response kernel is described in Section 2.2. The singular value decomposition 

strategy for spectrum estimation is introduced in Section 2.3. Nonlinear Least Squares 

estimation which is a deterministic estimator is explained in Section 2.4. Finally, Section 2.5 

summarizes the chapter. 

 

2.1  Introduction to SAR Tomography 

 
With applying a classical focusing algorithm, 2-D full resolution SAR images are obtained 

as the single-look complex (SLC) images. The complex valued measurement of a specific 

resolution cell of the SLC image represents the integral of the reflected signal along the 

elevation direction.  

 

In Figure 2.1, the building at the centre is the famous hotel: Wynn Las Vegas. The orange 

line refers to the line of sight and the yellow lines represent the elevation direction for the 

respective single resolution cells. Figure 2.2 shows the corresponding TerraSAR-X high 

resolution Spotlight SAR image of that building where the brightness refers to the intensity 

of reflected radar signal. The pixels highlighted with yellow dots are nothing more than the 

integration of the reflected radar signal along the yellow lines i.e. in the elevation direction. 

Therefore, if there are two scatterers within such a resolution cell e.g. a scatterer on the 

building and on the ground, we can not distinguish them with a single SLC image. 

 

SAR tomography retrieves the distribution of scatterers in the elevation direction and the 

corresponding reflectivity. In order to understand SAR tomography, we have to understand 

that SAR tomography is actually a spectrum estimation problem. The theoretical aspects of 

SAR tomography are quite well understood and there exist several publications (Reigber and 

Moreira 2000, Fornaro and Serafino 2003, Fornaro and Lombardini 2005, Lombardini 2005, 

Fornaro 2006). In this section, the theory of SAR tomography will be explained 

mathematically. 
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Figure 2.1: The famous hotel in Las Vegas: Wynn Las Vegas visualized in Google-Earth 

 

 

 
Figure 2.2; Corresponding SAR image of Wynn Las Vegas. The brightness refers to the 

intensity of reflected radar signal received by SAR sensor. 

 

Spaceborne SAR tomography is applied to determine the 3-D reflectivity function from 

repeat pass acqusition. With a single pass SAR image, with coordinates in the azimuth-range 

plane, the two dimensional reflectivity properties can be retrieved. Multi-pass SAR images 

have the potential of providing information in the third dimension. 

 

Let us define the 3-D reference sensor frame of a single pass as: 

x:   

r:   

s:   

azimuth direction 

range direction 

elevation direction 

where the origin is the position of the satellite.  
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Figure 2.3: Sensor frame 

 

Within this reference frame, N+1 SAR passes at coordinates (x, r) are made for each 

resolution cell. We are interested in the determining the s coordinates of each scatterer within 

one resolution cell and their corresponding reflectivities. 

 

For the purpose of simplicity, we consider only one resolution cell and make the following 

assumptions. 

 

       1) All SAR images are co-registered.  
       2) The SAR sensor is observing ideal point scatterers. 
 

With assumption 1, for a specific resolution cell, we shift the geometry from a 3D world to a 

2D world. As depicted in Figure 2.4, let us set the pass labelled with 
Mn  as the reference 

pass (master pass), then the reference frame can be specified with an origin which is the zero 

Doppler satellite position of pass
Mn ; an r axis pointing to a reference point 

0P  inside the 

resolution cell with zero elevation; and an s axis perpendicular to the r axis within the 

range-elevation plane. Note that the reference pass can be any pass. Therefore, we have 

)0,,( 000 rxP =  with the target P  lying at the position ),,( 00 srx . Under this definition, the 

azimuth coordinates of a specific target at zero Doppler position is 0xx= . 
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