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ABSTRACT 

In this paper, we will demonstrate three-dimensional 
tomographic reconstruction of space-borne high-
resolution SAR data using Shanghai as our test site. The 
high density of high-rise buildings in Shanghai leads to 
a rather complicated backscattering regime, which is 
difficult to handle with conventional interferometric 
processing. For the tomographic signal reconstruction, 
we use three different reconstruction methods: Singular 
Value Decomposition (SVD), Truncated SVD, and 
Wiener-SVD. We tested all three methods on simulated 
and real SAR data. In our experiments, we can demon-
strate that SVD works only in a few cases. Truncated-
SVD and Wiener-SVD deliver better results.  
 
1. INTRODUCTION 

With the new generation of Synthetic Aperture Radar 
(SAR) satellites, like for example TerraSAR-X and 
COSMO-SkyMed, data stacks with up to 0.6 meter 
resolution can be built up relatively fast. The surveil-
lance of buildings in urban areas benefits from the high 
spatial resolution. Even details of building facades can 
be seen from space. However, with such a high resolu-
tion, the layover problem in dense urban areas gets ob-
vious. Our previous research results show that in areas 
with many high buildings, it is difficult to interpret the 
result from standard PS-InSAR techniques. This is 
mainly due to the complicated backscattering scenarios 
and due to height estimation errors. 
 

 
Figure 1. PS-InSAR results over Shanghai, Pudong area 
 

Fig. 1 shows the PS-InSAR results using a stripmap 
TerraSAR-X image stack over Shanghai, which we will 
again use in section 3.2. The estimated deformation 
velocities and persistent scatterer heights are often 
wrong, mainly due to phase unwrapping errors at the 
very high buildings. This area with an extreme density 
of skyscrapers is not very suitable for InSAR processing. 
SAR images are 2D projection of the 3D scattering 
properties of the imaged terrain. As demonstrated with 
the example from Fig. 1, buildings and other vertical 
structures lead to massive layover ambiguities that are 
difficult to handle. SAR Tomography (TomoSAR) is a 
way of overcoming the limitations of the standard two-
dimensional SAR imaging. 
TomoSAR aims at retrieving the distribution of scatter-
ers in elevation direction and their corresponding reflec-
tivity from a stack of SAR acquisitions. Small orbit var-
iations between the different acquisitions are used to 
form a synthetic aperture in elevation direction, the so-
called elevation aperture. By spectral estimation, with 
special consideration of the difficulties caused by sparse 
and irregular sampling, a reflectivity profile is retrieved 
for each azimuth-range pixel. The reflectivity profile is 
used to estimate scattering parameters, such as the num-
ber of scatterers in a pixel, their elevations, and their 
reflectivity strength. 
The idea of tomographic imaging in radar was proposed 
by Farhat et al. [1] and introduced to SAR in 1994 by 
Piau [2]. The first experiments in TomoSAR were car-
ried out in a laboratory under ideal experimental condi-
tions [3] and using airborne systems [4]. In 2005, Forna-
ro et al. retrieved the scattering profile of a stadium in 
Naples, Italy, from C-band ERS data [5]. In 2006, For-
naro & Serafino separated the single- and double-
scatterer cases [6].  
Lombardini [7] extended the SAR tomography into Dif-
ferential TomoSAR by taking the long-term motion of 
objects into account. Recently Zhu & Bamler [8] dem-
onstrated the reconstruction of non-linear, seasonal mo-
tion with D-TomoSAR. Also Fornaro et al. [9] showed 
the 5D reconstruction (space-velocity-dilation) with 
TomoSAR. 
In the following section, we will describe our metho-
dology. In section 3, we show the results of our experi-
ments with simulated and real SAR data. Finally, con-
clusions are drawn. 
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2. METHODOLOGIES 

2.1TomoSAR System Model 

A SAR image is referenced to the azimuth-slant range 
plane. The third direction, which is perpendicular to the 
azimuth-slant range plane, is called elevation direction. 
The 3D reference frame is represented as (x, r, s), with x 
representing the azimuth direction, r representing the 
range direction, and s representing the elevation. The 
complex value of each pixel in a focused complex SAR 
image presents a projection along the elevation direction 
of the illuminated 3D backscattering properties over the 
azimuth-slant range plane [10]. SAR tomography (To-
moSAR) retrieves the distribution of scatterers in the 
elevation direction and the corresponding reflectivity 
from a stack of N complex SAR datasets of the same 
area taken at slightly different orbit positions. 
   = ∫  ( )   (− 2    )                        (1) 
 
where ( = 1,… , ). N is the number of SAR images,  ( ) represents the reflectivity function along s，   is 
the extent of signal along s, and   = −2  /(  ) is the 
spatial elevation frequency. The continuous imaging 
model could be approximated and discretized along s 
within its extent   , in the presence of noise  , and can 
be written as: 
  =   +                                  (2) 
 
where  = (  ,  ,… ,  )  is the measurements vector 
with N elements. R is a  ×   mapping matrix with    =    (− 2     ).  γ  is the discrete reflectivity 
vector with L elements,   =  (  ), and   ( = 1,… ,  ) 
are the discrete elevation positions. 

 
Figure 2.TomoSAR principle 

 
In Fig. 2 the basic geometry of TomoSAR is shown. In 
TomoSAR, a data stack of several acquisitions from 
slightly different viewing angles is used to reconstruct 
the reflectivity function along the elevation direction. 
The combination of these several acquisitions is used to 

form the so-called elevation aperture. Using spectral 
analysis for every azimuth–range pixel a focused 3D 
SAR image is obtained [11]. The objective of Tomo-
SAR is to retrieve the reflectivity profile for each azi-
muth–range pixel and then use it to estimate scattering 
parameters such as the number of scatterers present in 
the cell, their elevations, and reflectivities. It is essen-
tially a spectral estimation problem. 
For non-parametric spectral analysis, the expected ele-
vation resolution   , i.e. the width of the elevation point 
response function, depends on the elevation aperture 
size ∆ ，and is approximately: 
   =    ∆                                     (3) 
 
where r is the distance between SAR acquisition center 
and the sensor. 
 
2.2 Singular Value Decomposition 

The singular value decomposition (SVD) is widely used 
in signal processing and statistics. It is a simple and 
valuable tool for analyzing image quality and the 
amount of independent information about the unknowns 
in presence of noise. 
Let  ∈   ×  be a rectangular matrix with  >  . The 
SVD of G is a decomposition of the form [12]: 
  =  ∑  = ∑                                (4) 
 
where  = (  ,… ,  ) and  = (  ,… ,   ) are matric-
es with orthonormal columns,    =    =    and ∑ =     (  ,… ,  )  has non-negative diagonal ele-
ments such that   ≥ ⋯ ≥   ≥ 0 .  are the singular 
values of G while the vectors    and    are the left and 
right singular vectors of G respectively. The discrete 
reflectivity signal   can be reconstructed from mea-
surement g through pseudo inversion of R,  
   =  ∗ = ∑     (    )                       (5) 
 
However, noise propagation caused by small singular 
values may lead to wrong reconstruction results and 
regularization tools are required.  
Truncated SVD (TSVD) [13] is a well-known method to 
deal with an ill-conditioned matrix. The basic idea of 
TSVD and other regularization tools is to impose addi-
tional requirements on the solution and look for an ap-
proximate reliable solution. TSVD truncates small sin-
gular values by setting a threshold according to the 
noise level. 
Another regularization tool used in this work is Wiener 
filtering [14]. Wiener filtering gives weights to the sin-
gular values according to their magnitude, which avoids 
choosing a hard threshold. 
We tested all three methods with simulated data and 
with TerraSAR-X stripmap data over Shanghai. 



 

 
3. EXPERIMENTS 

3.1 Simulated Results 

Based on typical TerraSAR-X orbit histories, a real 
baseline of TerraSAR-X Spotlight data is used for the 
simulation. We use system parameters comparable to 
those of the TerraSAR-X satellite mission as shown in 
Tab. 1. The baseline distribution and corresponding 
singular values are shown in Fig. 3. The baseline range 
is about 368m, which results in a 29.7m resolution in 
elevation direction. 
 
Table1. Initialization parameters of the simulated signal 

 
Distance from scene center R 704000m 
Wavelength λ 0.031m 
Actual number of acquisitions N 20 

 
 

 
(a) Baseline Distribution 

 
(b) Singular Values 

 

Figure 3. The baseline distribution of the simulated da-
taset and their singular values 

 
Two scatterers with the same reflectivity power located 
at -30m and 30m along elevation direction are simulated. 
The reconstructed reflectivity profiles from SVD, 
TSVD, and Wiener-SVD are shown in Fig. 4. SVD 
without any regularization methods present the worst 
result, which is caused by noise propagation due to 

small singular values. Both TSVD and Wiener-SVD 
show better performances. 
 

 
Figure 4. Reconstructed reflectivity profile from SVD, 

TSVD, and Wiener-SVD 
 
 
3.2 Real Data Processing 

 
Figure 5. The TerraSAR-X scene coverage 

We selected the Shanghai Stadium as test area for our 
experiments. The stack used for our experiments con-
sists of 20 TerraSAR-X stripmap images acquired from 
April 2008 to January 2010 with a baseline range of 
361.36 m and a target distance of 566.3 km.  
 



 

 
(a) 

 
(b) 

 
(c) 

Figure 6. Signal reconstruction in elevation using SVD 
(a), TSVD (b), and Wiener-SVD (c) 

The approximated resolution in elevation is 24.4m. We 
did not estimate the atmospheric phase screen, but use a 
stable reference point for processing the data. Based on 
the amplitude stability we select a reference point R on 
the ground (see Fig. 8) and the test point P1 nearby. 
As can be seen in Fig. 6, the single reflection center can 
be reconstructed using SVD, TSVD, and Wiener-SVD. 
Using SVD a larger elevation size has to be recon-
structed (from -1000 to 1000m) compared to TSVD and 
Wiener-SVD, which are being reconstructed from -500 
to 500m. 
 

 
(a) 

 
(b) 

 
(c) 

Figure 7. Signal reconstruction in elevation from a 
point containing two reflection centers using SVD (a), 

TSVD (b), and Wiener-SVD (c) 

As second test point P2 we select a point on top of the 
stadium. The point is stable and has two contributions: 
one from the stadium and a second one from a tower 
behind the stadium (see Fig. 9). The height difference 
between the points is estimated to be around 45 m, 
which is approximately 90 m in elevation direction. 
As shown in Fig. 7, no signal can be reconstructed using 
SVD, but with TSVD and Wiener, two signal peaks can 
be clearly reconstructed. The distance in elevation is 85 
m, which fits pretty well to our assumptions. 



Figure 8. TerraSAR-X mean amplitude map of t
Shanghai stadium test area with the reference point R 

and the test points P1 and P2. 

Figure 9. Estimated elevation between the stadium and 
the tower in far range of the stadium

 
4. CONCLUSION 

3D Tomographic results from both simulated data and 
TerraSAR-X data are presented in this work. The 3D 
reflectivity reconstruction capability and the multi
scatterers separation capability of SAR tomography are 
demonstrated. We showed that TSVD and Wiener SVD
work well on simulated and real data. SVD alone only 
works in a few test cases. In the future, we will extend 
the 3D SAR tomography into 4D SAR tomography.
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