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DLR at a glance

DLR is Germany´s national research center for aeronautics and 
space. Its extensive research and development work is integrated
into national and international cooperative ventures. As Germany´s
space agency, DLR has been given responsibility for the forward
planning and the implementation of the German space program
by the German federal government as well as for the international 
representation of German interests.

Approximately 5,100 people are employed in DLR´s 31 institutes 
and facilities at eight locations in Germany: Cologne-Porz (head-
quarters), Berlin-Adlershof, Bonn-Oberkassel, Braunschweig, 
Göttingen, Lampoldshausen, Oberpfaffenhofen, and Stuttgart.

DLR also operates offices in Brussels, Paris, and Washington.

DLR’s mission comprises the exploration of the Earth and the 
Universe, research for protecting the environment, for environ-
mentally-compatible technologies, and for promoting mobility,
communi-cation, and security. DLR’s research portfolio ranges from
basic research to innovative applications and products of tomorrow.
In that way DLR contributes the scientific and technical know-
how that it has gained to enhancing Germany’s industrial and
technological reputation. DLR operates large-scale research facilities 
for DLR’s own projects and as a service provider for its clients 
and partners. It also promotes the next generation of scientists,
provides competent advisory services to government, and is a 
driving force in the local regions of its field centers.
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Preface 
 

This report summarises the research activities and projects of the Microwaves and Radar Institute (HR) of 
the German Aerospace Center  (DLR)  in the timeframe between 2000 and 2005.  It has been written for 
the Institute’s evaluation in spring 2006, but it also gives an inside perspective into the Institute’s activities 
for partners in science, politics and private enterprises as well as for interested readers. 

Since 2000 we have had a challenging time at the  Institute.  In 2000 we were proud to participate  in 
the SRTM mission with the leadership for the X-SAR project. The mission was a success in all senses, from 
the completeness of the data acquisition during the eleven-day mission up to the excellent accuracy of the 
derived Digital Elevation Models. One year later a positive decision was given for the start of the SAR-Lupe 
project. SAR-Lupe consists of a constellation of five high resolution SAR satellites operating in X-band and 
will be  the  first  satellite-based  reconnaissance  system of  the German Ministry of Defence. The  Institute 
supports  this project with  technical  consultancy  in  a number of  system  aspects,  like mission planning, 
sensor performance estimation and simulation.  

A few months later we obtained the approval for the realisation of TerraSAR-X, which will be the first 
German radar satellite. It will deliver radar images with a resolution up to one meter and is being realised 
under a Public Private Partnership between DLR and EADS Astrium GmbH. While DLR provides the satellite 
and instrument operations, data processing, calibration and data distribution to the scientific community, 
Infoterra will be responsible for the commercial data exploitation. Within the TerraSAR-X project the Insti-
tute  is delivering system engineering support, holding the mission manager position and developing the 
Instrument Operations and Calibration System.  

Building on the experience gained  in more than 25 years with the successful participation  in NASA’s 
Shuttle Radar  Programme  and  the  TerraSAR-X mission,  the  Institute  submitted  in November 2003  the  
TanDEM-X  mission  proposal  in  response  to  a  national  call  for  future  Earth  observation  missions.  
TanDEM-X  represents  a  further  highlight  in  the  scope  of  the  German  spaceborne  radar  programme.  
The mission proposal profits from the same partners as for TerraSAR-X and has been accepted for realisa-
tion  in March  2006  following  a  successful  demonstration  of  its  feasibility  during  the  phase  A  study.  
TanDEM-X  is a challenging mission  in many aspects.  It has the objective to generate a consistent, global 
Digital Elevation Model with an unprecedented accuracy. This goal will be achieved by means of a second 
slightly  modified  TerraSAR-X  satellite  (TanDEM-X)  flying  in  a  close  orbit  formation  with  TerraSAR-X.  
It will be the first spaceborne bistatic radar system and the first operational close formation flying system 
in  space.  In  addition  to across-track  interferometry, TanDEM-X will  allow  the demonstration of  several 
new techniques and modes like digital beamforming, super resolution, single-pass polarimetric SAR inter-
ferometry, four phase-center along-track interferometry and others.    

The  Institute participated  in  the  last  years  in  a number of  ESA projects  and has developed  a  close  
cooperation with the German space  industry.  It contributes actively to several new satellite programmes 
such as Sentinel-1, SMOS, MAPSAR, ALOS/PALSAR and the next generation of reconnaissance satellites. 
Furthermore, the Institute carried out many innovative projects using passive microwave for anti-personnel 
land-mine detection, soil moisture retrieval and for security applications.  

Several major  airborne  SAR  campaigns  have  been  carried  out with  the  Institute’s  E-SAR  system  in 
Europe, Asia and Africa.  Innovative data acquisition modes of  the E-SAR  system allowed us  to demon-
strate  for  the  first  time  the  potential  of  polarimetric  SAR  interferometry  (Pol-InSAR)  for  forest  height  
retrieval  in  tropical  areas.  Pol-InSAR  and  tomographic  data  acquisitions  over  ice  and  agricultural  fields 
promise a breakthrough  for quantitative parameter  retrieval. An airborne bistatic SAR experiment using  
E-SAR and ONERA’s airborne SAR system RAMSES was also successfully performed in 2003, producing the 
first airborne bistatic SAR data in Europe.  

I am proud to lead and work together with a first-class team of highly motivated colleagues and to be 
guiding  the  Institute  towards  new  challenges.  I  hope  you  enjoy  reading  this  report  and  sharing  the  
excitement of the challenges to come.  
 

Oberpfaffenhofen, April 2006 
 
 
 
 

Prof. Dr.-Ing. habil. Alberto Moreira 
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1 Overview 

This  report  summarises  the  research  activities 
and projects of the Microwaves and Radar  Insti-
tute  of  the  German  Aerospace  Center  in  the 
timeframe  between  2000  and  2005.  The  Insti-
tute is located in Oberpfaffenhofen near Munich 
and has a long history dating back to the begin-
ning of  the  last century. Today  the  Institute  fo-
cuses  its  research  on  active  and  passive micro-
wave  techniques,  sensors  and  applications  re-
lated to remote sensing, environmental monitor-
ing,  reconnaissance  and  surveillance  as well  as 
road  traffic monitoring. The  Institute has about 
90  researchers,  engineers  and  technicians  and 
has become the driving force of the SAR Center 
of Excellence at DLR. It is a leading institution in 
SAR remote sensing in Europe and worldwide. 
 

1.1 Microwaves and Radar 
Institute 

Mission and Profile 

The Institute contributes with its know-how and 
expertise in passive and active microwaves to the 
development  and  advancement  of  ground-
based,  airborne  and  spaceborne  sensors,  con-
centrating its research work on the concept and 
development of new microwave techniques and 
systems  as  well  as  sensor-specific  applications. 
The  Institute‘s strength  is the execution of  long-
term  research  programmes with  applications  in 
aeronautics,  air-  and  spaceborne  remote  sens-
ing, traffic monitoring as well as reconnaissance 
and  security.  In  line  with  the  German  Space 
Programme, the Institute works in close collabo-
ration  with  the  national  space  agency,  ESA, 
German  industries,  and  the  responsible  minis-
tries. Education of young scientists  in  the scope 
of  internships and diploma or doctoral  theses  is 
also an important part of the Institute’s mission.  
 
Expertise and Facilities 

The  Institute’s expertise encompasses the whole 
end-to-end  system  know-how  in  microwave 
sensors. This allows us  to play a key  role  in  the 
conception  and  specification  of  new  sensors, 
including  the development of new  technologies 
and techniques.  

The  Institute’s  experience  in  SAR  systems 
goes back more than 25 years. Examples of SAR 
missions in which the Institute has been involved 
are  ERS-1,  SIR-C/X-SAR,  SRTM,  ENVISAT/ASAR, 
SAR-Lupe,  TerraSAR-X,  ALOS/PALSAR  and  
TanDEM-X.  

The Institute operates a number of research and 
measurement  facilities  to  support  the  develop-
ment  and  validation  of  new  sensors  and  tech-
niques:  

- Experimental-SAR (E-SAR) – a high resolution 
airborne SAR system in P-, L-, C- and X-band 
for the demonstration of new techniques and 
technologies,  for  the  development  of  new 
applications as well  as  for  the  simulation of 
future  spaceborne  SAR  systems.  E-SAR  has 
attained  a  leading  position  among  the  air-
borne  SAR  sensors  for  civil  applications  in 
Europe (section 2.2). 

- Large Scale Anechoic Chamber  –  an  indoor 
chamber  (ca. 10  x 5  x 5 m)  for mono-  and 
bistatic  radar signature measurements  oper-
ating  from 88  to 96 GHz. The  target  size  is 
up  to 60 mm  and  measurements  of  the 
complex  co-polar  and  cross-polar  scattered 
field are possible. Operation  is performed via 
a  PC-based  Graphical  User  Interface  with 
automatic  real-time  data  acquisition  and 
visualisation (section 2.3.9).  

- Small Scale Anechoic Chamber  –  an  indoor 
chamber  (ca. 5 x 4 x 3 m)  for free space  re-
flection measurements from 8 to 12 GHz for 
the  determination  of  the  complex  material 
constant.  Material  samples  can  be  flat  or 
rough plates with typical sizes of 25 cm x 25 
cm. Operation  is  performed  via  a  PC-based 
Graphical User  Interface with automatic real-
time data acquisition and visualisation as well 
as controlled height adjustment and rotation 
of the probe (section 2.3.9). 

- Antenna Measurement Facility (AMA) – long-
range open-air antenna measurement facility 
from 10 MHz to 40 GHz (shared with the In-
stitute for Communication and Navigation). It 
has  a measurement  range  of  up  to 180 m 
and  a  fully  automated measurement  proce-
dure. Antenna sizes of up to 5 m x 4 m and 
200 kg for the turn-table assembly and up to 
2 t  for  installation  on  the  top  of  the main 
tower  are  possible  (although  a  crane  is  re-
quired in the latter case). 

- Polarisation Diversity Radar  (POLDIRAD) –  a 
coherent  fully  polarimetric  C-band  weather 
radar  (jointly  operated with  the  Institute  of 
Atmospheric Physics and  located on the roof 
of  its building), has a 5 m antenna aperture 
diameter without a  radome  (1°  resolution  in 
elevation  and  azimuth),  250  kW  transmitter 
peak power, PRF up to 2400 Hz and 300 km 
maximum range.  
 



1 Overview 

  Microwaves and Radar Institute 4 

- Microwave Research Laboratories  –  two  re-
search laboratories specially equipped for de-
velopment, optimisation,  integration,  testing 
and calibration of radar (300 MHz - 18 GHz) 
and  radiometer  (1 GHz – 150 GHz)  systems.  
It also  includes an  Inverse SAR facility for the 
RCS  measurement  (1  GHz  –  18  GHz)  of 
smaller  objects  and  a  ground-based  passive 
radiometric imager (9.6, 37, and 90 GHz). 

- Mechanical Workshop  –  to  support  the  de-
velopments and  integration of ground-based 
or  airborne microwave  sensors.  Design  and 
manufacturing  of  high-precision mechanical 
drives, positioning  systems, mechanical milli-
meter-wave  and  microwave  components  in 
machining  and  electroforming  techniques, 
and various racks and housings.  

- Calibration Facility (CALIF)  –  passive  and  ac-
tive radar calibrators as well as various analy-
sis software tools for the derivation of differ-
ent  calibration  parameters  and  for  image 
quality  analysis,  verification  and  validation. 
Depending on the satellite mission, corner re-
flectors,  ground  receivers  as  well  as  trans-
ponders  can be deployed over  an  extension 
of more than 450 km.  

- Reconnaissance Mission Simulator – a modu-
lar  simulation  tool  for modelling  the end-to-
end system chain of a space- or airborne re-
connaissance mission  for  planning,  analysis, 
and  optimisation  purposes.  The main  func-
tions are mission analysis and planning, satel-
lite  simulation,  coverage  and  revisit  time 
analysis,  design  and modelling  of  a  realistic  
 
 

target scenario, modelling of the radar sensor 
characteristics, generation and processing of 
SAR raw data, and image quality analysis. 

The  above-mentioned  facilities  are  an  integral 
part of the research activities and projects of the 
Institute. A proposal  for a new  lab building an-
nexed  to  the  Institute’s main  location has been 
submitted  to  the  Helmholtz  Association  of  the 
German Research Centers  (HGF).  It  is described 
in  the  second  volume  of  this  report.  The main 
requirement for the new building arises from the 
need  to  integrate  the  laboratories,  hardware 
developments and measurement  facilities  into a 
dedicated building. A further requirement arises 
from  the need  to expand  the existing anechoic 
chamber to a compact range facility. 
 

Organisation 

The  Institute has 4 departments working  in well 
established  research  programmes,  projects  and 
external  contracts.  In  each  department  the  
research  field  is  focused on a particular area as 
described below (Table 1.1).  

For many years the Institute has established a 
matrix structure to allow the use of the expertise 
and  personnel  from  different  departments  for 
the  execution  of  large  projects  and  research 
activities.  The  TerraSAR-X  project  is  a  notable 
example.  The  project  leadership  for  the  Insti-
tute‘s contributions is under the responsibility of 
the  Satellite  SAR  Systems  department.  In  this 
department, approx. 65% of  the personnel are 
allocated  to  the  project,  including  the  project 
leader; the remaining 35% are coming from two 
other departments in the Institute. 

Table 1.1 Institute’s departments and their respective research fields. 

 
 
  Department Competence Research fields 

SAR Technology Airborne SAR  
Radar technology and development, antennas,  

signal processing, polarimetric SAR interferometry, 
airborne campaigns 

Microwave  
Systems 

Microwave techniques 
Calibration, transponders, mono- and bistatic  
signatures, propagation, material constant  
determination, traffic monitoring with radar 

Satellite SAR  
Systems 

Spaceborne SAR 
Spaceborne SAR techniques, system concepts, SAR 
missions and operations, system engineering and 
performance, digital beamforming, bistatic systems 

Reconnaissance 
and Security 

Active and passive  
microwave sensors for  

reconnaissance and  
security applications 

SAR data and mission simulator,  
mission planning, analysis and optimisation,  

Inverse SAR, radiometry,  
synthetic aperture radiometry 

 



1 Overview 
 

  Microwaves and Radar Institute  5 

 

Figure 1.1 Organisation of the Microwaves and Radar Institute.    
From 1996 to 2005, the Microwave Systems Department has been led by David Hounam who is retiring in spring 2006.    
Manfred Zink took over the leadership of this department at the beginning of 2006. 

 
 
 
 

Figure  1.1  shows  the  organisation  of  the  Insti-
tute with  its  research  departments  and  associ-
ated  infrastructure.  The  Institute  forms  also  a 
cluster with the Institute for Communication and 
Navigation  (IKN).  The  Antenna  Measurement 
Facility (AMA) and the mechanical workshop are 
shared within the cluster activities. Furthermore, 
the  Institute  works  very  closely  together  with 
three  other DLR  Institutes  at Oberpfaffenhofen 
within the framework of the TerraSAR-X project: 
German  Space Operation  Center  (GSOC), Ger-
man  Remote  Sensing  Data  Center  (DFD)  and 
Remote  Sensing  Technology  Institute  (IMF). 
Through  the airborne SAR campaigns we are  in 
close collaboration with DLR’s Flight Operations 
Department (FB).  

The directorship of the Institute is linked to a 
full professorship  at  the University of Karlsruhe 
(Institut  für  Höchstfrequenztechnik  und  Elek-
tronik  –  IHE).  Several  joint  projects  are  being 
carried out in cooperation with the University of 
Karlsruhe  in  the  fields  of  digital  beamforming, 
calibration  transponders  for  TerraSAR-X  and 
antenna developments. 
 

1.2 Summary of Major 
Achievements 

The last five years in the Institute were character-
ised by several highlights, particularly in the SAR 
field.  In  2000,  following  a  peer  review  by  an 
external  board  of  examiners,  the  Institute was 
recognised as a DLR Center of Excellence for 
SAR,  due  to  its  expertise  in  SAR  technology, 
techniques,  and missions.  The German  Remote 
Sensing  Data  Center  (DFD)  and  the  Remote 
Sensing  Technology  Institute  (IMF)  are  partners 
of  the  Institute  in  this  recognition. We also col-
laborate  closely  with  these  institutes  in  the  
TerraSAR-X and TanDEM-X projects. 

With the continuity of successful work in SAR 
over 25 years it has been possible to channel the 
experience  gained  from  the  planning  and  im-
plementation  of  international  space  missions 
into a national SAR programme. Due to the end-
to-end  system know-how  from data acquisition 
(including  the  Institute’s  airborne  SAR)  through 
data  interpretation and research  into new appli-
cations,  the  SAR  Center  of  Excellence  has  be-
come one of  the  leading  international  research 
facilities in SAR.  
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In  the  following  a  brief  summary  of  the major 
achievements and projects will be given. Section 
2 complements this summary with a description 
of the research activities and projects. 

In February 2000, the 11-day Shuttle Radar 
Topography Mission (SRTM) was  successfully 
carried out in partnership with NASA/JPL (section 
2.1.1). On-board were a German X-band  imag-
ing radar  (X-SAR) and a NASA/JPL C-band radar 
(SIR-C)  augmented  by  a  deployable  60-meter 
mast on which secondary receive antennas were 
installed.  The  Shuttle  Endeavour  orbited  the 
Earth  176  times  at  a  height  of  240  kilometers 
above the Earth’s surface. The ambitious goal of 
generating  the  first,  almost  global,  homogene-
ous  Digital  Elevation Model  of  the  Earth’s  sur-
face with  an  unsurpassed  relative  height  accu-
racy  of  ca.  6-10 m was  achieved. Around  120 
million km2    in C-band radar and 64 million km2 

in  X-band  radar  have  been  processed  and  are 
available as maps. One major challenge was the 
continuous  measurement  of  the  relative  posi-
tions  of  the  radar  antennas which  determined 
the  interferometric baseline. The  success of  the 
SRTM mission and  the experience gained was a 
prime  factor  in  achieving approval  for  the Ger-
man TerraSAR-X project. 

The  Institute has supported with  its  research 
work for a long time period the development of 
very  high  resolution  spaceborne  imaging  radar 
systems  in  recognition of  their usefulness  for a 
wide variety of applications for reconnaissance 
and security  (sections  2.1.10,  2.3.3,  2.3.5, 
2.3.9 and 2.3.10). Since 1989, it has participated 
in the European EUCLID programme, particularly 
in the SAR priority areas.  Its research work con-
tributed  to  the  recognition  of  the  potential  of 
such  systems,  culminating  in  the  realisation  of 
the German SAR-Lupe programme in 2001. The 
first  satellites  will  soon  be  launched  and  will 
provide  valuable  data  for  reconnaissance  and 
security  related  applications.  The  potential  of 
SAR  as  a  source  of  information  for  reconnais-
sance and security purposes has always been an 
important  topic  in  the  Institute.  In  the  interests 
of  both  political  and  military  decision-making, 
the  Federal  Armed  Forces  need  to  be  able  to 
contribute towards the early recognition of crisis 
situations and be capable of providing compre-
hensive information for post crisis situations. The 
SAR-Lupe  satellite  system,  as  an  information 
system, is intended for use exclusively in meeting 
core  military  requirements  for  unrestricted  ac-
cess, rapid image delivery time, the highest pos-
sible  resolution,  geographical  accuracy,  world-
wide imaging capability and confidentiality. 
 
 

In 2002, a small but programmatically important 
study was awarded to EADS Astrium GmbH and 
the  Institute, namely SAFARI  (Strategische Aus-
richtung  für  raumgestützte  Radarinstrumente). 
The aim was to develop a long-term strategy for 
spaceborne SAR development. The study  identi-
fied the need for companion satellites, an exam-
ple  being  TanDEM-X  (section  2.1.3),  the  need 
for bistatic and multistatic SAR (sections 2.1.4 
and  2.3.1),  digital beamforming technology 
(section 2.3.2) and SAR constellations required 
for  traffic monitoring with  radar (section 2.3.4). 
Hence, SAFARI paved the way for developments, 
which  are  now  being  realised,  giving  German 
radar science a decisive lead. 

In  the  same  year,  the  TerraSAR-X  project 
was  approved.  It  is  currently  the  DLR’s  largest 
space project and is being carried out within the 
framework  of  a  Public  Private  Partnership  be-
tween  DLR  and  EADS  Astrium  GmbH  (section 
2.1.2). TerraSAR-X  is  the  fruit of  the  consistent 
development of German  radar  technology  over 
many years and  is an example of successful co-
operation with  the German aerospace  industry. 
TerraSAR-X  is part of  the newest generation of 
high resolution radar satellites for observing the 
Earth with a  resolution down  to one meter.  Its 
launch  is  scheduled  for  2006.  The  project  has 
enormous  potential  for  the  commercial  and 
scientific exploitation of  radar data. TerraSAR-X 
is poised to achieve a leading world-wide market 
position. 

The  Institute has cooperated with ONERA  in 
microwave  research  for a number of years. The 
joint  interest  in bistatic SAR  imaging was  lead-
ing  to  a  first  notable  bistatic  SAR  campaign  in 
2003 (section 2.3.1) with ONERA’s airborne SAR 
system  RAMSES  and  the  Institute’s  E-SAR.  The 
campaign generated new bistatic SAR products, 
opening  up  new  applications,  and  tested  the 
techniques for the TanDEM-X configuration, like 
the  tandem  geometry  and  the method  of  syn-
chronizing the sensors.  

In  the  same  year,  the  TRAMRAD  project 
(Traffic Monitoring with Radar) commenced with 
the aim of paving  the way  for  radar systems  to 
monitor  road  traffic  over  wide  areas  (section 
2.3.4).  The  Institute  had  been  following  the 
developments in radar systems for moving target 
detection for several years, recognizing the need 
for non-cooperative means of  remotely  locating 
vehicles. TerraSAR-X will have a mode to detect 
moving  targets  and will  generate  experimental 
products  for  traffic monitoring  from  space  for 
the first time, and it can be expected that future 
SAR sensors will follow.   
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The  research  into microwave  imaging  radiome-
ters  is a  traditional  field  in  the  Institute and  the 
work on aperture  synthesis  techniques  for high 
resolution were  successfully  demonstrated  (sec-
tion  2.3.10).  The  expertise  gained  led  to  the 
invitation  to  advise  ESA  on  the  L-band  SMOS 
(Soil Moisture and Ocean Salinity) sensor, which 
uses  this  technique.  Development  started  in 
2003  and  the  launch  is planned  for 2007.  The 
sensor promises to set new standards  in passive 
microwave remote sensing.  

The  experimental airborne SAR system 
(E-SAR) has attained a high degree of capability 
with respect to resolution and to the number of 
frequencies,  polarisation modes,  etc., with  the 
consequence  that  it  has  become  the  sensor  of 
choice in Europe for scientific SAR investigations 
(sections  2.2.1  and  2.2.2).  Several major  cam-
paigns  in  Europe,  Africa  and  Asia  have  been 
carried out  in  the  last  few years  (section 2.2.3), 
demonstrating  the  high  degree  of  maturity  
of  the  system  and  its world-wide  deployment. 
The  Institute  is  currently  developing  the  F-SAR  
airborne sensor to further improve the quality of 
the SAR products and to provide new measure-
ment  modes  (section  2.2.6  and  2.3.8).  
F-SAR  should  guarantee  airborne  SAR  services 
well into the future. 

Polarimetric SAR interferometry (Pol-
InSAR)  is  today  an  established  remote  sensing 
technique  that  allows  the  investigation  of  the  
3-D  structure of natural  volume  scatterers  (sec-
tion 2.2.4). From the very beginning the Institute 
developed this new technique, leading to exper-
tise in sensor technology, system and instrument 
design, performance analysis as well as process-
ing,  modelling  and  inversion  techniques. With 
the E-SAR sensor, the Institute demonstrated for 
the  first  time  airborne  polarimetric  repeat-pass 
interferometry  and  tomography  (sections  2.2.2, 
2.2.4  and  2.2.5).  Pol-InSAR  techniques will  be 
faced  with  the  potential  and  the  challenges 
arising  from  an  extended  observation  space 
provided  from  multi-baseline,  multi-frequency, 
bi- and multistatic sensor configurations  forcing 
the  evolution of quantitative measurement  and 
information  product  generation  in  SAR  remote 
sensing. 

Radar calibration has  long been an  impor-
tant field of the Institute, in accordance with the 
goal  to optimise  the performance of  radar  sen-
sors  (section  2.3.7).  The  expertise  gained  from 
the national X-SAR and SRTM projects and  the 
European  ERS-1/2  and  ENVISAT/ASAR  sensors 
was  recognised when  ESA  appointed  the  Insti-
tute  to  establish  a  calibration  concept  for  the  
L-band  SAR  on  TerraSAR-L  (section  2.1.5)  in 
2004 and the C-band Sentinel-1 (section 2.1.6) 

in 2005. Sentinel-1 is currently ESA’s first contri-
bution to the EU’s GMES (Global Monitoring for 
Environment  and  Security)  programme,  and 
Germany  has  pledged  its  support  to  lead  the 
project.  

TanDEM-X  (TerraSAR-X  add-on for Digital 
Elevation Measurement)  is  a mission  proposed 
by  the  Institute with  the  aim  to generate  from 
space a global, Digital Elevation Model with an 
unprecedented  accuracy  (section  2.1.3).    The 
mission  proposal  has  been  approved  for  the 
realisation phase. The aim of the mission will be 
achieved by  supplementing  the TerraSAR-X  sat-
ellite (with planned start for 2006) with an addi-
tional  X-band  SAR  satellite  (TanDEM-X)  in  a 
tandem orbit configuration. The scientific utilisa-
tion  spectrum  can  be  divided  up  into  high-
precision  digital  elevation  models,  along-track 
interferometry  (e.g. measurements of the ocean 
currents and  road  traffic monitoring) and  inno-
vative bistatic applications (e.g. polarimetric SAR 
interferometry, digital beamforming). TanDEM-X 
represents  an  important  step  towards  a  system 
of  radar  satellites  and  will  provide  sustained 
support for Germany’s leading role in the sector 
of SAR technology in X-band. 
 
 

1.3 Future Research Activities 
and Projects  

Looking ahead  to  the next 5 years  the  Institute 
will continue to initiate and contribute to several 
projects  that  will  be  decisive  for  its  long-term 
strategy.  Examples  are  TerraSAR-X,  TanDEM-X, 
as well as the demonstrator for future reconnais-
sance  systems,  the  new  airborne  SAR  system, 
ALOS/PALSAR,  MAPSAR,  SMOS,  TRAMRAD, 
Sentinel-11,  HABITAT2  and  others.  Section  2 
describes  the  projects  and  achievements  in  the 
past  5  years  and  provides  an  outlook  on  the 
future activities. These projects are accompanied 
by  several  research  programmes  that  allow  the 
Institute  to  keep  a  step  ahead  in  the  develop-
ment  of  new  research  fields.  Examples  of  re-
search  programmes  are  bistatic  and multistatic 
SAR  systems, digital beamforming,  Inverse SAR, 
polarimetric  SAR  interferometry  and  tomogra-
phy, calibration, signatures, propagation, anten-
nas, and imaging techniques for radiometry. The 
research programmes are closely inter-connected 
to the project activities. As a matter of fact most 
of  the  current  projects  in  the  Institute  have 

                                                      
1 Participation of the Institute is being consolidated at 
the time of the report compilation. 
2  Depending  on  a  positive  selection  for  a  phase  A 
study of the next ESA Earth Explorer Core Mission. 
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started  as  research  programmes  with  typical 
durations of ca. 2 to 5 years. Today, the Institute 
has more than 50% of its resources allocated to 
projects and external contracts. Due  to  the suc-
cess  in  the  approval  of  the  new mid-term  and 
long-term projects,  this percentage will  increase 
to approx. 60-70% in the next 5 years. 

In  a  changing  world  high-resolution  and 
timely geo-spatial information with global access 
and  coverage  becomes  increasingly  important. 
For example, a constellation of SAR satellites will 
play  a major  role  in  this  task  since  SAR  is  the 
only  spaceborne  sensor  that has an all-weather 
and  day-and-night  high-resolution  imaging  
capability.  Examples  of  applications  for  such  a 
constellation  are  environmental  remote  sensing 
and protection, road traffic, hazard and disaster 
monitoring  as  well  as  security  related  applica-
tions. 

One  challenge  for  future  spaceborne  SAR 
systems is to optimise the performance/cost ratio 
as much  as  possible  so  that  a  constellation  of 
satellites  becomes  affordable.  Innovative  con-
cepts with  bistatic  and multistatic  system  con-
figurations  represent  an  attractive  solution  that 
exploits the use of small receiver satellites acquir-
ing  the  backscattered  signal  of  active MEO  or 
GEO  satellites. Utilisation  of  the  same  transmit 
signal  for different applications  can also be  ex-
plored, as  in  the case of GPS  reflectrometry  for 
ocean  and  land  remote  sensing.  Digital  beam-
forming for transmit and/or receive will solve the 
contradiction posed by the antenna size in tradi-
tional SAR systems that prohibits the SAR sensor 
from having high azimuth resolution and a large 
swath  width  at  the  same  time.  Digital  beam-
forming  is  a  clear  trend  for  future  systems,  al-
lowing enormous flexibility in the sensor imaging 
mode,  sensor  calibration,  interference  removal 
and ambiguity  suppression. These  concepts will 
  

allow the  implementation of a flexible SAR sen-
sor network with a faster access time and almost 
continuous imaging capability which is necessary 
for  time  critical  applications.  High-flying  plat-
forms  and unmanned  vehicles will  certainly  act 
as a complementary platform for this network of 
sensors.  Furthermore,  radar  satellites  flying  in 
close-formation  will  allow  the  construction  of 
sparse  arrays  with  enhanced  imaging  capabili-
ties. 

Another  important aspect  for actual and  fu-
ture microwave  sensors  is  the ability  to provide 
quantitative  and  reliable  measurements  of  the 
required  information  to  the user community.  In 
the  past,  information  was  based  on  a  more 
qualitative,  less  reliable basis. Today,  the  sensor 
information  becomes  multi-dimensional  as  dif-
ferent  sensor  sources,  polarisations,  temporal 
and  spatial  baselines,  aspect  angles  and  fre-
quencies  are  used  for  reliable  parameter  re-
trieval.  The  Institute will  further  concentrate  its 
activities  in  system calibration and  in  the devel-
opment  of  algorithms  for  sensor-specific  pa-
rameter retrieval, as  in the case of multibaseline 
polarimetric  SAR  interferometry.  Besides  SAR 
systems  the  Institute  also  aims  to  increase  its 
participation in the concept and development of 
future  spaceborne microwave missions  such  as 
range-Doppler  and  interferometric  altimeters, 
radar sounders and advanced radiometers. 

The vision of a sensor network is in some as-
pects not too far away. The  Institute  is commit-
ted  to  increasing  its  participation  to  the  devel-
opment  of  future  microwave  satellites  for  re-
mote  sensing  and  reconnaissance.  It  aims  to 
expand  its  expertise  and  leadership  in  strategi-
cally  important  projects  and  research  areas.  
Together with  its  cooperation  partners  in  DLR, 
industry and science the  Institute will play a key 
role in the realisation of this vision.  
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2 Research and Project 
Results

2.1 Spaceborne SAR 

2.1.1 Shuttle Radar Topography 
Mission - SRTM 

Figure 2.1 X-SAR-SRTM mission patch.

On February 22, 2000 one of the most complex
Space Shuttle missions was successfully com-
pleted, the Shuttle Radar Topography Mission
(SRTM). The main objective of this mission was to
collect interferometric radar data for the genera-
tion of a near global Digital Elevation Model
(DEM), covering the Earth's surface between -56º
and +60º latitude.

Figure 2.2 View into Endeavours cargo bay with the de-
ployed SRTM mast (Photo NASA).

The SRTM mission was a follow-on to the Shuttle
Imaging Radar-C/X-band Synthetic Aperture Ra-
dar (SIR-C/X-SAR) missions that were successfully
conducted twice in April and October 1994 [58].
For SRTM, the SIR-C (5.6 cm wavelength) and
X-SAR (3 cm wavelength) radar instruments had
each to be supplemented by a second receive
channel, as well as a second receive only antenna
at the end of a 60 m long deployable mast

(Figure 2.2) forming the first spaceborne single-
pass interferometer.

SRTM was a cooperative project between
NASA, NGA (National Geospacial-Intelligence
Agency) and DLR. NASA’s Jet Propulsion Labora-
tory (JPL) was responsible for the C-band radar
system, the mast and the Attitude and Orbit
Determination Avionics (AODA). DLR was respon-
sible for the X-band radar system (X-SAR). The
Institute had the project lead and was responsible
for the specification, system engineering, mission
operations (with support from DLR-GSOC), cali-
bration and the scientific exploitation. Data proc-
essing, archiving and data distribution was the
task of DLR-CAF. EADS Astrium GmbH was the
main contractor for the X-SAR flight hardware
development, integration and test.

Figure 2.3 Single-pass SAR interferometry principle.

Single-Pass SAR Interferometry 

Building a single-pass SAR interferometer requires
at least one transmitter and two receivers with
antennas separated by a so-called interferometric
baseline (Figure 2.3). For SRTM, the baseline was
formed by the 60 m long deployable mast struc-
ture reaching out of the orbiter cargo bay and
carrying the secondary antennas at its end. The
same reflected radar signal from points on the
ground is received by both antennas, inboard and
outboard, but at slightly different times, or as we
call it with a phase difference, due to the tiny
difference in distance. This phase difference can
be accurately estimated, because single-pass
interferometers do not suffer from problems with
atmospheric disturbance and temporal decorrela-
tion of the target backscatter encountered with
repeat-pass interferometry.

With the precise knowledge of the shuttle’s
position and the baseline vector in space relative
to the spot on the ground at any time, the height
of the target can be processed. Orbit and base-
line were measured with the AODA system: a set
of GPS receivers, gyros, electronic distance me-
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ters and star trackers. The position of the inter-
ferometer was measured by GPS with an accu-
racy of 1 m. The baseline angle was measured
with an accuracy of about 2 arcseconds (short-
time) and 7 arcseconds (mission). The baseline
length was determined to millimeter accuracy.

The Mission 

Seven hours after launch the mast had been suc-
cessfully extracted and soon the first test data
take was acquired over New Mexico / USA and
processed by DLR. Figure 2.4 shows the first in-
terferogram with the oscillations of the mast still
uncompensated and without calibration.

Figure 2.4 First X-SAR interferogram of the Shuttle Radar
Topography Mission. The arrow shows the effects of uncom-
pensated mast oscillations.

The mapping of the continents was performed by
operating the radar only over land with 5 to 15
seconds coverage over the ocean before and
after the land. These aquisitions served as an
absolute height reference using the well known
ocean heights. More than 700 data takes were
performed to map the earth in 11 days. Addi-
tionally, several long data takes only over ocean
have been acquired to support the calibration
and verification of the system [420].

The only problem during the mission was the
malfunctioning of a cold gas valve. In conse-
quence, the baseline orientation had to be main-
tained by corrective firings of the attitude control
thrusters about every 90 seconds. These firings
lead to increased oscillations of the mast and in
consequence, to increased processing complexity
and DEM errors [424]. Nevertheless, after 159
orbital revolutions the C-band system with its
225 km wide swath had managed to cover the
required surface. The X-band coverage, limited
due to a swath width of 50 km, still comprises
more than 60 million square kilometers.

Data Analysis and Results 

The mission analysis revealed an excellent stability
of the radar systems and a homogenous data
quality with respect to the basic radar parame-
ters, like received echo level, antenna azimuth
beam alignment, interferometric coherence and

Doppler centroid frequency. During a collabora-
tive calibration phase after the mission that lasted
more than one year, the processing teams cali-
brated all the timings, offsets and dynamic be-
haviour of the instruments [427].

The relative height error was specified to be
6 meters (90%). This accuracy was generally
confirmed by DLR investigations, e.g. by compari-
son with navigation points as shown in Table 2.1.
Several other investigators confirmed this accu-
racy, e.g. an independent quality assessment at a
70 km by 70 km test site south of Hanover, Ger-
many, using trigonometric points and the Digital
Terrain Model ATKIS DGM5 concludes with a
mean value of the height differences of 2.6 m
and a standard deviation of 3.4 m.

Table 2.1 SRTM DEM validation with navigation points in
the western part of Germany.

flat terrain
number [m] [m]

forested areas 2329 -6.20 6.74
urban areas 1683 -2.63 4.10
open landscape 20786 -0.94 4.31

24798 -1.55 4.84
moderate relief

number [m] [m]
forested areas 1970 -1.98 7.60
urban areas 725 -1.14 4.86
open landscape 8000 +0.15 4.54

10695 -0.33 5.33
highlands

number [m] [m]
forested areas 2272 -4.43 8.62
urban areas 766 -1.04 5.29
open landscape 7693 -0.74 5.36

10731 -1.54 6.37

The achieved height errors of ±2.5 m correspond
to a line-of-sight mast motion compensation
accuracy of 0.44 mm, which was an incredible
achievement. Nevertheless, residual, uncompen-
sated 1st order oscillations of the mast translate to
this measurable error on an 8 km scale in flight
direction.

The long term variations in the 10 to 20 min-
ute scale are of little relevance for the user, as
they represent only a small height offset within a
DEM product. These slow drift errors are within
specification and entirely handled by the ocean
calibration and bundle adjustment approach.

With SAR interferometry, the location or
height of a representative phase center of the
backscattering resolution cell is measured. In
principle C-band radar waves should have a
higher penetration into the vegetation than
X-band waves leading to differences in the inter-
ferometric height measured in the two systems
over forested areas. To compare the penetration
between C- and X-band for example into rain
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forest, several areas in Brazil and Kongo (Figure
2.5) have been investigated. A relatively flat ter-
rain and visible clear-cuts along roads have been
selected to remove any offset between C- and X-
band not due to penetration effects.

The resulting height differences of about 1 m
are not very significant and well within the height
error boundaries of both systems.

Figure 2.5 SRTM X-band digital elevation model shows
topography plus vegetation heights, rivers and clear cuts in
the Kongo rain forest.

In response to the announcement of opportunity
(AO) 102 proposals have been accepted [423]
and more than 1200 DEM and radar products for
scientific evaluation with regard to validation,
calibration and geoscience applications have
been ordered. Hundreds of papers have been
written using SRTM data for their investigations.

Though the X-band data from SRTM have a
better performance than the C-band data, the
gaps in the coverage and the cost for the data
access have reduced the worldwide use consid-
erably.

For many applications, the 1 arcsec posting
and the accuracy of the SRTM dataset is still not
sufficient and the area north and south of 60
degrees latitude is still only available with 30
arcsec resolution. A satellite mission like TanDEM-
X (section 2.1.3) will provide DEM performance
of the next higher quality level and fill the gaps.

2.1.2 TerraSAR-X 

The German national SAR mission TerraSAR-X is
based on a public-private-partnership agreement
between DLR and EADS Astrium GmbH. It is the
successor of the scientifically and technologically
successful radar missions X-SAR (1994) and SRTM
(2000) and is designed for scientific and commer-
cial applications.

EADS Astrium GmbH is developing the TerraSAR-
X satellite (Figure 2.6), whereas DLR is responsible
for the overall mission and will provide the neces-
sary ground segment infrastructure.

Figure 2.6 Artist’s view of the TerraSAR-X spacecraft.

The Microwaves and Radar Institute is responsible
for SAR system engineering, including support to
the DLR project management, performance con-
trol, calibration and verification and the design
and implementation of the Instrument Opera-
tions and Calibration Segment (IOCS). Ground
segment integration and mission management
are also carried out by the Institute.

The commercial and scientific exploitation of
the TerraSAR-X mission is covered by Infoterra
GmbH (a subsidiary of EADS Astrium) and DLR,
respectively.

Mission and System 

The TerraSAR-X satellite will be launched in
summer 2006 on a Russian DNEPR-1 with a 1.5
m long fairing extension. All launch vehicle ele-
ments except for the fairing inter-stage are un-
modified components of the original SS-18 inter-
continental ballistic missile. The lift capability into
the selected orbit is 1350 kg.

For the orbit selection, an altitude range be-
tween 475 km and 525 km has been investi-
gated. The sun-synchronous dawn-dusk orbit
with an 11 day repeat period defined in Table 2.2
showed the best performance with respect to
order-to-acquisition and revisit times.

Once in orbit, the satellite will be operated
from the German Space Operation Center
(GSOC) in Oberpfaffenhofen. In the system base-
line, two ground stations in Germany are fore-
seen. Weilheim is used as the telemetry and tele-
command station and Neustrelitz serves as the
central receiving station for the X-band downlink
(Figure 2.7). Beyond that, additional Direct Access
Stations - commercial partners of Infoterra GmbH
- are foreseen to extend the baseline receiving
station concept [124].
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Table 2.2 TerraSAR-X Orbit Parameters.

Figure 2.7 TerraSAR-X data flow concept.

TerraSAR-X carries an advanced high resolution
X-band Synthetic Aperture Radar (SAR) based on
active phased array technology which allows the
operation in Spotlight-, Stripmap- and ScanSAR
Mode (Figure 2.8) in various polarisations. It pro-
vides the ability to acquire high resolution images
for detailed analysis, as well as wide swath im-
ages for overview applications.

Figure 2.8 TerraSAR-X modes of operation.

The X-band SAR instrument operates at a center
frequency of 9.65 GHz and with a maximum
bandwidth of 300 MHz [259]. The antenna is
capable to operate in two polarisations; H and V
on transmit as well as on receive and consists
of 12 panels with 32 dual polarised slotted wave-

guide subarrays stacked in elevation. Each sub-
array is fed by a dedicated Transmit/Receive
Module (TRM). The SAR antenna’s approximate
dimensions are 4800 mm in length, 800 mm in
width and 150 mm in depth. It features elec-
tronic beam steering in azimuth (±0.75°) and
elevation (±20°). The acquired SAR data are
stored in a Solid State Mass Memory Unit (SSMM)
of 256 Gbit end-of-life capacity before they are
transmitted to ground via a 300 Mbit/s X-band
System.

All payload sub-systems are fully redundant,
i.e. main and redundant functional chains exist.
This allows the utilisation of a new concept that
involves activation of both functional chains at
the same time, one being the master for timing
purposes. As a result operation in an experimen-
tal Dual Receive Antenna (DRA) Mode, where the
echoes from the azimuth antenna halves can be
received separately, becomes possible. This new
experimental mode enables the interesting new
features like Along-Track Interferometry (ATI),
fully polarimetric data acquisition and the en-
hancement of the azimuth resolution.

Ground Segment 

The TerraSAR-X Ground Segment is the central
facility for controlling and operating the
TerraSAR-X satellite, for calibrating the SAR in-
strument, archiving the SAR-data and generating
and distributing the basic data products. The
overall TerraSAR-X Ground Segment and Service
Segment (Figure 2.9) consist of three major parts:
- Ground Segment which is provided by DLR,
- TerraSAR-X Exploitation Infrastructure (TSXX)

under the responsibility of Infoterra and
- Science Service Segment coordinated by DLR.

Figure 2.9 TerraSAR-X system overview: the space segment
comprising the TerraSAR-X instrument and two secondary
payloads, the ground segment with its three sub-segment,
and the scientific and commercial service and user segments.

Parameter Mission Orbit 
Orbit Type Sun-synchronous repeat orbit
Repeat Period 11 days
Repeat Cycle 167 orbits in the repeat
Orbits per Day 15 2/11
Equatorial Crossing
Time

18.00 h ±0.25 h ascending pass

Eccentricity 0.0011 – 0.0012
Inclination 97.443823°
Argument of Perigee 90º
Altitude at Equator 514.8 km
Ground Track
Repeatability

within ±250 m per repeat cycle
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SAR System Engineering 

The SAR System Engineering provides the SAR
know-how to operate the instrument within the
required specifications and to monitor the pay-
load hardware. It also provides support to the
ground segment integration and the overall pro-
ject management.

Examples for major tasks of SAR System Engi-
neering are:
- Specification of TerraSAR-X modes and imag-

ing beams
- Overall SAR system performance control
- Instrument shadow engineering
- Support in instrument acceptance tests
- Technical support for project management

decisions
- Algorithm development for Spotlight SAR

processing
- Attitude steering definition law for Doppler

centroid minimisation

In the following, examples of three SAR System
Engineering tasks are presented in more detail:
the development of Spotlight processing algo-
rithms, the zero-Doppler attitude steering law
and the selection of swath positions and corre-
sponding beam patterns.

Spotlight Processing Algorithms 

The Extended Chirp Scaling Algorithm for Steer-
ing Spotlight [38] has been enhanced for the
processing of TerraSAR-X sliding Spotlight raw
data. The enhancement consists more of a de-
tailed analysis of the sliding Spotlight geometry
and raw data signal and does not introduce fun-
damental new processing steps. The basic struc-
tural formulation of the algorithm and the Range
compression is explained in detail in [258], while
azimuth compression and the subaperture
method are accurately derived in [38]. Figure
2.10 gives an overview of the algorithm.

Raw data of a point target are shown in the
upper plot on the left. Processing starts with an
azimuth sub-aperture formation in order to avoid
up-sampling of the raw data in azimuth. The
formation of the sub-apertures is indicated in the
upper plot on the right by vertical lines. The sub-
aperture approach allows a non-ambiguous azi-
muth frequency representation, the use of short
azimuth FFTs, and the azimuth dependent update
of processing parameters, e.g. the processing
velocity.

In the next steps, range cell migration correc-
tion and range compression are performed by
chirp scaling. The result of the range processing is
shown in the middle left plot. The signal is range
compressed and without range cell migration.

Figure 2.10 Algorithmic steps of Extended Chirp Scaling
processor for Sliding Spotlight Mode products.

After range processing, azimuth compression is
performed by SPECtral ANalysis (SPECAN) com-
bined with azimuth scaling. The two stages of
the SPECAN processing are deramping (SPECAN I
in Figure 2.10) and final azimuth FFT (SPECAN II).
The effect of the deramping operation on the
point target signal can be seen in the lower plot
on the right. The azimuth signal modulation is no
longer a linear frequency modulation but has
changed to a constant frequency, observable in
this plot by the regular alternation of bright and
dark sections of the range compressed signal.
This plot shows the signal after the recombina-
tion of the sub-apertures, i.e. there are no more
vertical lines visible.

Finally, the last step in the Sliding Spotlight
SAR processing is an azimuth FFT (SPECAN II)
which compresses the signal in azimuth. The final
result is the impulse response function in the
lower left plot in Figure 2.10.

Zero-Doppler Attitude Steering 

The Total Zero Doppler Steering developed for
TerraSAR-X enables SAR data acquisition with
Doppler centroids close to zero independent of
incidence angle and terrain height variation [11].
This is achieved by introducing a slight pitch
steering on top of the standard yaw steering to
align the satellite attitude to its velocity vector.

The implementation in TerraSAR-X is based on
a look-up table with a step width of two degrees
in argument of latitude and linear interpolation
in-between. The look-up table implementation
and satellite pointing errors result in a residual
Doppler centroid below 120 Hz for left and right
looking geometries.

Figure 2.11 shows the applied TerraSAR-X at-
titude steering law. Yaw and pitch angles are
shown in red and green colours, respectively.
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Figure 2.11 Attitude steering law for TerraSAR-X:
yaw (red) and pitch (green) angles in degree versus latitude
in degrees.

Selection of Swath Positions and Definition of 
Beam Patterns 

In selecting the swath position for TerraSAR-X the
timing is challenging due to the high pulse repeti-
tion frequency (PRF) between 3000 and 6500 Hz
and the strategy of alternating pulses for dual
and full polarisation modes.

Figure 2.12 shows, as an example, the timing
diagram for the Stripmap Near and Stripmap Far
beams, which are used for Dual and Full Polarisa-
tion modes. The principle strategy is to define the
look angles for a minimum orbit height and to
keep the look angles constant during the mission.
In the figure, the red colours show the allowed
PRFs for the compressed Stripmap near echo
signal and the red and yellow colours together
correspond to the non-compressed signal. The
Stripmap far beams are shown in blue and grey
colour.

Figure 2.12 Timing diagram used for defining Stripmap
near and far beams.

After selection of the swath positions (i.e. look
angles) and swath widths, the beam coefficients
for the required antenna patterns are determined
using the antenna pattern optimisation tool de-
scribed in 2.3.7. Further constraints, like side-lobe
suppression levels are also taken into account.

Beyond these specification tasks, SAR System
Engineering accompanies and influences the
development process of the SAR instrument.
Knowledge about the instrument, acquired in this
process, is transferred into the ground segment.

The Instrument Operations and Calibration 
Segment

TerraSAR-X is the first mission to implement the
novel concept of a dedicated ground segment
facility comprising all the tools for instrument
operations, performance monitoring as well as
system and product calibration and verification.
The block diagram in Figure 2.13 shows three
sub-sections of the IOCS and their components.

Figure 2.13 Overview of the TerraSAR-X IOCS.

The Instrument Operations Section has the func-
tion to operate the SAR instrument in its different
operational SAR modes Stripmap, ScanSAR, Spot-
light and in the experimental modes. The main
tasks are to:
- generate, maintain, archive and distribute all

required instrument tables for use on-board
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and on-ground, generate radar parameters
and command information for each SAR data
acquisition,

- generate flight procedures with respect to the
SAR instrument for nominal and contingency
operations,

- provide and maintain a Long Term Data Base
(LTDB) for archiving all relevant instrument in-
formation throughout the whole mission,

- provide auxiliary products with all calibration
and instrument information required in the
SAR data processing.

A key element of the IOCS is the LTDB. The cen-
tral role of this archive is to provide all required
data for system performance prediction and exe-
cution of corrective measures throughout the
whole mission lifetime. In previous SAR missions,
this information was often distributed over dif-
ferent locations. With the LTDB architecture, all
mission data relevant for SAR system perform-
ance assessment are brought together and can
be accessed by calibration, characterisation,
monitoring, and verification tools. These tools are
able to quickly provide a more complete picture
of the whole TerraSAR-X system and its perform-
ance in shorter time. The effort for contingency
analysis and the identification of counter-
measures can be reduced. Under long term sys-
tem monitoring aspects, it is possible to detect
performance degradations with more anticipation
and to provide more room for degradation miti-
gation.

The Verification Section ensures the correct in-
orbit operation of the entire SAR system from
data take instrument command generation to
ground processing and has to technically release
the SAR products. The complete SAR system
verification is performed during the commission-
ing phase and at regular intervals during the
mission. Specific verification activities can be
triggered by faults and failures for trouble shoot-
ing. Typical tasks performed by this section are:
data take verification, long-term SAR system
monitoring, and instrument health monitoring.

The Calibration Section comprises all the
analysis tools necessary for the internal and ex-
ternal calibration, antenna pattern determination
including optimisation of beam coefficients, con-
trol of ground equipment, and noise characterisa-
tion. Further details on the TerraSAR-X calibration
concept and its implementation are described in
2.3.7.

In the process of building up the TerraSAR-X
ground segment, it turned out that the combina-
tion of SAR System Engineering, Calibration and
Verification, and the development of the IOCS,
which integrates all the required tools and facili-
ties and provides a central archive for all per-

formance relevant information, was a logical and
very successful approach.

2.1.3 TanDEM-X

After the successful participation in the Shuttle
missions SIR-C/X-SAR and SRTM, the first national
SAR mission TerraSAR-X opened a new era in the
German Space Programme and provided a major
push for our R&D activities on high resolution
X-band SAR. In this spirit, the proposal to add a
second, almost identical spacecraft (TDX), to
TerraSAR-X (TSX-1) and to fly the two satellites in
a closely controlled tandem formation was born.

Figure 2.14 TSX-1 and TDX in tandem formation flight.

The TanDEM-X (TerraSAR-X add-on for Digital
Elevation Measurement) Mission has the primary
objective of generating a consistent, global DEM
with an unprecedented accuracy according to the
HRTI-31 specifications. Beyond that, TanDEM-X
provides a configurable SAR interferometry plat-
form for demonstrating new SAR techniques and
applications [214]. TDX has SAR system parame-
ters which are fully compatible with TSX-1, allow-
ing not only independent operation from TSX-1
in a monostatic mode, but also synchronised
operation (e.g. in a bistatic mode). The main
differences to the TerraSAR-X satellite are the
more sophisticated propulsion system to allow for
constellation control, the additional S-band
receiver to enable for reception of status and GPS
position information broadcast by TerraSAR-X
and the X-band inter-satellite link for phase ref-
erencing between the TSX and TDX radars
(the required modifications on the TSX spacecraft
have already been implemented). The TDX satel-
lite is designed for five years of nominal

1 HRTI-3 specification: relative vertical accuracy 2 m
(90% linear point-to-point error over 1ox1o cell), abso-
lute vertical accuracy 10 m (90% linear error), absolute
horizontal accuracy 10 m (90% circular error), post
spacing 12 m x 12 m.
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operation. 3 years of joint operation with TSX-1
will be sufficient to fulfil the TanDEM-X user re-
quirements.

User Requirements 

The collection of scientific and commercial user
requirements for the TanDEM-X mission clearly
demonstrates the need of a HRTI-3 DEM data set
with global access (see comparison with existing
DEM products in Figure 2.15) for both scientific
and commercial users [265], [490]. The majority
of the geoscience areas like hydrology, glaciol-
ogy, forestry, geology, oceanography, and land
environment require precise and up-to-date in-
formation about the Earth’s surface and its to-
pography. Digital topographic maps are also a
prerequisite for reliable navigation, and the im-
provements in their precision needs to keep step
with advances in the performance of global posi-
tioning systems. Hence, TanDEM-X is fortuously
timed to augment the exploitation of the
GALILEO programme. From the commercial point
of view, DEMs and ortho-rectified images are the
most important products for a growing earth
observation market.

Figure 2.15 HRTI-level versus coverage indicating the
uniqueness of the global TanDEM-X HRTI-3 DEM.

From a comprehensive user survey, three stan-
dard data products have been derived: standard
HRTI-3 DEMs, Customised DEMs (CDEM) with
even higher height resolution or improved hori-
zontal spacing and Radar Data Products (RDP)
acquired by along-track interferometry or new
SAR techniques. Both scientific and commercial
user requirements can be satisfied by these prod-
ucts and by the formation and coverage concept.

The Helix Orbit Concept 

The TanDEM-X mission concept is based on a
coordinated operation of two spacecraft flying in
close formation [151]. Using two spacecraft pro-
vides the highly flexible and reconfigurable imag-
ing geometry required for the different mission
objectives. For example, the primary goal of gen-
erating a highly precise HRTI-3 DEM requires
variable cross-track baselines in the order of 300
to 500 m.

Figure 2.16 Artist’s view of the Helix orbit concept used
for the TanDEM-X mission.

In this close formation flight collision avoidance
becomes a major factor and a minimum safety
separation of 150 m perpendicular to the flight
direction is to be observed around the orbit at
any time. A formation, which fulfils these re-
quirements, is the Helix formation shown in
Figure 2.16. By an adequate eccentricity/
inclination-vector separation, the two satellite
orbits can be controlled accurately enough to
ensure the minimum safety distance with negligi-
ble low risk. Although ground control is the base-
line for manoeuvring the satellite, TDX will be
able to receive GPS position information of TSX-1
via a dedicated intersatellite S-band link and to
react autonomously in a contingency case.

Figure 2.17 Effective baselines for different phases of
libration, (blue) right-looking, (red) left-looking; in the left plot
the blue curve is on top of the red one.

Exposed to the forces of the Earth’s geoid, the
two satellites start to move around the frozen
eccentricity, resulting in a motion of libration.
This effect can be advantageously used to
achieve the desired baselines (Figure 2.17). The
phase of libration can be adjusted by orbit ma-
noeuvres, keeping the satellites at any desired
phase with low fuel costs.

TanDEM-X Operational Modes 

Interferometric data acquisition with the
TanDEM-X satellite formation can be achieved in
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three different operational modes: Bistatic,
Monostatic, and Alternating Bistatic Mode [213].

Operational DEM generation is planned to be
performed using bistatic interferometry (Bistatic
Mode), which is characterised by the illumination
of a scene by one transmitter and the simultane-
ous measurement of the same scene with two
receivers (Figure 2.18), thereby avoiding temporal
decorrelation. To provide sufficient overlap of the
Doppler spectra, less than 2 km along-track base-
lines are required while the effective across-track
baselines for high resolution DEMs have to be in
the order of 300 m. Over moderate terrain one
complete coverage with such across-track base-
lines will be sufficient, but for mountainous areas
(about 10% of the Earth land surface) additional
data acquisitions with different baselines and
viewing geometry are required. Phase unwrap-
ping problems over rough terrain can be solved
step-by-step acquiring two or more data sets
with decreasing baseline (increasing height of
ambiguity), see also section 2.1.4.

Because of the slight differences in the Ultra
Stable Oscillator (USO) characteristics of the two
instruments PRF synchronisation and relative
phase referencing between the satellites (ex-
change of USO signals via a dedicated X-band
inter-satellite link) are mandatory in this mode.

Figure 2.18 TanDEM-X in bistatic mode: one satellite
transmits and both receive the echoes simultaneously.

The Radar Data Mode has been introduced as a
synonym for the demonstration of innovative SAR
modes and applications, offering a large variety
of geometric constellations and of radar instru-
ment settings (all SAR modes including 2 + 2
receive phase centers). The instruments are
commanded according to the parameters se-
lected by the scientists for Along-Track Interfer-
ometry (ATI) applications and for demonstration
of new SAR techniques.

Synchronisation 

In Bistatic Mode the TanDEM-X interferometer is
operated with two independent oscillators. Un-
compensated oscillator noise will cause a slight
deterioration of the bistatic impulse response, a
significant shift of the bistatic SAR impulse re-
sponse, and substantial interferometric phase
errors in case of bistatic interferometric operation
[215]. To correct for these phase errors and also
to enable pulse repetition interval (PRI) synchroni-
sation, the TanDEM-specific SAR instrument fea-
tures provide a scheme for transmission and re-
ception of USO phase information between the
SARs with adequate SNR. On both the TDX and
TSX-1 spacecraft six synchronisation horn anten-
nas are added at selected positions shown in
Figure 2.19 to ensure full solid-angle coverage
with low phase disturbance.

The required precise phase referencing for
DEM generation in bistatic interferometry mode
can be achieved using synchronisation pulses
with a PRF in the order of 10-20 Hz. For a SNR of
30 dB (a reasonable assumption for along-track
displacements up to 1 km) the residual interfer-
ometric phase error can be reduced to below 1°.

Figure 2.19 Accommodation of synchronisation horn
antennas with the beams shown in red.

Predicted DEM Generation Performance 

A detailed height performance model has been
developed for the Bistatic Mode covering the
relative height error estimates, the calibration
concept and the absolute error predictions [505].
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Relative Height Error Estimation 

The performance prediction for the relative
height error is based on the following random
error contributions:
- Noise due to the limited SNR during SAR data

acquisition and interferogram generation,
quantisation errors from block adaptive quan-
tisation, limited co-registration accuracy and
processing errors, as well as range and azi-
muth ambiguities. Decorrelation due to ther-
mal noise in the instruments dominates this
error contribution. The achievable error reduc-
tion is mainly limited by the maximum base-
line (minimum height of ambiguity) that can
be handled in the phase unwrapping process.
Heights of ambiguity below 40 m and corre-
sponding perpendicular baselines between
150 m and 400 m are required to reduce this
error contribution to a relative height error be-
low 2 m.

- Interferometric phase errors caused by the
residual errors in the phase referencing via the
noisy synchronisation link.

- Random contributions from the TSX-1 and
TDX internal calibrations and uncompensated
phase drifts along a data take also affecting
the synchronisation link.

- 3-D baseline estimation errors causing primar-
ily a systematic phase/height ramp in the
cross-track direction (~0.3 cm/km for a height
of ambiguity of 35 m and a baseline estima-
tion error in line of sight of 1 mm).

A combination of all these error sources yields
the predicted relative height accuracy as shown
in Figure 2.20. The predicted point-to-point height
errors are below 2 m for the full performance
range of TSX-1 (and TDX) which ranges from 20°
incidence angle up to 45° incidence angle.

Figure 2.20 Predicted relative height errors for a height of
ambiguity of 35 m. The red curve shows the predicted point-
to-point height errors at a 90% confidence level. The blue
curve represents the predicted standard deviation of the
relative height errors.

Height Calibration Concept 

The absolute height accuracy is mainly driven by
the distribution and accuracy of reference height
information, the calibration and mosaicking con-
cept and the data acquisition strategy. Long con-
tinuous data takes up to 1000 km length are
preferred to avoid additional errors from scene
concatenation. The current calibration concept
foresees the following steps:
- The generation of “raw” DEMs using SRTM

heights or even lower-resolution DEMs as ref-
erence (absolute accuracy of the reference
data has to be sufficient to resolve the height
of ambiguity interval).

- Evaluation of swath overlaps in these raw
DEMs (6 km overlap between the currently
used TerraSAR-X swaths) for consistency
checks between acquisitions, along-track error
reduction and across-track tilt correction.

- A bundle adjustment based on the analysis of
relative deviations between raw DEMs and ab-
solute calibration references over large areas,
up to continental size. Relative references can
be derived from overlap areas with crossing
tracks and from the previously mentioned
swath overlaps. Adequate crossing tracks have
to be included in the reference mission sce-
nario. Additionally, absolute references like
highly accurate DEMs from airborne LIDAR,
photogrammetry, other SAR systems, GPS
tracks, spaceborne laser and radar altimeters
are required. Ocean surfaces might be used as
well, if their reflectivity is high enough and if
they are imaged with a short along-track
baseline to minimise decorrelation. The output
of this step, which depending on the amount
of errors might require iterations of the raw
DEM generation step, is the final DEM.

Absolute Height Error Estimation 

The HRTI-3 standard requires for the absolute
height accuracy a value of 10 m at a 90% confi-
dence level. On top of the above presented rela-
tive height errors, which contribute as a random
component, the following error sources have to
be considered in predicting the absolute height
error:
- Accuracy of the interferometric baseline (be-

tween the SAR antenna phase centers) with
contributions from the GPS differential carrier
phase measurements. GSOC and GFZ inde-
pendently confirmed that the relative vector
between the spacecraft’s center of mass can
be determined to within 1 mm.

- The knowledge of the satellite’s attitude and
the SAR antenna phase center, and the accu-
racy of the transformation from the spacecraft
to the Earth fixed coordinate systems.
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- Uncompensated long-term instrument phase
errors due to temperature drift in the internal
calibration network and the synchronisation
link.

- Residual errors in the bundle adjustment
process and quality of the reference height in-
formation.

The Phase A estimate of the various error contri-
butions results in an absolute height accuracy of
6.6 m demonstrating that TanDEM-X allows for
the derivation of highly accurate digital elevation
models according to the emerging HRTI level 3
standard and even beyond in Stripmap mode.
DEMs with 2 m relative height accuracy (point-to-
point errors at 90% occurrence level according to
the HRTI-3 standard) will require a height of am-
biguity which is in the order of 30-40 m. This
height of ambiguity corresponds to perpendicular
baselines of 150 m to 400 m for incidence angles
of 20° and 45°, respectively.

Radar Data Mode 

The Radar Data Mode stands for any acquisition
of TanDEM-X data products which are not cov-
ered by the DEM class. Examples are along-track
interferometry, polarimetric SAR interferometry,
four phase center moving target indication,
bistatic SAR imaging, and digital beamforming.

Figure 2.21 Along-track interferometry modes in TanDEM-X.

Along-track SAR interferometry can either be
performed by the so-called dual receive antenna
mode with a baseline of 2.4 m from each of the
satellites or by adjusting the along-track distance
of the two satellites to the desired size (Figure
2.21). The newly developed orbit concept allows
this distance (called along-track baseline) to be
adjusted from zero to several kilometers. This
technical feature is essential as this application
requires velocity measurements of different fast
and slow objects. Mainly four scientific applica-
tion areas are identified to explore the innovative
along-track mode: oceanography, traffic monitor-

ing, glaciology and hydrology. Of scientific inter-
est is the identification of moving objects as well
as the estimation and the validation of different
velocity estimates. In all three application areas
the knowledge of the velocity will improve model
predictions for environmental, economical, as
well as social aspects.

With TanDEM-X, innovative SAR techniques
will be demonstrated and exploited, which open
up new perspectives for future SAR systems. The
focus will be on the research areas:
- Bistatic and multistatic SAR imaging enabling

enhanced scene feature extraction by combi-
nation of monostatic and bistatic signatures.
This is due to the substantially increased ob-
servation space in bistatic SAR.

- Polarimetric SAR interferometry allows for
precise measurements of important vegeta-
tion parameters like vegetation height and
density (sections 2.1.8 and 2.2.4). Figure 2.22
shows the predicted performance in estimat-
ing the height of sun flower plants.

- Digital beamforming and superresolution.

The main interest for these research areas lies in
the understanding and the development of new
algorithms.

Figure 2.22 TanDEM-X height estimation performance
for sun flower plants based on the Random Volume over
Ground model. The dashed green line indicates the height
variation of the interferometric phase center with different
polarisations (corresponding to a variation of the ground-to-
volume ratio on the abscissa). The green tube shows the
height errors due to volume decorrelation for different effec-
tive baselines and an independent post spacing of 30 m x 30
m. The blue and red tubes show additional errors due to the
limited system accuracy for scattering coefficients of -10 dB
and -15 dB, respectively. The dark areas of the phase tubes
indicate those ground to volume ratios which are addressable
by the different polarisations.
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Mission Scenario 

Contrary to conventional Earth Observation mis-
sions, the TanDEM-X global mapping strategy has
also to account for the formation geometry, as
for given HELIX parameters, DEM acquisitions are
only possible for a certain latitude range. Fur-
thermore, in the parallel operation of the Tan-
DEM-X and TerraSAR-X missions, the latter
should not be disturbed and the TanDEM-X ac-
quisitions have to be planned as a quasi back-
ground mission.

With these constraints and the assumption of
a three year tandem phase (joint operation of
TSX-1 and TDX) and the use of the TerraSAR-X
standard Stripmap beams covering incidence
angles from 20° to 45°, a reference mission sce-
nario [151] has been developed including suffi-
cient time slots for the acquisition of CDEMs and
RDPs.

In a first phase after commissioning and first
formation set-up, a global DEM is derived by
monitoring the Earth at the northern hemisphere
with ascending orbits and the southern hemi-
sphere with descending orbits. The respective
formations are adopted such that the required
height of ambiguity fits to the respective map-
ping region. In the next mission phase, the for-
mation will be shifted by 180° in phase (which
corresponds to an ‘exchange’ of the satellites)
and the resulting formation acquires “crossing
tracks” on descending orbits on the northern,
and ascending orbits on the southern hemi-
sphere. Then DEM generation is performed for
terrain which requires additional data. In the next
mission phase, the satellites will be separated in
along-track e.g. for bistatic monitoring and ATI
experiments. Finally, the satellites will be sepa-
rated at the end of the mission to a distance,
where the ground track separation in the Earth
fixed frame is one day, to perform further ATI
experiments. In any phase, orbital periods, which
are not required for deriving the global DEM, will
be used for generation of CDEMs or RDPs.

The TanDEM-X mission encompasses scientific
and technological excellence in a number of as-
pects, including the first demonstration of a
bistatic interferometric satellite formation in
space, as well as the first demonstration of close
formation flying in operational mode. Several
new SAR techniques will also be demonstrated
for the first time, such as digital beamforming
with two satellites, single-pass polarimetric SAR
interferometry, as well as single-pass along-track
interferometry with varying baseline. TanDEM-X
takes advantage of the heritage from the SRTM
and SIR-C/X-SAR missions, as well as more than
25 years of experience in radar technology.

2.1.4 Microsatellite SAR Formations 

Currently available interferometric data from
spaceborne SAR sensors suffer either from tem-
poral and atmospheric disturbances (repeat pass
interferometry) or from a limited interferometric
baseline (60 m on SRTM). To overcome these
limitations, several suggestions have been made
to acquire interferometric data in a single pass by
using two (like TanDEM-X) or more independent
radar satellites operating in a fully or semi-active
SAR mode.

An efficient realisation of such systems may
be achieved by a set of passive receivers on board
a constellation of microsatellites which simulta-
neously record the backscattered signals trans-
mitted by a conventional spaceborne radar. Such
a configuration represents a cost-efficient imple-
mentation of a highly capable interferometric
single-pass SAR system in space and enables not
only the cost-efficient acquisition of high quality
DEMs on a global scale, but also along-track
interferometric applications, like mapping of
ocean currents, reduction of ambiguities, and/or
superresolution in both azimuth and range.

It is an important design goal for multistatic
interferometric SAR formations to achieve an
almost constant baseline between the spacecraft
[25]. For along-track interferometry such a con-
stant separation is easily obtained by inducing an
along-track displacement between the individual
satellites. However, such a simple solution is not
possible for cross-track interferometry, since nei-
ther the vertical nor the horizontal cross-track
separations remain constant for freely orbiting
satellites on natural orbits, which are necessary to
keep the fuel consumption within reasonable
limits.

One of the first formations of microsatellites,
proposed by CNES in the late 90s, is the Interfer-
ometric Cartwheel. An inherent property of the
Interferometric Cartwheel is the close coupling
between radial separation and along-track dis-
placement with the consequence that the com-
mon azimuth bandwidth for cross-track interfer-
ometry is reduced and the temporal delay be-
tween the iso-Doppler data acquisitions might
exceed the decorrelation time over ocean sur-
faces.

The so-called Cross-Track Pendulum configu-
ration [25] consists of three microsatellites but,
for forming the desired baselines, a different
approach is made: all satellites have frozen orbits
and equal velocities. This leads to a constant
along-track separation. The interferometric cross-
track baselines are then provided by selecting
orbits in different orbital planes with distinct
ascending nodes and/or inclinations. This implies
a horizontal cross-track separation of the satel-
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lites as shown in Figure 2.23. Since the along-
track and cross-track components are completely
decoupled in the Pendulum configuration, the
along-track displacements may be optimised
independently. A small drawback of the Pendu-
lum configuration is the additional fuel (about
1 kg per year per km baseline for a microsatellite)
required for keeping the formation stable [25].

Figure 2.23 Orbits and interferometric baselines for the
Cross-Track Pendulum.

Another configuration proposed is a combination
of the Cartwheel and the Cross-Track Pendulum.
The ’CarPe’ configuration [25] consists of two
satellites forming a Cross-Track Pendulum with
different ascending nodes and one satellite with
a slightly eccentric orbit. Since all orbits have the
same inclination, no additional fuel is required for
a compensation of differential nodal drifts. The
advantage of the CarPe configuration is the
availability of a constant along-track baseline for
along-track interferometry which is accompanied
by the very stable cross-track baselines [25].

Microsatellite Formation with TerraSAR-L 

After attempts to fly an Interferometric Cart-
wheel with ENVISAT and ALOS, ESA initiated and
supported a joint CNES/DLR study to analyse the
option of adding such an interferometric forma-
tion of passive receiver satellites to the TerraSAR-
L mission (section 2.1.5). The primary objective
was the generation of a global DEM of HRTI
level-3 quality (section 2.1.3). ATI applications like
ocean current monitoring and sea ice dynamics
were further important objectives. With Ter-
raSAR-L being designed for fully polarimetric
operation the capabilities of Polarimetric SAR
Interferometry for forest monitoring have been
investigated as well (section 2.1.8).

Different to earlier proposals, the formation
was considered an integral element of TerraSAR-L,
i.e. special modes exploiting the full capabilities
of the main spacecraft would allow for an im-
proved performance. Furthermore, inter-satellite

links to synchronise the data recording and to
provide telemetry and telecommand communica-
tion and science data downlink via TerraSAR-L
and, hence, simplify the micro satellite architec-
ture have been considered. In the study, several
orbital configurations have been investigated in
detail and compared with each other.

Figure 2.24 Trinodal Pendulum configuration proposed
for a TerraSAR-L formation.

One of the favourite candidates, the Trinodal
Pendulum (Figure 2.24, Figure 2.25), consists in
its original configuration of three microsatellites,
orbiting with the same inclination, eccentricity,
argument of perigee and semi-major axis as the
illumination master satellite [361]. The right as-
censions of the ascending node of each of the
three microsatellites are chosen in such a way
that the horizontal cross-track displacements
correspond to the desired effective baselines for
interferometric data acquisition. Additionally, the
along-track displacements between the single
microsatellites are chosen such that the microsa-
tellites monitor the requested scene on the
Earth’s surface with minimum relative time lags
under the constraint that small along-track dis-
placements will be required to avoid a collision
within the formation at the northern and south-
ern turns.

Figure 2.25 Orbits and interferometric baselines for the
Trinodal Pendulum.
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The Trinodal Pendulum offers the opportunity to
acquire short and long baselines simultaneously
during one single pass, facilitating phase un-
wrapping for the small heights of ambiguities
required to achieve HRTI-3 level DEMs. This way,
it makes effective use of the available resources
from the transmitter (e.g. signal power, illumina-
tion time, etc.). Furthermore, possible errors due
to temporal changes between subsequent scene
acquisitions are avoided. An alternative configu-
ration proposed by CNES is the Two-Scale Cart-
wheel, an evolution of the original Cartwheel.

The study concluded that there is almost no
collision risk between the master satellite and the
microsatellites. In case of a failure (no orbit con-
trol) of a microsatellite, it will decrease its semi-
major axis, thus increasing its along-track dis-
tance to TerraSAR-L flying behind the microsatel-
lites. Inside the formations a low probability of
collision might exist, which can be avoided with
the Helix concept [148]. The transfer from one
constellation to another is possible and achiev-
able with reasonable fuel consumption and time.

Figure 2.26 Predicted height error for a height of ambi-
guity of 100 m (dashed) and 10 m (solid).

A detailed performance model has been devel-
oped including the phase noise caused by limited
signal-to-noise ratio (SNR), range and azimuth
ambiguities, quantisation errors, local slopes, and
volume decorrelation. With a given horizontal
posting of the final DEM products (i.e. 12 m for
HRTI-3 data), the achievable height accuracy can
be estimated. Figure 2.26 shows the predicted
height error for a height of ambiguity of 100 m
(dashed) and 10 m (solid). It is obvious, that the
height accuracy increases with a decreasing
height of ambiguity. On the other hand, a small
height of ambiguity is likely to cause phase un-
wrapping problems, especially in mountainous
areas. Note, that the baseline ratio of the exam-
ple in Figure 2.26 has been chosen such that the
height errors from the DEM acquisition with the
small baseline stay below the height of ambiguity
for the large baseline. It would, hence, be possi-
ble to use the interferometric data from the small

baseline to assist phase unwrapping in the highly
sensitive large baseline interferogram (section
2.3.1.

The analyses have shown that the TerraSAR-L
microsatellite formation would be an excellent
means of acquiring a global DEM according to
the HRTI level-3 specification. The required mis-
sion time for a global DEM acquisition has been
estimated to be in the order of 1 year, assuming
an average data collection of 3 minutes per orbit.
In a later mission phase, the performance might
even be improved beyond the HRTI level-3 speci-
fication by increasing the length of the interfer-
ometric baselines.

2.1.5 TerraSAR-L 

TerraSAR-L was originally planned to complement
TerraSAR-X under the Infoterra/TerraSAR initiative
of EADS Astrium Ltd., BNSC, and DLR. While
TerraSAR-X is being implemented as a German
national mission (section 2.1.2), TerraSAR-L was
proposed as an element of ESA’s Earth Watch
Programme, where the system definition was
developed up to Phase B level concluding in a
Preliminary Design Review (PDR). The Institute
contributed to the Phase B study with the defini-
tion of the System Calibration and Verification
Plan [466] and the specification of the Instrument
Calibration Segment [468]. Furthermore, jointly
with CNES the option of a microsatellite constel-
lation flying in formation with TerraSAR-L (section
2.1.4) was studied.

Figure 2.27 Artist’s view of TerraSAR-L (© Astrium Ltd.).

The snapdragon platform is optimised for and
built around the active phased array antenna of
the L-band Synthetic Aperture Radar (L-SAR). The
L-SAR instrument is based on an 11 m x 2.9 m
active phased array antenna build up of 160
transmit/receive modules (TRMs). This instrument
features on top of standard Stripmap and Scan-
SAR operations, full-polarimetric capabilities,
repeat-pass ScanSAR interferometry and a Wave
Mode.
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Figure 2.28 Block diagram of the calibration section including interfaces to the long-term data base.

As for TerraSAR-X the calibration and verification
of a multi-mode, multi-beam instrument in a
short commissioning phase (in the case of Ter-
raSAR-L only 3 months) is a major challenge re-
quiring new concepts and strategies. Dynamic re-
calibration of the antenna due to graceful degra-
dation of the TRMs throughout the mission life-
time, polarimetric calibration, and ionospheric
propagation effects (most importantly Faraday
rotation) are further issues that had to be cov-
ered.

Therefore, the methodology developed for
TerraSAR-X has also been applied for the Terra-
SAR-L calibration concept [466]. The active an-
tenna has the advantage of the ability to be
mathematically modelled, enabling the antenna
patterns to be accurately computed from the
commanded excitation values, pre-launch an-
tenna and in-orbit TRM characterisation data.
This antenna-model approach puts special em-
phasis on precise pre-launch characterisation and
allows replacing traditional beam-to-beam cali-
bration reducing the in-flight effort to the verifi-
cation of the antenna model and absolute cali-
bration measurements (section 2.3.7).

For in-flight TRM characterisation, a coding
technique like PN-gating for TerraSAR-X has been
designed, that allows taking measurements in a
realistic operational scenario and power supply
load conditions, i.e. all modules are on. Algo-
rithms for polarimetric calibration of different
product levels have been developed including a
combined correction of Faraday rotation in the
case of quad-pol data. For non quad-pol data,
a strategy to detect potential propagation effects
via externally provided TEC maps has been con-

ceived. In the PDR, the robust design of the cali-
bration concept has been confirmed.

Again, in following the TerraSAR-X model for
TerraSAR-L, a dedicated Instrument Calibration
Segment [468] was specified including all the
tools required for instrument and product calibra-
tion and verification, the generation of auxiliary
products required in the ground processor, as
well as for the update of instrument parameter
tables on-board and in the ground segment.

After a successful PDR the TerraSAR-L pro-
gramme has been halted for the time being.
However, enough interest in a European L-band
mission has been created and options for imple-
menting this mission have been actively sought,
our HABITAT (section 2.1.8) proposal in response
to ESA’s last call for new Earth Explorer missions
being the most promising one.

2.1.6 Sentinel-1 and GMES 

As part of the Global Monitoring for Environment
and Security Programme (GMES), ESA is under-
taking the development of Sentinel-1, a Euro-
pean polar orbit satellite system for the continua-
tion of SAR operational applications in C-band
after the ENVISAT/ASAR is decommissioned. The
Sentinel-1 mission requirements have been opti-
mised to enhance the performance and opera-
tional capabilities of the GMES Service Element.

As a member of the industrial consortium the
Institute is contributing the concept for the cali-
bration and verification [465] of the Sentinel-1
SAR system to ESA’s Phase B1 study. The concept
identifies and describes all facilities and activities
necessary to deliver verified and calibrated SAR
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products. It specifies the associated algorithms
and tools and plans the relevant activities.
The Sentinel-1 calibration concept is based on the
methodology developed for TerraSAR-L (section
2.1.5), which is in turn based on the Institute’s
heritage from calibration work on ERS-1, SIR-C/X-
SAR, SRTM, ENVISAT/ASAR, as well as TerraSAR-
X. Consequently, Sentinel 1 will profit from new,
innovative methods shortly to be validated on
TerraSAR-X and briefly described in the following.

Figure 2.29 Life cycle of the antenna model, the key
element in the Sentinel-1 calibration concept.

Antenna Model Approach 

Sentinel-1 is also an advanced multi-mode syn-
thetic aperture radar system providing Stripmap
operation with adjustable swath positions or
Wide Swath modes (both in dual polarisation)
and the Wave mode (single polarisation). This
results in a multitude of beams with different
antenna patterns.

Following the developments for TerraSAR-X
and TerraSAR-L, the Sentinel-1 calibration con-
cept is also built around an antenna model,
which enables the
antenna pattern to
be accurately de-
rived from the
applied excitation
coefficients.

Figure 2.30 Oberpfaf-
fenhofen calibration
facility as a potential
contribution to Senti-
nel-1: Example set-up
for ENVISAT/ASAR
ScanSAR calibration,
indicating ground
target locations
deployed in South
Germany.

The life cycle of this antenna model is shown in
Figure 2.29. It will commence with a definition of
requirements and will then be produced and
validated prior to launch by using ground based
measurements. This activity may involve some
levels of iteration of the model once the valida-
tion has commenced. The validated model will be
available prior to launch, will be verified in orbit
in the commissioning phase and will be used
from commissioning onwards. Input data from
ground based characterisation and in-orbit inter-
nal characterisation will be used to provide the
beam patterns which will be required during data
analysis and image processing.

With the aid of the antenna model, system
calibration can be achieved by a limited number
of in-orbit verification measurements using suit-
able ground targets. In this way the commission-
ing phase can be significantly reduced compared
to the traditional (e.g. ASAR) approach based on
the calibration of individual beams.

Pulse Coded Calibration (PCC) 

The pulse coded calibration is a means of charac-
terising individual rows or modules of an active
antenna while all are operating. The Sentinel-1
instrument is capable of calibrating during each
imaging mode thanks to PCC. The measured
excitation coefficients directly feed into the an-
tenna model for dynamic re-calibration. The PCC
or PN-Gating method (section 2.3.7) was devel-
oped in the Institute [176] and is to be imple-
mented for the first time on TerraSAR-X.

Noise Characterisation 

In an imaging radar system noise not only im-
pacts on the image contrast (radiometric resolu-
tion) but can lead to radiometric errors and im-
age impairment due to noise artefacts.
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Although the resolution cannot be restored in the
data processing, the radiometric bias errors due
to noise can be corrected. A prerequisite is the
characterisation of the system noise level, which
is achieved by collecting data with the radar
transmitter switched off, the so-called receive
only mode. The noise measurements obtained
are adjusted for the system gain and annotated
to each product to allow the user to correct the
radiometric bias if required.

Last December’s approval of the first phase of
the GMES programme includes the continuation
of the preparatory activities and in the case of
Sentinel-1 the full implementation of the mission.
With our current contribution to the Phase B1
study and our long-term experience in SAR cali-
bration we are well prepared to take over re-
sponsibility for the detailed Sentinel-1 system
calibration and verification plans, design and
development of the required tools and facilities
but also for the planning and execution of the
campaigns in the commissioning phase. For the
latter the Institute is well equipped [328] with
calibration targets and operates and maintains a
large calibration site in Southern Germany (Figure
2.30).

2.1.7 Advanced Land Observing 
Satellite - ALOS 

ALOS, an enhanced successor of the Japanese
Earth Resources Satellite 1 (JERS-1), was launched
from JAXA’s Tanegashima Space Center in Janu-
ary 2006. ALOS operates from a sun-synchronous
orbit at 691 km, with a 46-day recurrence cycle
carrying a payload of three remote sensing in-
struments: the Panchromatic Remote Sensing
Instrument for Stereo Mapping (PRISM), the Ad-
vanced Visible and Near-Infrared Radiometer type
2 (AVNIR-2) and the polarimetric Phased Array
L-band Synthetic Aperture Radar (PALSAR).

Figure 2.31 The Advanced Land Observing Satellite - ALOS
(© JAXA).

The PALSAR sensor has the capacity to operate
with a wide range of off-nadir angles and resolu-
tions in a single-, dual-, and quad-pol mode.
However, four modi have been prioritised for a
simplified observation scenario:
- Single-polarisation (HH),

@ 34.3 deg. and 10 m resolution;
- Dual-polarisation (HH-VH or VV-HV),

@ 34.3 deg. and 20 m resolution;
- Quad-polarisation (HH-HV-VH-VV),

@ 21.5 deg. and 20 m resolution;
- ScanSAR single-polarisation (HH) and 100 m

resolution.
The main characteristics of the quad-pol mode
are summarised in Table 2.3.

Table 2.3 Parameters of the PALSAR quad-pol mode.

The Institute is involved in science, calibration and
validation activities of the ALOS project. It is part
of the international science team of JAXA’s Kyoto
&Carbon (K&C) Initiative. A MoU signed between
JAXA and DLR establishes the framework of the
K&C cooperation. Furthermore, the Institute is a
member of JAXA’s international Calibration and
Validation team and supports ESA’s calibration
and validation activities of ALOS-PALSAR prod-
ucts distributed by the European ADEN node.

The Kyoto & Carbon Initiative 

The Kyoto & Carbon Initiative is an international
collaborative project and forms the continuation
of JAXA's JERS-1 SAR Global Rain Forest and
Global Boreal Forest Mapping project (GRFM/
GBFM) into the era of ALOS. The initiative is set
out to support explicit and implicit data and in-
formation needs raised by international environ-
mental Conventions, Carbon Cycle Science and
Conservation of the environment (CCCs).
This Initiative is led by JAXA which is responsible
for management, data acquisition, processing
and distribution. Product development is under-
taken jointly by JAXA and an international sci-
ence team that involves academic and research
organisations from 13 countries. The initiative is
structured around three main thematic areas

RF-center frequency 1.270 GHz (L-band)
System bandwidth 14 MHz
Sampling Frequency 16 MHz
PRF 1500-2500 Hz
Transmit Peak Power 2 kW
Incidence Angle 21.5º (selective on 18.5º)
NESZ < - 31dB
Observation Swath 30.6 Km (@ 21.5º )
Range Resolution 31.2 m (ground range @ 21.5º)
Azimuth Resolution 20 m (4 looks)
A/D Convertion 5 bit
Data Rate 249 Mbps
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(Forests, Wetlands and Desert & Water). The
Forest Theme is focused on supporting the
UNFCCC Kyoto Protocol and the part of the car-
bon research community concerned with CO2

fluxes from terrestrial sinks and sources. Key ar-
eas considered include the mapping of land cover
(forest), forest change, biomass and structure.
Within the Forest Theme the Institute is leading
the scientific activities on Polarimetric SAR Inter-
ferometry (Pol-InSAR) techniques [368] and coor-
dinating the Forest Height Map Product (Figure
2.32), i.e. the demonstration of pre-operational
forest height map generation in ALOS terms.

The Forest Height Map Product  

Based on repeat-pass quad-pol interferometric
SAR data acquired by the ALOS/PALSAR sensor -
during its early calibration/validation phase -
model based estimation of forest height is pro-
posed. In order to improve the estimation accu-
racy, the observation vector is planned to be
extended, including the two dual-pol single-
baseline data sets acquired in the later
ALOS/PALSAR operation phase.

The expected temporal decorrelation effects
will reduce the estimation performance of forest
height significantly. Nevertheless, ALOS provides,
for the first time, the possibility to demonstrate
and evaluate the new methodology of Pol-InSAR
on a global scale. For this, 60 study sites world-
wide have been selected covering a wide range
of forest structural types, ranging from tropical
rainforest to low open woodlands. The main
tasks in the K&C frame are:
- Inversion methodology development adapted

/optimised to the actual ALOS data acquisition
scenario.

- Product generation and validation (in coopera-
tion with local investigators) for a number of
selected study sites world-wide.

In case of a successful demonstration, it is
planned to carry out a dedicated Pol-InSAR ex-
periment in a later phase of the ALOS mission. If
the inversion performance does not justify a
dedicated Pol-InSAR, experiment the focus will be
on the evaluation of the selected test sites with
the goal to define the system requirements for a
dedicated, mission as proposed with HABITAT
(section 2.1.9) in response to ESA’s call for ideas
for the Next Earth Explorer Missions.

Pol-InSAR Product Calibration and Validation 

Within the framework of the international JAXA
calibration/validation group the Institute is re-
sponsible for calibration and validation of Pol-
InSAR data and products. The main challenge
faced in calibration of the interferometric coher-
ence is the separation of system, propagation,
processing, and calibration induced decorrelation
contributions from decorrelation, due to the
structure and temporal instability of the scatterer.
The estimation of these decorrelation contribu-
tions is essential for isolating the volume (i.e.
vertical spectral) and temporal decorrelation con-
tributions that contain the physical information
used in parameter inversion and classification
algorithms.

Figure 2.33 Corner reflectors of this type with 1.5 and
3 m side length will be used for PALSAR product verification.

Verification of PALSAR products distributed 
by the European ADEN Node 

Another important contribution to the ALOS
mission is the verification and validation of
PALSAR products distributed by the European
ADEN node. Under a contract with ESA/ESRIN,
the Institute has to assess ALOS/PALSAR data
quality during the commissioning phase of the
instrument and to provide a set of algorithms for
quality control throughout the mission lifetime.

Figure 2.32 Forest height map (Fichtelgebirge/Germany)
derived from E-SAR data using Pol-InSAR techniques.
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Software tools to be developed and implemented
include point target analysis, distributed target
analysis, geometric analysis, antenna pattern
estimation, polarimetric analysis and the estima-
tion and analysis of propagation effects. The
framework for this tool set is the in-house devel-
oped CALIX software (also section 2.3.7), which
is our standard calibration and verification envi-
ronment also being used within the IOCS for
TerraSAR-X.

During calibration and verification campaigns,
active and passive calibrators (transponders, di-
hedral and trihedral reflectors, Figure 2.33) will
be deployed as external references, providing
well-defined point target responses for product
quality assessment.

Since PALSAR is the first fully polarimetric
spaceborne L-band sensor, propagation effects
are important new issues to be addressed. The
main challenge is to assess the influence of the
ionosphere on the polarisation, known as Faraday
rotation. This effect depends on the Total Elec-
tron Content (TEC) in the ionospheric layer below
the ALOS spacecraft and is proportional to the
wavelength squared. Being negligible for X-band
sensors, Faraday rotation is significant in L-band
and can reach up to 100o with a pronounced
diurnal variation and a strong dependence on
solar activity during the 11-year solar cycle.

After the successful launch JAXA is currently
performing early functional check-outs. First ac-
quisitions over our Pol-InSAR and calibration test
sites are envisaged for April and the detailed
planning of the campaigns has started. First re-
sults are expected in summer 2006. The PALSAR
product verification activity for ESA will be fin-
ished early 2007.

2.1.8 Multi-Application Purpose SAR 
- MAPSAR 

The Brazilian-German MAPSAR mission is a pro-
posal for a light (500 kg class satellite) and inno-
vative L-band SAR sensor, based on INPE´s Multi-
Mission Platform (MMP). The main mission objec-
tives are the assessment, management and moni-
toring of natural resources. The mission is cur-
rently being investigated by INPE and DLR in a
Phase A study as a follow up on a preceding
successful pre-phase A study [55]. The initiative
of the joint study of a small spaceborne SAR is a
consequence of a long term Brazilian-German
scientific and technical cooperation that was
initiated between INPE and DLR in the seventies.

User Requirements 

The MAPSAR mission is tailored to optimally sup-
port the potential user groups in both countries,

taking into account distinct aspects of specific
applications. A first workshop with potential end
users of MAPSAR in Brazil was conducted to
develop requirements and recommendations
aiming at a joint DLR - INPE spaceborne SAR pro-
gramme. The consensus of the Brazilian working
group was that a spaceborne SAR mission will
provide a powerful new tool to acquire data and
to derive important and unique information of
vegetated terrain of the Amazon region. Due to
the enormous scarcity of up-to-date information,
which is fundamental for planning and strategic
decision-making about environmental assess-
ment, management and monitoring of natural
resources in the Brazilian Amazon, the proposed
light spaceborne SAR initiative should be strongly
oriented to a quasi-operational (“application-
oriented”) system. This is dedicated to thematic
mapping purposes for topography, vegetation
and deforestation, geology, hydrology, etc.

A second workshop of potential MAPSAR end
users was conducted in Germany to merge the
final user requirements of both countries as the
basis for the sensor and satellite design within
the Phase A study. The workshop revealed that
the Brazilian applications are also of high interest
to the German potential user community. Addi-
tional applications, which are of specific impor-
tance for the German user side, such as biomass
estimation, disaster monitoring and security,
complement the Brazilian disciplines. The com-
mon aim is a global biomass mapping mission
covering major forest biomes of the globe (tropi-
cal and boreal regions). This requires the capabil-
ity of polarimetry and interferometry SAR
(Pol-InSAR) for forest height estimation, which is
directly related to forest biomass using allometry.

Due to the INPE´s Multi-Mission Platform per-
formance (mass, power generation, geometric
envelope and data rate), main limitations were
imposed upon the satellite configuration: use of a
single frequency and a light weight antenna. The
resulting reflector antenna concept limits the
maximum instantaneous swath width to ap-
proximately 55 km (Table 2.4).

Table 2.4 MAPSAR mission parameters taking into account
user requirements and Multi-Mission Platform constraints.

Frequency L-band
Polarisation Single, dual and quad
Incidence Interval 20° - 45°
Spatial Resolution 3 – 20 m
Swath 20 – 55 km
Orbit Inclination Sun-synchronous
Coverage Global
Look Direction Ascending/descending
Revisit Weekly
Data Access Near real time
Additional Requirement Stereoscopy & Interferometry
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Mission Design 

The wide spread applications require different
radar polarisations and different spatial resolu-
tions. Furthermore, stereoscopy and interferome-
try require different orbit repetition cycles and
coverage sequences. Nevertheless, the disciplines
can be optimised for two different orbit heights
in order to get appropriate coverages. In both
cases, sun-synchronous orbits are recommended
for technical reasons. Considering the require-
ments of the Brazilian Multi-Mission Platform and
the SAR sensor, it was concluded to concentrate
the investigations on orbits heights between 600
and 620 km.

MAPSAR Satellite 

The L-band SAR sensor is based on a reflector
antenna concept. The main advantage is the
possibility to realise full polarisation and high
bandwidth with low technological risk at low
cost. The MAPSAR satellite utilizes a modular
concept, consisting of a payload module on top
of a Multi-Mission Platform. Figure 2.34 shows
an artist’s view of the satellite configuration
without the foldable main reflector.

Figure 2.34 MAPSAR in-orbit satellite configuration.

A key problem for an L-band SAR is the large
antenna size compared to higher radar frequen-
cies. Reducing the antenna dimensions as far as
possible is mandatory under the launcher and
platform constraints. A Cassegrain configuration
with an elliptical foldable parabolic main reflector
with 7.5 m length in azimuth and 5 m width in
elevation was considered. Neither the subreflec-
tor mounting, nor the horn type prime radiator
need to be folded. The resulting antenna gain in
combination with a low orbit allows very good
sensitivity with a reasonable power budget.

The mechanical concept for the antenna main
reflector was identified as one of the critical
technologies. It was developed in a co-operation
with the Institute of Lightweight Structures of the
Technical University of Munich. The reflecting
surface is a triaxially woven fabric of carbon fibre
reinforced silicone (CFRS). The material is ex-
tremely light and fully space qualified. The sup-
port structure consists of CFRS rib membranes,

which are deployed and stiffened with a panto-
graph mechanism. Figure 2.35 shows the princi-
pal of the deployment mechanism.

Figure 2.35 Pantograph supported deployment mecha-
nism for the MAPSAR antenna main reflector.

The high power amplifier for generation of the
radar pulses was identified to be the second criti-
cal technology for the overall concept. A space
qualified amplifier in the class of 1 kW is not yet
available on the market. A new design was de-
veloped based on combining the power of four
space qualified travelling wave tube (TWT) ampli-
fiers with 250 W output power each (Figure
2.36). The power combining is done in wave
guide technology where the second stage is di-
rectly performed in the orthomode transducer of
the L-band horn. The power combining is con-
trolled by low power phase shifters driving the
TWTs. This concept also avoids high power
switching mechanisms by using polarisation syn-
thesis. The phase of one channel is switched
between 0° and 180° for alternating radar pulses.
This results in two independent polarisations
which are tilted 45° against the horizontal plane.
In the receive path of the instrument the phase
switching is compensated and the final rotation
of the polarisation matrix will be done in the SAR
processor. The preliminary integration concept of
the radar hardware in the payload module is
depicted in Figure 2.37.

Figure 2.36 Power combining and polarisation synthesis
in the MAPSAR radar payload.
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Figure 2.37 Concept for the integration of the key com-
ponents of the radar instrument in the payload module.

Table 2.5 presents a summary of the estimated
mass budget for the MAPSAR payload. The total
mass of 282 kg is just compatible with the speci-
fied value of the Multi-Mission Platform. The total
mass of the satellite is estimated to be 532 kg. In
terms of dimensions, the payload layout is com-
patible with the majority of MMP considered
standard launcher family.

Table 2.5 MAPSAR payload estimated mass budget.

Sub-System Mass [kg] 
Mechanical Structure 30
Thermal Control 4
Antenna Reflectors & Feed 85
Radar instrument incl. harness 121
Data Storage & Transmitter 42
Total Mass 282

MAPSAR represents an innovative small L-band
SAR mission with a high degree of innovation in
the design of the small SAR payload, the reflector
antenna, and with remarkable sensor perform-
ance. The applications will take advantage of
high spatial resolution L-band SAR with enhanced
capabilities (polarimetry, stereoscopy, interfer-
ometry), particularly suitable for the Amazon
region and boreal forest operations. The MAPSAR
initiative aims at providing a “public good” ser-
vice, not excluding commercial aspects. System
deployment after phase A completion is esti-
mated to be in five years, which leads to a possi-
ble system operation in 2011. The Phase A study
is planned to be finished by mid 2006 and op-
tions for a continuation into follow-on phases are
being investigated.

2.1.9 HABITAT Earth Explorer 
Mission 

In response to ESA’s Call for Ideas for the Next
Earth Explorer Core Missions in March 2005 the
Institute, together with nine European academic
partners, supported by an international team of
associated scientist and in close cooperation with
European industrial partners proposed HABITAT
(Hazard & Biomass Interferometric SAR Observa-
tory [562]): a mission to contribute to the study
of forest ground cover and ground motion.

HABITAT will use an innovative bistatic radar
configuration consisting of a dual-polarised
L-band SAR illuminator accompanied by three
passive microsatellites operating in single-pass
interferometric mode, quad-polarisation, and
with two spatial baselines. HABITAT will establish
a significant contribution to the understanding of
the carbon cycle by mapping above ground forest
biomass stock and the dynamics of all key forest
biomes globally. HABITAT is also optimised with
respect to wetland mapping and measuring the
ground motion caused by earthquakes and vol-
canoes on a global scale, even in the presence of
vegetation. Thus, within HABITAT, three scientific
objectives are enabled by the same technology.

The Institute is responsible for the coordina-
tion and development of the Pol-InSAR compo-
nent within the forest biomass estimation theme
and supports mission design and operation activi-
ties.

Forest Biomass Estimation 

The estimation of above ground forest biomass in
terms of HABITAT is a two step procedure:
- Model based estimation of forest height and

basal area from InSAR coherence.
- Biomass estimation from the obtained forest

height and basal area estimates.

Biomass Estimation: Forest (stand) biomass is
given by the product of basal area (i.e. the cross-
section area of all trees per unit area), basal area
weighted forest height, and density. This biomass
measure conforms with the stem volume stan-
dard in the forestry applications and compatible
with most national and international forest inven-
tories. Total above-ground forest biomass which
also includes branches, leaves, and depending on
the definition, standing dead trunks and under-
growth, is typically calculated from stem biomass
estimates through the use of biomass expansion
factors. Accordingly, the estimation of forest
height and basal area allows a direct estimation
of above ground forest biomass.
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Estimation of Forest Height & Basal Area: The
estimation of both forest height and basal area
from the individual interferometric coherence
components is based on the inversion of the
Random Volume over Ground (RVoG) scattering
model. Accordingly, forest height can be esti-
mated with an accuracy of 10-20% largely inde-
pendent of terrain and/or forest conditions and
does not rely on any a-priori information (section
2.2.4).

Via discontinuities in the horizontal structure
of the canopy layer of the RVoG model it is pos-
sible to introduce an “area fill factor” in the
model, which, in open canopy forests, is directly
related to forest basal area. Due to the different
temporal stability of bare and forested ground it
is now possible to relate temporal decorrelation
to the ratio of stable/non-stable, i.e.bare/forested
contributions, by using this discontinuous RVoG
model. This allows, in the case of a repeat-pass
interferometric system and in the absence of any
volume decorrelation effects arising from non-
zero spatial baseline components, to estimate
basal area from interferometric measurements.
Model-based estimation of the “area fill fac-
tor”/basal area and its relation to forest stem
volume and forest biomass have been demon-
strated with an accuracy of 10-30% in several
studies on boreal forest at C-, and L-band by
means of ERS-1, ERS-2 and JERS-1.

Earth Quakes and Volcanoes 

L-band SAR interferometry is also ideal for large
scale high resolution ground motion measure-
ments. To realise this potential, HABITAT will
provide global coverage and a dense time series
of measurements, a narrow orbital tube to mini-
mize topographic noise and spatial decorrelation,
a wide bandwidth to reduce ionospheric noise by
split-channel processing, precise orbital knowl-
edge from on-board GPS, and left- and right-
looking capability to improve 3-D motion recon-
struction.

2-D motion retrieval of the ground surface re-
quires ascending and descending right-looking
image acquisitions for all targets. The North-
South (NS) component of the motion will be
recovered by either combining left and right look-
ing acquisitions or by using incoherent speckle
tracking, if possible in connection with a spot
mode to improve the azimuthal resolution of the
system. Using temporal stacking, about 3 years
are required to reduce the atmospheric noise
level to 1 mm/10 km/year. This contribution could
alternatively be estimated and removed using
stable reference points.

Wetlands

The diversity of wetland environments presents
significant challenges for an observation strategy.
HABITAT’s multi-temporal L-band Pol-InSAR data
acquisitions provide optimal opportunities for
wetland characterisation, mapping and monitor-
ing, and represent a complement to other data
sources (e.g., optical data). Key elements of the
wetlands science plan include
- detection of open water, inundated forest and

macrophytic vegetation,
- retrieval of vegetation biomass (up to ~60-

80 t/ha) through empirical relationships or us-
ing inversion modeling,

- retrieval of structure (incl.vegetation height)
using backscatter and interferometric data,

- detection of change (e.g., seasonal inunda-
tion, deforestation, rice cultivation, freeze-
thaw cycles, flooding) through comparison of
multi-date imagery.

By integrating the information provided by
HABITAT, the process of characterising and map-
ping wetlands will be refined.

Technical Concept 

The HABITAT space segment is built on TerraSAR-
L for the main spacecraft and the Cartwheel mi-
cro satellites for the bistatic receivers. Both sys-
tems have been studied up to PDR level and dif-
ferent concepts for close formation flying have
been investigated (section 2.1.4). The formation
will be operated at a mean altitude of 648 km in
a near-polar, sun-synchronous, dawn-dusk orbit
with an 18-day repeat cycle. Orbit maintenance is
required to ensure repeat passes within a 250 m
orbital tube.

The TerraSAR-L snapdragon platform is built
around the 11 m x 2.86 m active phased array
antenna of the L-SAR operating in standard
Stripmap and interferometric ScanSAR modes at
up to 85 MHz bandwidth. At least three microsa-
tellites flying in formation (along-track distance
20-100 km) with the main transmitter and acting
as bistatic receivers enable single-pass interfer-
ometric acquisitions unaffected by temporal
decorrelation effects. The TerraSAR-L Cartwheel
study revealed the importance of formations
providing simultaneously multiple baselines,
which are also necessary to achieve the required
performance in forest biomass retrieval from
Pol-InSAR. Elegant solutions for the acquisition of
such a second baseline are the Trinodal Pendu-
lum or the Two-Scale Cartwheel.
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Mission Operation Scenario  

The HABITAT system is capable of achieving the
primary mission objectives in 5 years of nominal
mission duration. The basic approach dedicates
distinct repeat cycles to either one or the other
objective, i.e. for most (up to 14) of the 20 yearly
repeat cycles monitoring of seismically active
zones or volcanoes is carried out using only the
main satellite in D-InSAR mode, whereas the
biomass mapping requires 6 repeat cycles per
year in bistatic quad pol operation for bi-annual
coverage of all forest areas. Wetlands will be
covered by both: quad-pol mode for detailed
characterisation and D-InSAR mode in its dual-pol
option for monitoring.

Figure 2.38 HABITAT areas of interest: green: biomass –
blue: earthquakes & volcanoes – red: combined.

A sustainable data reception and distribution
scenario can be established assuming the
TerraSAR-L baseline of three ground stations
providing an average contact time of
20 min/orbit. Serving the different mission objec-
tives with distinct operation modes in separate
acquisition cycles and over separate areas of in-
terest (Figure 2.38) guarantees an observation
strategy that completely safeguards the multiple
objectives. The main products expected from
HABITAT are summarised in Table 2.6.

Table 2.6 Potential HABITAT products; the observation
interval (i.e. mission duration) is 5 years.

ESA’s evaluation process and final endorsement
of missions for assessment study by the Earth
Observation Programme Board will be completed
in late spring 2006. Up to six mission concepts
will be selected to go into a Phase A study.

2.1.10 Reconnaissance Systems 

The information demand for future spaceborne
reconnaissance systems can only be covered by
multi-sensor systems on different satellite plat-
forms. Current spaceborne reconnaissance sys-
tems are optimised only to a limited number of
selected parameters, e.g. type of the sensor,
revisit time, incidence angle, etc. Future recon-
naissance missions have to be provided with im-
aging capabilities independent of weather and
time (SAR), capabilities for heat detection (IR) and
material determination (hyper-spectral). Multi-
sensor systems with very high spatial and radio-
metric resolution cannot efficiently be integrated
on a single platform, because of different image
acquisition geometries, platform size and re-
sources. Figure 2.39 shows a possible generic
scenario for such a multi-platform system consist-
ing of image (IMINT), signal (SIGINT) and human
(HUMINT) intelligence sensors on different
ground, air and space based platforms.

Figure 2.39 Multi-platform reconnaissance system con-
sisting of different information sources (IMINT, SIGINT and
HUMINT) and data links to dislocated ground stations.

For analysing and increasing the efficiency of
existing and future reconnaissance systems (also
valid for civil earth observation), the design and
development of tools to simulate the interactions
between the single elements of the complete
system is necessary. An end-to-end simulation
concept was realised with the main focus on the
principal user needs (Figure 2.40). The modular
simulation concept guarantees the necessary
continuous flexibility. It can presently handle
nearly all possible platforms e.g. cars, trucks,
airplanes, UAVs, ships, and spacecraft in a wide
variety of scenarios.

The two major parts of this tool are the mis-
sion simulator and the SAR end-to-end simulator.
With respect to given user requests the tasks of
the mission simulator are to plan and analyse the
geographical or time dependent coverage of the
regions of interest and to optimize the mission
with regard to major aspects, like platform re-
sources, and sensor characteristics.

Products Accuracy Resolution 
[m2]

Observation 
Frequency 

Forest Height 10 – 20% 50 x 50 6 months
Basal Area 20 - 40% 50 x 50 6 months
Biomass 10 – 20% 50 x 50 6 months
Carbon 10 - 20% 50 x 50 6 months
Forest Change 5% 50 x 50 18 days
Ground Motion mm 50 x 50 18 days
3-D Motion mm 5 x 5 18 days
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The SAR end-to-end simulator has the task of
generating a simulated SAR image from an opti-
cal image, another radar image or a map. The
simulator consists of modules for target and sce-
nario generation, modelling the platform and
sensor behaviour, processing of the simulated
raw data, and analysing the simulated image
quality. Further tools for assistance of the simula-
tor are the parameter generator, which is suited
for a very first design of a spaceborne SAR sys-
tem, and the performance estimator, which can
predict the image quality parameters to be ex-
pected very exactly without processing the raw
data. The block diagram of the complete end-to-
end simulation concept is displayed in Figure
2.40. The SAR end-to-end simulator is described
in more detail in section 2.3.5.

Figure 2.40 Generic reconnaissance system simulation
concept; the mission simulator generates the principal geome-
try for the SAR end-to-end simulator according to the user
requirements.

Mission Simulator 

The mission simulator is a tool to simulate a
complete multi-platform reconnaissance system
considering multi-user aspects. The user can de-
fine different multi-mission scenarios and system
constraints. The tool allows geographical cover-
age analyses, field of view analyses, global cover-
age and contact calculations, as well as time
dependant coverage analyses, like the calculation
of response time, revisit times and image infor-
mation age. These results can be used for sub-
sequent mission optimisations. Finally, the mis-
sion planning capability can be used to optimize
multi-user driven imaging requests for different
parameters, like number of images or short time
intervals between image acquisition and image
delivery to the user’s ground segment. The analy-
ses are supported by external data bases, which
can communicate with the mission simulation via
existent interfaces. It is also possible to carry out
collision analyses with space debris using the
NORAD data base or predicting shadowing ef-
fects, if a digital elevation model of the area of
interest with sufficient resolution and quality is
available. The functions are shown in Figure 2.41.

Figure 2.41 Scheme of mission simulator displaying the
data flow from user inputs to different simulation results
supported by external data bases.

As shown in Figure 2.42, the mission simulator
consists of the four core modules: the mission
analyser, the mission planner, the satellite simula-
tor, and the coverage analysis tool, which is sup-
ported by commercial orbit propagators. To ana-
lyse external scenarios, the mission simulator
provides an interface to two commercial software
tools, the Satellite Tool Kit (STK) and the
FreeFlyer.

Figure 2.42 Modular design of the mission simulator with
the four core modules: mission analysis tool, mission planning
tool, satellite simulator, Coverage Analysis Tool (CAT) and
interfaces to COTS software products.

Mission Analysis Tool 

Using the mission analysis tool all parameters of a
simulated mission can be calculated and ana-
lysed. For example it is possible to make a cover-
age analysis of an area of interest to determine
the revisit time of the system. Figure 2.43 shows
a coverage analysis for Brazil produced for the
MAPSAR project [183], [202] (section 2.1.8).

Further analysis examples are the determina-
tion of the system response time, the image in-
formation age, and the field of view analysis of
moving or stationary sensors. Figure 2.44 shows
the result of the contact analysis of a satellite
ground segment considering local terrain aspects.
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Figure 2.43 Coverage analysis for the MAPSAR mission.
The colour scale indicates the different region-dependent
revisit times for Brazil.

Figure 2.44 Ground station contact analysis with a limited
field of view caused by high trees in the ground station area.

In addition, the mission analysis tool is able to
calculate the necessary input parameters for the
mission planning tool, like ground station con-
tacts, inter-satellite data link contacts and con-
tacts to other platforms mentioned above. If a
DEM is available, the calculation of the contact
times also considers the three dimensional geo-
graphical coordinates. For better visualisation, the
overlay or registration of the scene with a satellite
image is possible.

Mission Planning Tool 

The mission planning tool can be used for the
definition, design and analysis of multi-user
driven multi-mission and multi-platform scenar-
ios. Starting with a list of orders generated by the
user, the coordinates of all targets on the order
list will be converted by a target generator to a
special format readable by the mission planning
tool. In a second step, all possible contacts of the
satellites to one or more ground stations and to
all targets are calculated. Considering the con-
straints given on the resources of the system (e.g.
power, data storage, priority of orders, etc.), the
mission scheduler creates an optimised schedul-

ing and shows it within a result list. The results
are displayed graphically. A further feature is the
option to prioritize particular orders. The mission
plan can be optimised by iterations (Figure 2.45).

Figure 2.45 Work-flow of the mission planning tool:
satellite images with different priorities requested by the user,
are pre-calculated by the mission simulator (access times,
commanding and download times) and then optimised by the
mission scheduler by time to get the best mission plan.

Satellite Simulator 

The satellite simulator models the most important
satellite sub-systems and can be used to calculate
the satellite system driven constrains of the re-
connaissance system required for the mission
analysis, optimisation and planning activities.
Presently, five of the satellite subsystems are
modelled: the SAR sensor imaging geometry and
field of view aspects, the orbit control system, the
power system, the attitude control system, and
the data storage system. These five systems sig-
nificantly influence the capability of the recon-
naissance system regarding the feasibility and
number of orders, geographical location of the
targets, and system response time. As an exam-
ple Figure 2.46 depicts an image acquisition ma-
noeuvre of a SAR reconnaissance system, show-
ing the important coordinate systems. The satel-
lite has to be manoeuvred from its nominal mode
to the image acquisition location by pre-defined
quaternion files considering the speed and accel-
eration constraints. The simulation of the ma-
noeuvre allows the analysis, if the image coordi-
nates have been hit by the SAR beam within the
required constraints. These aspects are very im-
portant for platforms with reflector antennas and
mechanical beam steering.

Coverage Analysis Tools (CAT) 

The coverage analysis tool contains several mod-
ules for the valuation of alternative mission con-
cepts concerning complete sensor coverage as-
pects. The CAT was developed by the Institute
and is based on the Microsoft Excel environment
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for the graphic user interface (GUI) in combina-
tion with interfaces to the mission simulator. The
current version includes capabilities for analysis of
orbit nodal drift aspects, latitude dependent cov-
erage and especially, investigation of information
age and the system response time which can be
achieved for the image products from reconnais-
sance satellites [610]. It is important for the valid-
ity of the calculated results that as much as pos-
sible operational constraints are considered, such
as available satellite data storage, minimum time
between two satellite target accesses and other
user or satellite defined access restrictions.

Figure 2.46 Image acquisition manoeuvre of a SAR
reconnaissance satellite with a reflector antenna simulated
and analysed with the satellite simulator using a pre-
calculated quaternion file.

Simulation Example of a Multi-Platform 
Reconnaissance System 

The following example demonstrates the simula-
tion of a multi-platform reconnaissance mission
consisting of two satellite platforms with a SAR
payload on each [445]. In Figure 2.47 for exam-
ple, the Canadian Radarsat-2 with a moderate
spatial resolution detects an unknown ship near
the coastline. The acquired image is transferred
via a geostationary communication satellite to the
ground station, where a SAR image is generated.
The position and the velocity vector of the ship
can be determined. A short time later after the
analysis of the data, a high resolution reconnais-
sance system is commanded to acquire an image
with sufficient resolution for the identification of
the ship, the determination of the technical char-
acteristics and activities.

One of the main objectives of the ongoing
developments of the mission simulator is to pro-
vide an automated, optimised mission planning
and design tool for future multi-sensor reconnais-
sance missions and satellite constellations [441].

The developments will focus on a corresponding
simulation tool and an operations plan optimizer.
The corresponding boxes of the work-flow are
marked blue in Figure 2.48.

Figure 2.47 Multi-mission reconnaissance system consist-
ing of Radarsat-2 and an additional high resolution imaging
system.

Figure 2.48 Work-flow of the next generation mission
planning tool.

This simulation module will contain new features,
like an integrated sensor performance analysis
tool with different constellation configurations,
different target and mission scenarios and with
the possibility to consider inter-satellite links for
commanding, as well as for data transmission.

The operations plan optimizer will be a com-
pletely new developed module that extends the
presently used first-in first-out (FIFO) planning
method. It will allow the optimisation of multiple
mission objectives and calculates optimal solu-
tions driven by specific performance figures of
merit e. g. the minimisation of system time re-
sponse, the minimisation of the information age,
the maximisation of the number of data-takes in
a given time span, etc.
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These goals will be  realised by modification and 
development  of  existing  constraint  satisfaction 
techniques  to  fit  them  to space operations plan-
ning and  scheduling problems. Different optimi-
sation  techniques  for  constraint  satisfaction  op-
timisation  problems  will  be  compared,  such  as 
combinatorial  optimisation  approaches,  determi-
nistic and heuristic approaches and genetic algo-
rithms.  They  will  be  realised  in  the  operations 
plan optimizer module. 

The final version of the mission simulator will 
be  an  end-to-end  simulation  environment  for 
reconnaissance  systems,  to  be  used  during  sys-
tem  studies  and  development  phases,  system 
analyses  and  realisation,  and  finally  to  support 
the system operations. 
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2.2 Airborne SAR 

2.2.1 Experimental SAR  -  E-SAR 

E-SAR identifies the DLR airborne Experimental
Synthetic Aperture Radar system which is oper-
ated by the Microwaves and Radar Institute in
cooperation with the DLR flight facilities on-board
a Dornier DO228-212 aircraft (Figure 2.49 and
Figure 2.50). Being developed in the Institute,
E-SAR delivered first images in 1988 in its basic
system configuration. Since then the system has
been continuously upgraded to become what it is
today: a versatile and reliable workhorse in air-
borne Earth observation with applications world-
wide.

The DO228 is a twin-engined short take-off and
landing aircraft. The landing strip must have a
minimum length of about 900 m. The cabin is
not pressurised. It can carry up to 1000 kg of
payload. Special modifications (28 VDC and
220 VAC instrumentation power supply, hard-
points, bubble windows, circular mounts in the
roof, and a floor bay with a roller door) make it
ideal for scientific instrumentation. The opera-
tional cost is comparatively low.

The maximum operating altitude with E-SAR
onboard is about 6000 m above sea level. For
SAR operation the ground speed ranges from
140 kt to 200 kt. Depending on the SAR configu-
ration the endurance varies between 2.5 and 4
hours.

E-SAR operates in 4 frequency bands (X-, C-,
L- and P-band), hence it covers a range of wave-
lengths from 3 to 85 cm. The polarisation of the
radar signal is selectable, horizontal as well as
vertical. In polarimetric mode the polarisation is
switched from pulse to pulse in (HH-HV-VV-VH)
sequence. E-SAR technical parameters are listed
in Table 2.7.

Table 2.7 E-SAR technical parameters.

 X C L P 

RF [MHz] 9600 5300 1300 350

Bw [MHz] 100 or 50 (selectable)

Sampling 6 or 8 bits, complex (I and Q)

Data rates 8 or 16 MByte/s (selectable)

Rg res. [m] 2 or 4 (selectable)

Az res. [m] 0.25 0.3 0.4 1.5

Rg cov. [km] 3 or 5 (selectable)

E-SAR offers high operational flexibility. The
measurement modes include single channel op-
eration, i.e. one wavelength and polarisation at a
time, and the modes of SAR Interferometry and
SAR Polarimetry. The system is polarimetrically
calibrated in L- and P-band. SAR Interferometry is
operational in X-band (XTI and ATI). Repeat-Pass
SAR Interferometry in combination with po-
larimetry is operational in L- and P-band.

A real-time D-GPS/INS System (IGI CCNS4/
Aerocontrol IId) combined with a FUGRO Om-
niStar 3000L D-GPS receiver allows most precise
navigation and positioning. E-SAR is hence able
to generate geocoded image products of very
high geographical precision. Repeat-Pass SAR
Interferometry at baselines of less than 10 m is
possible, allowing the realisation of advanced and
innovative techniques like Pol-InSAR and tomo-
graphy as well as coherent change detection. An
example for the precision in flight track mainte-
nance is shown in Figure 2.51. Three consecutive
passes of about 6 minutes duration each were
flown with a nominal baseline of 5 m.

Part of the sensor system is an operational
E-SAR ground segment. After transcription from
HDDC (SONY SD-1) to hard disk drive the E-SAR
Extended Chirp Scaling (ECS) processor converts
the SAR data to calibrated image data products
(refer to section 2.2.2 for details). To increase the
product quality level to CEOS level 1b, radiomet-
ric and polarimetric calibration, DEM generation
and geocoding are operationally implemented.

Figure 2.49 E-SAR onboard DLR’s Dornier DO228-212
aircraft touching down after a successful measurement flight.

Figure 2.50
View inside the
cabin of the
DO228 aircraft.
The racks are
approx. 1.2 m
high.
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For calibration trihedral radar corner reflectors are
set up on the Oberpfaffenhofen airfield, the
premises of DLR and in the neighborhood. Their
size varies between 0.9 m and 3 m leg length.
The geographical positions are precisely known.

Finally, the ground segment is completed by
DLR’s DIMS archiving system and the EOWEB
internet portal, which provides a user access
point.

Figure 2.51 Repeat-pass SAR interferometry baselines
achieved during INDREX-II campaign in Indonesia. Deviations
are less than 1 m (rms) for each of the 3 passes with a
nominal horizontal baseline of 5 m.

E-SAR System Upgrades 

New P-band (300 to 400 MHz) – Wideband
low frequency SAR is highly susceptible to radio
frequency interference. Such interference was
discovered in P-band in the range from 400 to
500 MHz, which in Europe is fairly crowded with
TV broadcasting stations. To achieve better image
quality the center frequency was shifted to
350 MHz.

Figure 2.52 The new E-SAR P-band front-end block diagram.

A new P-band subsystem was built, including
antenna, IF converter and front-end sections
(Figure 2.52). The P-band antenna is described in
section 2.3.8 [223][225]. In 2003 the first flight
tests were executed. The image quality proved to
be very good in terms of geometric and radio-
metric resolution as well as SNR and RF interfer-
ence level. An image example is shown in Figure
2.53 with a single-look resolution of about
2.2 m x 2 m (range x azimuth).

Step Frequency – Technology still imposes some
limits on radar chirp bandwidth, mainly if a re-
configurable signal generation is necessary, as for
the E-SAR system. To meet user requirements for
very high resolution, alternative methods to syn-
the size bandwidths up to 1 GHz are needed.
One attractive method is the Step Frequency
approach that was adopted for the E-SAR system.
For experimental purposes a Step Frequency con-
verter unit was developed and tested with E-SAR.

The unit provides 200 MHz maximum band-
width and spectrum overlap ranging from 0 to
100 % alternating the normal 100 MHz-chirp
pulse-to-pulse (Figure 2.54). Flight tests were
conducted with different degrees of overlap
(10 %, 20 % and 50 %).

For processing of the data, a dedicated soft-
ware package had to be developed. The work
was completed successfully and the improvement
in range resolution has been demonstrated
(Figure 2.55 and Figure 2.56).

Figure 2.53 E-SAR P-band image (300 to 400 MHz) of a
calibration test site. Scene size is about 3.2 km x 7 km, illumi-
nation direction from the bottom.
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Table 2.8 shows the results of the achieved geo-
metrical resolution for a point target at 160 MHz
bandwidth and 20% overlap in Step Frequency
mode in comparison to the normal chirp band-
width (100 MHz, standard). The selected point
target in Figure 2.56 is a 1.5 m radar trihedral
reflector located on the airfield. The black lines
indicate the normal resolution case.

Table 2.8 Comparison of the point target resolution with
100 MHz (standard mode) and with 160 MHz (Step Frequency
mode).

Theoretical Measured 
Rg [m] Az [m] Rg [m] Az [m]

standard 1.35 0.80 1.36 0.90
Step Freq. 0.79 0.80 0.80 0.90

Figure 2.56 Improved range resolution demonstrated by a cut
through the impulse response of a radar reflector. Black line:
original impulse response function (IRF), red line: Step Fre-
quency IRF. Hamming weighting was applied only in azimuth.

Since many years, E-SAR has been heavily used
for SAR experiments and measurement cam-
paigns. It has evolved to be an important tool for
SAR research and applications in Europe. Section
2.2.3 summarizes a number of scientifically and
technically important SAR missions and projects
which were executed in recent years with great
success.

However, while many questions could be an-
swered in the past, new challenges have come up
requiring new solutions. The Institute is develop-
ing a new airborne SAR facility identified as
F-SAR (section 2.2.6). F-SAR will have enhanced
measurement capabilities, such as simultaneous
full-polarimetric measurements at four wave-
lengths (X-, C-, L- and P-band). It will also offer
simultaneous X- and S-band single-pass po-
larimetric interferometry.

While F-SAR is in the building phase, E-SAR is
still maintained and used for campaigns. Minor
upgrades are implemented to cover immediate
scientific needs such as those for TerraSAR-X.

2.2.2 Processing Algorithms 

Synthetic Aperture Radar systems, in particular
airborne SAR, require sophisticated signal proc-
essing in order to obtain the desired information
from the data. Spatial resolution as well as ra-
diometric and interferometric calibration accuracy
have direct influence on the potential to measure

Figure 2.54 E-SAR Step Frequency converter block diagram.

Figure 2.55 The Oberpfaffenhofen airfield and DLR re-
search center – X-band Step Frequency image at 160 MHz
total range bandwidth (20% spectrum overlap).
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or infer physical parameters. As the E-SAR system
is often employed to experiment with innovative
operating modes to establish new applications,
the development of new algorithms to provide
the new information and to improve the quality
of the associated data products is an ongoing
process.

In addition, the increasing amount of acquired
and processed E-SAR data poses strong require-
ments on efficient algorithm implementation.
About 300-400 data takes per year were ac-
quired during the last 4 years, corresponding in
average to ca. 300-400 GB of raw data per year
and the same amount of processed data product.

The E-SAR processor is based on an advanced
SAR processing algorithm that was developed at
the Institute. The Extended Chirp Scaling (ECS)
algorithm is able to accommodate the require-
ments posed by the high resolution, phase pre-
serving data processing and at the same time
allows accurate motion error correction. All proc-
essing steps are performed without interpolation,
as in the original version of the Chirp Scaling
algorithm. The ECS processor has also been ex-
tended for the processing of ScanSAR and Spot-
light mode data [560]. This extension has been
adopted for the operational processing of the
TerraSAR-X satellite [558].

Linked to the requirements of high resolution
and precise motion compensation together with
the high number of flight campaigns abroad, the
E-SAR processing software has been extensively
adapted to run on individual LINUX-PCs while
accessing common data storage for the raw and
processed data. During campaigns outside of
Europe (India, Indonesia, and Tunisia) this con-
cept allowed on-site data processing and quality

checks. As a consequence, the installation of a
temporary license of the E-SAR processor at the
Space Applications Centre of ISRO in Ahmeda-
bad, India also became feasible, which enabled
the ISRO scientists (after proper training) to proc-
ess and evaluate the E-SAR data of the 2004
INDSAR campaign by themselves.

The E-SAR processor provides the following
operational products:
- Slant range polarimetric multilook and SLC

data (Radar Geometry Images – RGI product).
The C-band image of Oberpfaffenhofen
shown in Figure 2.57 is derived from two
dual-polarised data takes, thus providing
quasi full polarimetric information.

- Geocoded Terrain Corrected Data (GTC
product).

- Digital Elevation Models (DEM product).
- Repeat-Pass Interferometric Data (RP-InSAR

product)
Dedicated software has been developed to seg-
ment long data takes as acquired during INDREX
and SVALEX campaigns and to allow perfectly
overlapping data products for a specific area (e.g.
areas acquired at different frequency bands). For
archiving purposes, each data product is ingested
into the Data Ingestion and Management System
(DIMS) of the German Remote Sensing Data Cen-
ter (DLR-DFD) allowing a world-wide access via
EOWEB (eoweb.dlr.de).

In the last 5 years the algorithm development
activities for the airborne SAR processor focused
on the needs imposed by the Pol-InSAR and to-
mographic imaging modes as well as by differen-
tial and along-track airborne SAR interferometry.
In the following sections some of the most im-
portant developments are described.

Figure 2.57 Fully polarimetric E-SAR image of Oberpfaffenhofen, incl. DLR facilities in image center;
composite obtained from 2 dual-polarized data takes in C-band (HH-green, HV-red, VV-blue).
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DEM Generation 

Digital Elevation Models are one of the standard
E-SAR products. However, large scale mapping is
a challenge due to the small E-SAR swath width
of only 3.5 km. Therefore, a mosaic procedure is
used to generate large area DEMs. With the op-
portunity of data acquisition near Lago Maggiore
(Italy), the mosaic procedure was extended to
incorporate iterative topography adaptive com-
pensation of residual motion errors [3][97].
An elevation model covering an area of 15 km x
15 km was generated from 15 different tracks. It
is depicted in Figure 2.58. Horizontal posting is
2 m and height accuracy is better 2 m rms (>5 m
rms on steep slopes). Total height variation is
about 1500 m. Black areas correspond to areas
where no signal information is available (e.g.
lakes).

Figure 2.58 Digital elevation model of Lago Maggiore
area obtained from single-pass interferometric E-SAR data in
X-band of 15 km x 15 km (WGS-84, UTM zone 32).

Airborne Repeat-Pass SAR Interferometry 

A dedicated processing chain for repeat-pass SAR
interferometry was implemented demanding high
complexity in the algorithm developments.
Accurate processing is a precondition to obtain
high quality Pol-InSAR data products as input to
the model-based inversion approaches (section
2.2.4). The performance of standard airborne
SAR processing is limited by the accuracy of the
navigation data available to perform the motion
compensation (state-of–the-art is a combination
of inertial and GPS sensors). Although the relative
accuracy is very good, enabling well focused
data, the absolute performance is limited by the
absolute precision of the differential GPS signal,
which is in the order of 5-10 cm (ca. one inter-
ferometric phase cycle assuming SAR data at
L-band and the two-way propagation delay). It is
obvious that this accuracy is insufficient for re-
peat-pass interferometry.

A robust error estimation approach was devel-
oped based on the so-called multi-squint tech-
nique. Residual errors (in horizontal and vertical
directions) between the two tracks of the inter-
ferometric acquisitions are iteratively estimated
from the processed interferometric SAR data
using special algorithms. An example is depicted
in Figure 2.59.

Figure 2.59 Residual track errors measured and corrected by
the repeat-pass processing approach. Almost perfect compen-
sation is reached after 3 iterations, corresponding to a correc-
tion of residual motions errors to millimeter accuracy.

The original residual track errors are on the order
of 3-5 cm and are in accordance with the accu-
racy of the navigation system based on differen-
tial GPS and INS. Without this compensation
approach, phase errors and coherence degrada-
tions would occur which have strong impact on
the interferometric data quality [48][51][232].

Topographic Motion Compensation 

During the development and refinement of the
airborne repeat-pass processing strategy it was
recognized that the usual approximations for
motion compensation are not sufficient and that
topography needs to be taken into account very
precisely. This led to the development of a new
algorithm, the so-called Precise Topography and
Aperture (PTA) dependent motion compensation
approach [36]. It is based on short time FFT codes
and thus makes effective use of the quasi-linear
azimuth time-frequency correspondence of the
SAR signal. Its application is imperative, not only
for processing airborne data in differential SAR
interferometric mode, but also for repeat-pass
SAR applications in hilly and mountainous areas
in general.
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Traffic Monitoring 

The E-SAR system uses small antennas in order to
avoid a gimble-based antenna steering configura-
tion. This leads to an azimuth signal with a very
high bandwidth required with a correspondingly
high PRF value.

During processing, usually only a small portion
of the azimuth bandwidth (ca.150 Hz) is needed
to obtain comparable resolutions in azimuth and
range directions. The availability of a very high
azimuth bandwidth (ca.900 Hz in X-band) of the
E-SAR system is beneficial for monitoring moving
targets in the along-track interferometric mode,
as the signal energy might be shifted outside the
azimuth bandwidth used in the conventional
processing. Therefore, full azimuth bandwidth
processing is required to allow MTI with sufficient
accuracy. For this purpose, the E-SAR processor
was extended to efficiently allow the allocation of
enough memory and the generation of the corre-
sponding phase filter functions. Result is a very
high resolution image (up to 10 cm in azimuth)
and the associated along-track interferogram.

Figure 2.60 presents a part of such an image
and the interferometric phase with a first indica-
tion of moving targets. Note that the resolution
in range is limited by the bandwidth of the radar
system of 100 MHz and is by a factor of 15 worse
than the resolution in azimuth. Further evaluation
of these data sets is presented in section 2.3.4
and is supporting the TerraSAR-X GMTI processor
development [340][417].

Future work in the next two years will be focused
on the adaptation and extension of all the devel-
oped specific algorithms for the new airborne
system F-SAR. Challenging scientific topics cur-
rently being investigated are related to airborne
differential SAR interferometry and airborne SAR
tomography. In addition, signal processing tech-
niques for interferometric radar sounding applica-
tions in P-band will be developed. Finally, devel-
opments in the processing algorithms are
planned for the next years to enhance moving
target indication with digital beamforming on
receive which will be provided by the new air-
borne F-SAR system.

2.2.3 Major Campaigns 

In the period from 1998 to 2005 about 70 E-SAR
airborne SAR campaigns were performed, leading
to an average of approx. 10 campaigns per year.
About one third of the campaigns was dedicated
to research topics (e.g. new operation modes
and/or applications), another third to system tests
and ardware developments. The remaining third
was performed in standard operation modes.

The main objectives of the airborne flight
campaigns are:
- Development of innovative SAR modes or

operation configurations
- Development and demonstration of novel

techniques and new applications

Figure 2.60 Full azimuth bandwidth E-SAR image in X-band (left) and corresponding along-track interferometric phase. Blue colour
corresponds to zero phase and represents the stationary targets. The moving targets are shown in green, yellow and orange colours.

range
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- Preparatory experiments for future SAR satel-
lite systems, supporting the data product de-
velopment as well as system specification

Although the E-SAR was originally intended to be
an experimental system, today it has a high de-
gree of operationalization and is a reliable source
of high-quality radar data for a large user com-
munity world-wide.

The E-SAR campaigns are performed for dif-
ferent interested parties, for SME companies,
universities, research institutes, as well as for
European and international agencies. Approxi-
mately 70% of the campaigns performed during
a year are financed through external contracts
and 30% through internal DLR research funds.

With the large amount of flight campaigns, a
wide range of applications is covered, from areas
being cartographically imaged with standard high
resolution X-band modes (with the radiometry
being corrected for the terrain topography using
digital surface model information), to higher
quality environmental application products, for
example forest height being derived from L-band
polarimetric SAR interferometry.

The main application areas up to now are car-
tography, geology, forestry, agriculture, snow
studies, glaciology (land and sea ice), urban areas,
bathymetry, monitoring, and surveillance. The
geographical distribution of the executed cam-
paigns ranges from Germany to European coun-
tries as well as to South and South-East Asia and
Africa. Examples of campaigns performed outside
central Europe in the last 3 years are India, Indo-
nesia, Svalbard, and Tunisia. In these cases the
flight range of the aircraft has been a limiting
factor, such that for India and Indonesia the
E-SAR system had to be transported separately
and installed in the aircraft just prior to the flight
campaign.

All calibration and system test flights are per-
formed close to the DLR location at Oberpfaffen-
hofen. Since 2001 the Institute is following a
strategy in which the data acquisitions each year
are dedicated to a specific thematic research
topic associated with one extensive flight cam-
paign in order to be able to answer urgent scien-
tific questions. A few major campaigns of the
E-SAR system, their objectives and particularities
as well as first results are presented in the follow-
ing.

E-SAR Mission Highlights 

1998 – The first demonstration of SAR tomogra-
phy has been carried out in L-band [47]. E-SAR
recorded data on 14 parallel tracks over the
Oberpfaffenhofen test area. As a result of the
tomographic processing a spatial resolution of

3 m was achieved. Section 2.2.5 describes the
developed approach and experiment in detail.
Figure 2.61 shows a slice of the tomographic
data with the different backscattering mecha-
nisms that can be separated using the Pauli de-
composition. The strong contributions from vol-
ume scatterers from the tree crown are clearly
visible in green, while the dihedral scattering is in
red and the surface contribution in blue
[47][623].

Figure 2.61 First demonstration of airborne polarimetric
SAR tomography, where the colours represent different
scattering mechanisms (red - dihedral, green - volume,
blue - surface scattering). The upper plot represents the
tomographic signal intensity as a function of height. The
lower plot shows an artist’s view of the imaged area.

1999 – 2002 – European aerospace industry as
well as the European Space Agency required
SAR data to simulate future TerraSAR-X and
TerraSAR-L data products. In the projects
PROSMART, ISOCROP, TerraDEW, and Dual-band
SAR Simulation DLR’s E-SAR was the source of
multi-frequency, multi-polarization data for a
number of different product developments. Op-
erating in various European countries (Figure
2.62), E-SAR collected data for applications in
agriculture, forestry and urban planning, areas
which were identified as promising. Using E-SAR
data high resolution TerraSAR simulated data
products have been produced and delivered to
the customers for further analysis. In this context
the Institute holds a leading position amongst all
airborne SAR system operators in Europe.

2003 – The first demonstration of airborne
bistatic SAR imaging has been carried out in
Europe. As part of a cooperation agreement be-
tween the Institute and ONERA a bistatic SAR
experiment employing the E-SAR and RAMSES
airborne SAR systems was conducted [10]. Tech-
nical issues such as time and frequency synchro-
nisation of both systems were solved and the
experiments were successfully executed (section
2.3.1) [215][313].
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Figure 2.62 E-SAR test site locations across Europe. Black
stars: E-SAR campaigns for TerraSAR-X and TerraSAR-L simu-
lation. Orange circles: other campaigns.

In May of the same year, X-band single-pass in-
terferometric data were acquired in support of an
EU project for development of an operational
monitoring system for glaciers (OMEGA). The ob-
jective was to generate a 10 km x 10 km digital
elevation model of the Engabreen glacier in Nor-
way, which was compared later with laser and
GPS data. Although the radar backscatter and
thus the SNR was relatively low due to tempera-
tures much above the melting point, successful
computation of the DEM was possible, including
the mosaic of several swaths (Figure 2.63).
Subsequent comparison with the laser data
(obtained 4 weeks later due to continuous cloud
cover) revealed an accuracy of approx. 2 m (rms
value, peak-to-peak value of 4.2 m with an offset
of +0.1 m) considering the complete area of
interest.

Figure 2.63 Digital Elevation Model of the Engabreen
Glacier in Svartisen, Norway acquired in X-band single-pass
SAR interferometry. The height varies by approx. 1500 meters
in this sub-image of ca. 2 km x 2 km.

2004 – From July to December 2004 the first two
E-SAR campaigns in Asia, namely in India and
Indonesia, were executed. The first campaign was
conducted by the Institute and the Indian Space
Research Organisation (ISRO) during the post-
monsoon season. E-SAR was successfully flown
over arid regions, flooded, agricultural and open
coal mining areas as well as sub-tropical forest
regions across the Indian sub-continent. The data
were processed and archived by ISRO/SAC, the
Space Application Center in Ahmedabad and are
still under the authority of the Indian govern-
ment. Extensive ground measurements were
performed during the 2 months of data acquisi-
tion in P-, L-, C-, and X-band.

Following India the next campaign was per-
formed in Indonesia, on Kalimantan [392]. The
objective of the INDREX-II campaign was to build
up a SAR database over different tropical forest
types with focus on L- and P-band polarimetry
and interferometry data. The initiative to this
campaign originated from the Pol-InSAR Work-
shop held at ESA/ESRIN in 2003 [277] [283] [241]
[242] [244] [245]. During this workshop the par-
ticipating scientists identified gaps in the knowl-
edge of the SAR imaging behaviour in tropical
forests. The main scientific question was to de-
termine if L-band radar signal penetrates the
dense tropical forest down to the ground and if
the Random-Volume-over-Ground model is appli-
cable in this case for the retrieval of tropical for-
est height measures.

Eight different forest types (example in Figure
2.64) were chosen for data acquisition on ground
and from the aircraft. More than 200 GB of raw
data in 43 flight hours were acquired in po-
larimetric and interferometric mode and at differ-
ent frequencies (X-, C-, L-, and P-band). The
length of the flight strips varied from 23 to
80 km. The E-SAR radar system was shipped
separately from Germany to India and after the
campaign in India to Kalimantan. Despite the
high logistical effort - the transportation and

Figure 2.64 A 15 km long wooden bridge installed for
collecting ground measurements in the Mawas Peat forest test
site (Kalimantan, Indonesia, 2004).
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integration of the radar into the aircraft, the sys-
tem tests and system calibration on site in India
and Indonesia - no major technical problems
occurred during the whole campaign. The overall
time schedule could be followed without major
delays, thus achieving all campaign objectives. All
requested data could be collected with high ra-
diometric quality and high precision in flight navi-
gation.

The INDREX-II data were processed and deliv-
ered to ESA in 2005, which is responsible for the
distribution to the European scientific commu-
nity. The scientific questions posed in the begin-
ning could also be answered by the detailed data
analysis. Plotting the complex coherence of a
selected data set (Figure 2.65) at different polari-
sations on a unit circle (Figure 2.66) shows that
the loci of the coherence values (red points) are
distributed along a line. This is an indication that
L-band is penetrating the dense volume down to
the ground. The different coherence loci would
cluster to one point or would not be matched to
a line, if this was not the case. The distribution of
the points in Figure 2.66 along a line is due to
the polarisation diversity of the ground contribu-
tion and to the random nature of the forest can-
opy in L-band [44].

Figure 2.65 Interferometric coherence (bottom) and radar
backscatter (top) at L-band in HH polarisation over the hilly
dense dipterocarp forest of the Sungai Wain test site. The red
dots indicate the sample locations taken for the unit circle
plots in Figure 2.66.

In a second step, tropical forest heights were
successfully derived from Pol-InSAR data in L- and
P-band. A colour composite of the Mawas test
site used for the estimation of forest height is
shown in Figure 2.67. For both frequencies a
similar forest height distribution has been ob-
tained. In a first order analysis the Pol-InSAR de-
rived heights correspond very well to the forest

heights estimated on ground. This campaign and
the obtained results certainly deliver an important
contribution for the future development of SAR
satellites in Europe devoted to the monitoring of
forested areas and their above-ground biomass
(section 2.2.4) [377][393].

A first demonstration of the Pol-InSAR technique
using spaceborne systems is planned with the
PALSAR L-band instrument on-board the Japa-
nese ALOS satellite within the Kyoto & Carbon
initiative (section 2.1.7).

Figure 2.67 P/X/L-band polarimetric intensity image of
the Mawas test site with a disturbed burned forest area (red)
and a natural tropical forest (green). This is a geocoded image
with a spatial resolution of 2 m x 2 m.
Colour Composite: red - P-band, (HH+HV+VV)/3; green - X-
band, VV; blue - L-band, (HH+HV+VV)/3.

2005 – Major campaigns were carried out in
the Arctic and North Africa. Svalbard was
selected as the ideal location for a joint DLR and
AWI (Alfred Wegener Research Institute) cam-
paign over sea and land ice (SVALEX). Two in-
struments were flown, the E-SAR on the DLR’s
DO228 D-CFFU and the meteopod, laser altime-
ter, line scan camera and surface temperature
instrument on AWI’s DO228 D-CAWI (Figure
2.68).

Figure 2.66 Complex coherence in L-band at different
polarisations plotted on the unit circle for six sample plots over
the Sungai Wain test site.
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Figure 2.68 SVALEX 2005 – The two Do228 research
aircraft (right: D-CFFU and left: D-CAWI) at Longyearbyen
airport in Svalbard.

The mission objective was to gain knowledge of
the land ice volume and the sea ice structure
using mainly Pol-InSAR techniques at X-, L- and
P-band [52]. In addition, a first ice sounder ex-
periment at P-band with the E-SAR system was
performed with different baselines by means of
down-looking antenna geometry.

Despite the arctic climate conditions in early
April with temperatures below -20 C the cam-
paign could be performed successfully; all
planned data were collected and are in the proc-
ess of being analysed (Figure 2.69). This cam-
paign was funded by DLR in preparation for the
polar year in 2007-2008 as well as for the up-
coming satellite systems dedicated to Arctic and
Antarctic applications (e.g. Cryosat).

Figure 2.69 Radar backscatter images in RGB colour
composite of sea ice (left) and land ice (center) in L-band and
land ice (right) in P-band. The center and right images corre-
sponds to the same area. Note the different features in the
P-band image showing the very good penetration of the P-
band signal in land ice.

AQUIFEREX was an ESA funded campaign that
took place in Tunisia in November 2005. The key
issues of the project were to support national
authorities and international institutions with
Earth Observation based technology to better
manage internationally shared water resources
and aquifers.

E-SAR successfully collected X-, C- and L-band
data. At the same time AVIS, an optical system of
the Ludwig-Maximilians-Universität of Munich,
recorded multispectral images. Synergetic analy-
ses of the collected data are ongoing (Figure
2.70) and are made available for further investi-
gations in ESA’s AQUIFER project (an ESA TIGER
demonstrator initiative).

2006-2007 – The year 2006 is dedicated to build-
ing up a database for agricultural vegetation and
surface parameter estimation over a whole vege-
tation period (planned acquisition time of four
months, start: beginning of April). The AGRISAR
campaign is funded by ESA to support space
segment activities with respect to the GMES/
Sentinel Programme answering open questions
concerning system constellations (single, dual,
quad polarisation, revisit time, etc.). It supports
the scientific community in developing model and
inversion algorithms for parameter estimation.
The polar year 2007 is dedicated to ice applica-
tions. An E-SAR campaign over an arctic region is
planned to be performed as part of an ESA sup-
ported project in cooperation with AWI.

Figure 2.70 Acquired images in C-band (HH-red, HV-
green, VV-blue) polarisation over the Ben Gardan test site in
South-East Tunisia. Different irrigated fields are visible. The
dots on some of the fields are regularly planted olive trees
(see zoom).

2.2.4 Polarimetric SAR Interferometry 

Polarimetric SAR Interferometry (Pol-InSAR) is
today an established remote sensing technique
that allows the investigation of the 3-D structure
of natural volume scatterers. Interferometric ob-
servables are highly sensitive to the spatial vari-
ability of vertical structure parameters and allow
accurate 3-D localisation of the scattering center.
On the other hand, scattering polarimetry is sen-
sitive to the shape, orientation and dielectric
properties of scatterers and allows the identifica-
tion and/or separation of scattering mechanisms
of natural media.
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In polarimetric interferometry both techniques
are coherently combined to provide sensitivity to
the vertical distribution of scattering mechanisms.
Hence, it becomes possible to investigate the 3-D
structure of volume scatterers and to extract
information about the underlying scattering
processes using only a single frequency po-
larimetric radar sensor. This promises a break-
through in solving essential radar remote sensing
problems. Indeed, structural parameters of vol-
ume scatterers in the biosphere and cryosphere
such as vegetation height, structure, biomass and
moisture, or snow and ice depth, layering and
moisture, are today critical inputs for ecological
process modelling and enable monitoring and
understanding of ecosystem change. Figure 2.71
shows an example of the estimation of forest
height using airborne Pol-InSAR data in L-band.

Figure 2.71 Perspective view of forest height and topog-
raphy variation obtained by means of Pol-InSAR (Test site:
Fichtelgebirge, Germany). Validation results are shown in
Figure 2.72.

From the very beginning, the Institute developed
the new technique of Pol-InSAR leading to exper-
tise in sensor technology, system and instrument
design and performance analysis as well as proc-
essing, modelling and inversion techniques. The
Institute’s E-SAR sensor was first to demonstrate
airborne polarimetric repeat-pass interferometry
at L- and P-band - initiating the development of
Pol-InSAR technology in Europe.

In the following, an overview of the activities,
advances and achievements in Pol-InSAR tech-
niques and applications developed over the last
five years is provided.

Forest Applications 

Across the different application fields, the matur-
ity of Pol-InSAR applications is very diverse. Forest
applications are by far the most developed and a
success story [44][8]. The analysis of the first Pol-
InSAR data provided by the SIR-C/X-SAR mission

indicated the potential of combining polarimetry
with interferometry for forest applications. As a
next step, the Institute developed the sensor
technology and processing expertise to acquire
and process Pol-InSAR data with the E-SAR sys-
tem in a repeat-pass interferometric mode.

In addition, theory, modelling and inversion
techniques have been addressed and advanced in
close cooperation with international partners.
Early airborne experiments in the late 90s have
found their continuation in a series of successful
Pol-InSAR demonstration campaigns across
Europe performed in cooperation with academic
and commercial institutions providing in situ for-
est expertise. These have culminated in INDREX-II
- a large scale airborne experiment sponsored by
ESA for the demonstration of Pol-InSAR tech-
niques in tropical forest environments (section
2.2.3)

Figure 2.72 The Pol-InSAR forest height validation over 5
European test sites representing a wide range of forest and
topographic conditions.

Today, several model based forest parameter
inversion approaches, which combine dual or
fully polarimetric data with single or multiple
baseline interferometric measurements have been
proposed, discussed and validated as part of
different ESA funded R&D studies (Figure 2.71).
The main forest vegetation parameters that can
be potentially estimated from polarimetric and
interferometric data inversion are described in the
following.

Forest height is one of the most important pa-
rameters in forestry along with basal area and
tree species or species composition. Being a stan-
dard parameter in forest inventories, forest
height is difficult to measure on the ground and
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typical estimation errors are given with 10%
accuracy - yet increasing with forest height and
density. It describes dynamic forest development,
modelling and inventory. Forest height estimation
from polarimetric single- and multi-baseline data
has been demonstrated in a series of airborne
experiments over a variety of natural and com-
mercial as well as temperate and boreal test sites
characterized by different stand and terrain con-
ditions [242][243]. The validation indicates an
estimation accuracy in the order of 10-20% com-
pared to the forest top height (Figure 2.72). The
estimation performance is widely independent of
terrain and/or forest conditions. The results from
INDREX-II verify the inversion performance at L-
band (and at P-band) also for dense tropical for-
est conditions (Figure 2.73).

Figure 2.73 Tropical (primary) forest height maps ob-
tained by single baseline Pol-InSAR data inversion at L- (left),
P-band (right) in the framework of the INDREX-II experiment
in Indonesia.

Forest biomass is the most integrative forest pa-
rameter essential for ecological modelling and
forest inventory and is today the big unknown in
global ecosystem change modelling.

The development of forest height estimation
in terms of Pol-InSAR initiated the development
and evaluation of allometric biomass estimation
schemes in collaboration with academic institu-
tions with forest ecology and modelling expertise.

Indeed, allometric estimation of forest bio-
mass from forest height is robust and does not
saturate and is therefore a good candidate for
above ground biomass inventory. This is demon-
strated in Figure 2.74, where forest height is
plotted against forest biomass for 11 of the most
common European and North American three
species for varying site and thinning conditions.

This very fundamental biological (allometric) rela-
tionship between forest height and forest bio-
mass varies only about 10-15% with site condi-
tions and only about 15-20% across species (ex-
ceptions are very fast growing pioneer species
with very light woods such as poplar and birch).
This makes the estimation of forest biomass even
in inhomogeneous and natural forest conditions
possible by only knowing forest height. The esti-
mation accuracy varies between 20 and 40% up
to biomass levels of 450 t/ha. The achieved ex-
perimental results are in accordance with general
allometric relations for different temperate, bo-
real and tropical forest ecosystems and with pre-
dictions of generalized forest structure models
underlying the general character and thus the
validity of the height-biomass relationship. How-
ever, the largest uncertainties in the height-to-
biomass relationship are due to density variations
(natural or anthropogenic) especially in low den-
sity forest conditions, as present in boreal and
savannah forest ecosystems. To reduce the bio-
mass estimation uncertainty and increase the
robustness of the methodology, the incorpora-
tion of additional information such as basal area
becomes important, especially in low density,
open canopy forest conditions and is still being
investigated.

Figure 2.74 Forest height-biomass relationship for 11
different species accounting for varying site and thinning
conditions.

Forest canopy structure is a key forest ecosystem
parameter. Regarding the estimation of forest
biomass, vertical structure information is impor-
tant as it allows a significant reduction of the
biomass estimation error. However, the extrac-
tion of forest structure requires besides polarisa-
tion also baseline diversity in the observation
vector. Dual baseline Pol-InSAR is a very promis-
ing configuration for the extraction of structure
information and a new research topic in the field
of polarimetric interferometry.
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Forest parameter (height and biomass) estimation
from Pol-InSAR data has today reached a pre-
operational stage. As part of ESA’s Pol-InSAR
Mission and Application Study the actual state of
Pol-InSAR techniques and technology has been
evaluated and proven with respect to operational
information product generation accounting for
the technological constraints of actual and/or
future satellite missions [562]. Towards a first in-
orbit demonstration of the Pol-InSAR technique
the Institute is a member of the JAXA’s ALOS
Carbon & Kyoto Initiative and is responsible for
Pol-InSAR forest parameter estimation (section
2.2.2). However, the expected temporal decorre-
lation will limit the ALOS Pol-InSAR demonstra-
tion to favourable datasets only.

Aspiring to global monitoring, the wide spec-
trum of scientific and technological Pol-InSAR
expertise developed within the Institute culmi-
nated in HABITAT, an European mission proposal
for global above-ground biomass inventory and
change monitoring submitted in answer to ESA’s
Call for Ideas for the Next Earth Explorer Core
Missions in 2005 (section 2.1.9).

Figure 2.75 Gabes Region in Tunesia (RGB image left –
HH+VV (blue), HH-VV (red), HV (green)) and soil moisture
map derived from the coherent polarimetric X-Bragg model
(right). The soil moisture is ranging between 3 and 30 vol. %
from blue to red. The data have been acquired within the
AQUIFEREX project. Irrigated fields can be well distinguished.

Agricultural Applications 

From the EM scattering point of view, agricultural
scatterers can be divided into two categories:
- Bare surfaces are characterised by a direct
surface interaction. In this case only the geomet-
ric and dielectric properties of the surface affect
the scattered wave. Indeed, inversion of soil-
moisture and roughness for fully polarimetric
data has been further developed and validated
while an alternative roughness inversion algo-
rithm from Pol-InSAR data has been proposed
[15][16]. In Figure 2.75 the latest inversion result
of soil moisture in an arid region is presented.
Irrigated and non irrigated fields can be distin-
guished.

- On vegetated surfaces the waves first propa-
gate through the vegetation layer and then inter-
act with the underlying surface. Vegetation and
surface scattering are superimposed. In contrast
to forest vegetation applications, quantitative
agricultural vegetation Pol-InSAR applications are
still in an early phase of development. The signifi-
cant differences in vegetation height, structure
and attenuation values and in the propagation
properties through the vegetation layer make the
adoption of forest concepts for agricultural appli-
cations questionable and ineffective. Opposed to
forest applications, where lower frequencies are
an advantage agricultural vegetation monitoring
is rather a high frequency Pol-InSAR application –
a fact that makes airborne repeat-pass demon-
stration a challenge.

Nevertheless, in the last years first dedicated
airborne campaigns and indoor measurements
provided the required initialization for the devel-
opment of dedicated agricultural applications:

Vegetation layer height estimation: The height of
agricultural vegetation is an important input
parameter for the estimation of crop biomass.
Furthermore, monitoring of agricultural plant
height at different stages of development allows
direct conclusions about crop health and yield.
Early results (Figure 2.76) demonstrated the po-
tential of estimating height in the case of large
differential extinction crop values.

Figure 2.76 SAR image (left) and 3-D height map (right)
of a cornfield retrieved from single-baseline Pol-InSAR data
inversion (Test site: Küttighoffen, Switzerland).

Extinction of the vegetation layer: Density and
water content of the vegetation layer affects the
extinction of the forward propagating wave.
Different to the forest case, the scatterers within
the agriculture vegetation layer are characterized
by an orientation correlation introducing aniso-
tropic propagation effects and differential ex-
tinction. The extinction coefficient and its
variation with polarisation are therefore related
to structural attributes such as the leaf area index
(LAI) of the vegetation and orientation effects of
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vegetation structure. Furthermore, the know-
ledge of the differential extinction is strongly
related to the vegetation moisture content and
this, in turn, is an essential parameter for agricul-
tural cultivation management. First positive ex-
perimental results point towards a successful
development of Pol-InSAR for agricultural appli-
cations (Figure 2.77), [375].

Figure 2.77 Extinction estimates (red HH, blue VV) and
spatial differential extinction distribution over a cornfield from
Pol-InSAR data inversion (Test site: Alling, Germany).

Moisture Content of the Underlying Surface:
Underlying surface moisture is significant for
farming optimization and predictive hydrological
modelling. This importance - combined with the
absence of an alternative remote sensing method
for even rough estimation - makes the inversion
of the dielectric properties of the underlying sur-
face a challenge. The potential of Pol-InSAR tech-
niques is currently being addressed as part of an
ongoing ESA funded R&D study.

Ice and Snow Applications 

The cryosphere is dominated by ice and snow
scattering volumes. Admittedly, the understand-
ing and development of Pol-InSAR applications
with respect to ice and snow is today in a very
early stage. First E-SAR airborne campaigns pro-
vided appropriate data sets initiating data analysis
and leading to first results:
- A multibaseline Pol-InSAR experiment in the
Austrian Alps demonstrated that snow acts as a
volume scatterer even at L-band and that there is
a strong dependence of the interferometric co-
herence on polarization. This is due to the strong
underlying ground scattering component and is
similar to the agriculture vegetation case. Local
snow depths have been estimated.
- In 2005, an extensive multi-frequency/
multibaseline Pol-InSAR experiment was flown in
Svalbard, Norway, and was supported by ground
measurements (section 2.2.3). The analysis and
interpretation is ongoing.

Urban Areas 

One of the most appealing new Pol-InSAR appli-
cations recently proposed by the Institute is the
identification and characterization of point-like
scatterers - so called coherent scatterers - in ur-
ban environments [407][408][409]. Urban areas
are not volume scatterers in the conventional
sense but can be seen as a discrete vertical distri-
bution of scatterers. Coherent scatterers are de-
terministic scatterers located at different heights
within the "urban volume" and can be identified
by using spectral correlation of individual or mul-
tiple images. Accordingly, their localization can
be performed with a limited number of SAR ob-
servations, acquired with a short or even without
a temporal baseline. The strong polarimetric be-
haviour of point-scatterers makes polarimetric
observation diversity important for achieving
large coherent scatterer densities. Figure 2.78
shows the first demonstration of coherent scat-
terers performed on L-band Pol-InSAR data sets
acquired by the E-SAR system over the city of
Dresden. The coherent scatterers are colour-
coded according to the lexicographic polarimetric
basis and are superimposed on the amplitude
image.

After localization of coherent scatterers,
polarimetry furthermore allows the identification
and description of scatterers in terms of canonical
scattering processes (e.g. dihedral-, surface-,
dipole-type) and enables the characterization of
geometric and dielectric properties. There is a
wide spectrum of potential applications for
coherent scatterers ranging from polarimet-
ric/interferometric calibration and urban DEM
generation to information extraction from indi-
vidual scatterers and change monitoring.

Figure 2.78 Coherent scatterers at different polarizations:
HH (red), VV (blue), HV (green) (Test site: Dresden, Germany).

The rapid development of Pol-InSAR techniques
combined with ESA’s interest in coordinating the
European activities and establishing a forum for
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scientific exchange finally manifested in the
Pol-InSAR 2003 and 2005 workshops organized
by ESA at ESRIN (Figure 2.79). The workshops
assessed the state of the art in the field, formu-
lated recommendations for algorithm develop-
ment, new products as well as future missions
and applications. The Institute was involved in the
scientific organization of the workshops and
participated with key contributions.

Figure 2.79 Scientific exchange: European conference on
Pol-InSAR topics.

As a direct result of the recommendations made
at the first Pol-InSAR Workshop, the Polarimetric
SAR Data Processing and Educational Tool has
been developed under ESA contract by a consor-
tium comprising the University of Rennes 1, DLR
and AEL Consultants. POLSARPRO aims to facili-
tate the accessibility and exploitation of multi-
polarized SAR data sets. A wide-ranging tutorial
and comprehensive documentation provide a
grounding in polarimetry and polarimetric inter-
ferometry necessary to stimulate research and
development of scientific applications that exploit
polarimetric data and techniques. All results of
the POLSARPRO project are distributed by ESA
free of charge.

Looking into the future, Pol-InSAR techniques
will be faced with the potential and the chal-
lenges arising from an extended observation
space provided by multi-baseline, multi-
frequency, bi- and multistatic sensor configura-
tions forcing the evolution of quantitative meas-
urement and information product generation in
SAR remote sensing.

2.2.5 Tomography

As presented in the previous section, polarimetric
SAR interferometry is a suitable technique for
measuring vegetation height and for inferring
biomass via suitable models. However, it is not
possible to obtain information about the vertical
backscattering structure of the volume without
using appropriate models with a-priori informa-
tion of the volume scatterer distribution.
SAR tomography allows a three-dimensional
(3-D) imaging of the volume, i.e., it allows a ver-
tical separation of scattering centers at different

heights. It is a direct measurement technique in
the sense that it does not require a model. The
first demonstration of SAR tomography has been
carried out at DLR using airborne L-band repeat-
pass data showing the imaging of forest areas
with a vertical resolution of the order of a few
meters [47].

The tomographic imaging technique can be
understood as the generation of an additional
synthetic aperture perpendicular to the flight
track. This synthetic aperture consists of several
parallel tracks or orbits with a horizontal or verti-
cal displacement (Figure 2.80). A larger span of
this aperture provides better resolution in the
third dimension (height), and closer spacing be-
tween adjacent tracks influences favourably the
unambiguous height range, i.e., the volume
height to be imaged. Therefore, it is beneficial to
obtain as many tracks as possible at an adequate
minimum distance from each other. Typically, the
number of images N is between 5 and 15 in or-
der to be able to distinguish N-1 layers in the
volume.

Figure 2.80 Flight geometry for 3-D imaging via SAR tomo-
graphy using repeat-pass flight acquisition. A bistatic configu-
ration consisting of several microsatellites flying in formation
can be used in case of a spaceborne system realisation.

For generating a tomographic image, one first
has to process all the SAR images taking into
account that subpixel co-registration and precise
phase conservation is required. Advanced motion
compensation techniques must be used as de-
scribed in section 2.2.2 for ensuring that the
phase accuracy between the series of images is in
the order of a few degrees. In a second step the
focusing in the third dimension is performed for
each resolution cell, corresponding to the genera-
tion of the synthetic aperture in the across-track
direction. This step can be performed either via
time-domain focusing methods like the back-
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propagation technique or by Fourier domain
approaches. For both cases the irregular track
spacing associated with the motion errors and
the limitations of the navigation system accuracy
turned out to be a challenge in the development
of the tomographic processing chain. In several
segments in the azimuth direction of the tomo-
graphic flight tracks the minimum spacing be-
tween the tracks of ca. 20 m required for the
unambiguous tomographic imaging was violated
due to turbulences and inaccuracies in the main-
tenance of the nominal flight track by the aircraft
pilot. The developed technique to decrease the
ambiguities associated with the non-regular track
spacing leads to a signal-to-ambiguity reduction
greater than 15 dB.

The fully polarimetric L-band mode of the
Intstitute’s E-SAR system was selected for the
tomographic experiment. 14 tracks of full-
polarimetric L-band data were acquired by the E-
SAR system in 1998 at a nominal spacing of
20 m. Figure 2.81 shows the real horizontal spac-
ing obtained in this experiment, to achieve an
unambiguous volume height of 35 m and a
height resolution of 3 m in the mid range of the
image. The temporal decorrelation between the
images was very small, showing a coherence
higher than 0.9 even over forested areas.

Figure 2.81 Actual flight tracks configuration of the first
airborne experiment dedicated to SAR tomography. 14 tracks
were flown with a nominal separation of 20 m. One addi-
tional track was flown at 0 m baseline to verify the temporal
decorrelation between the first and last acquired images (time
separation of ca. 3.5 hours).

Investigations of a spruce forest area reveal the
potential of SAR tomography, especially in com-
bination with polarimetry. As shown in Figure
2.82 the following contributions can easily be
distinguished: 1) dihedrale scattering with a
phase center at a height of ca. 5 meters due to
the ground and stem interaction (clearly seen in
the HH-VV channel of the Pauli decomposition)
and 2) random volume scattering in the crowns
(dominant in HV-polarisation). The separation of
the scattering centers in height between ground

and canopy also gives a good indication of forest
height (ca. 20 m) and height of crown above
ground and indicates no presence of understory
for this forest type. Several other tomographic
plots of deciduous and mixed forests have shown
that the canopy can generally be assumed to be a
random volume at L-band, confirming the model
used for height retrieval with the polarimetric
SAR interferometric technique in the previous
section.

The repeat-pass scenario used in this demon-
stration requires a relatively high effort to acquire
a single tomographic data set. Today’s research
work concentrates on the reduction of the num-
ber of acquisitions by means of spectral estima-
tion techniques. Further research has been per-
formed toward the spaceborne implementation
of tomography, for example in connection with
the mission proposal HABITAT (section 2.1.9).
With the selection of proper orbit configurations,
3 or 4 microsatellites in a repeat-pass scenario
can acquire suitable tomographic data after 2 to
3 revisit cycles of the satellites. The effect of the
temporal decorrelation in this acquisition scenario
related to the selection of the optimal baselines is
also a research topic that could be verified by a
further airborne experiment.

2.2.6 New Airborne SAR  -  F-SAR
F-SAR identifies the successor of the well-known
E-SAR system and is under development at the
Institute. The development was triggered by the
strong demand of E-SAR users and customers for
data being simultaneously acquired at different
wavelengths and polarisations as well as by the
demand for very high range resolution. E-SAR
cannot cope with these requirements due to
design and technological limitations. F-SAR is a
totally new development utilizing most modern
hardware and commercial off-the-shelf compo-
nents. As for E-SAR DLR’s Dornier DO228-212

Figure 2.82 Distribution of backscatter intensity vs. height for a
spruce forest in different polarisations (HH-VV and HV). The plot
on the left shows the strong reflection at ca. 5 m height caused
by the double bounce scattering due to the interaction between
tree trunk and ground (observed in the HH-VV channel of the
Pauli representation). On the right the dominant reflection of the
canopy observed in the cross-polarisation channel (HV+VH) is
recognised.
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aircraft was the first choice as platform for the
new system (Figure 2.83).

F-SAR is a fully modular system and will operate
in X-, C-, S-, L- and P-bands with
- fully polarimetric capability in all frequencies,
- single-pass polarimetric interferometry capa-

bility in X- and S-band,
- four recording channels with data rates of up

to 2 Gbit/s per unit,
- precise internal calibration (relative accuracy

better than 1 dB) and

- fully reconfigurable operation modes includ-
ing capability for digital beamforming on re-
ceive.

Furthermore, repeat-pass Pol-InSAR will be a
standard measurement mode. Range resolution
in each frequency band has been defined by
specific user requirements. While 100 MHz has
been adopted for P-band, a Step Frequency ap-
proach is used to achieve up to 800 MHz effec-
tive signal bandwidth in X-band to satisfy the
requirement for very high resolution.

The F-SAR system comprises a basic system
control and data acquisition sub-system to which
individual RF subsystem modules are connected
(Figure 2.84). System control is based on an ex-
tended CAN bus and Ethernet concept. This gives
the necessary flexibility and the degrees of free-
dom to configure the system optimally for carry-
ing out the desired measurements and experi-
ments such as bistatic SAR. Further, the concept
makes an extension to any other RF band an
easier task.

A new antenna mount designed to fix planar
array antennas to the aircraft is under develop-
ment (Figure 2.85). Fully fledged in multi-
frequency configuration it holds 7 right-looking
dual polarised antennas: X-band (3), C-band (1),
S-band (2) and L-band (1). The P-band antenna is
mounted under the nose of the aircraft as indi-
cated in Figure 2.83.

One important advan-
tage of the antenna
mount will be that it
makes easier to
change the antenna
configuration and to
mount other antennas
avoiding individual
airworthiness certifica-
tion procedures at the
same time. Main
F-SAR technical pa-
rameters are given in
Table 2.9. The radar is
designed to cover an
off-nadir angle range
of 25 to 55 degrees at
altitudes of up to
6000 m above sea
level, which is the
maximum operating
altitude of the DO228.

Figure 2.83 Artist’s view: F-SAR acquiring data simulta-
neously in X-, C-, L- and P-band.

Figure 2.84 F-SAR system configuration for multi-frequency
and polarimetric operation in X-, C-, S-, L-, P-band including
single-pass interferometric capabilities in X- and S-band.
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Table 2.9 F-SAR technical characteristics.

A central computer unit controls the radar via a
CAN bus and Ethernet (Figure 2.86). There are
4 modes of operation:
- System configuration
- System test
- Internal calibration
- Radar operation
The required synchronous timing and clock sig-
nals are generated in the main timing unit with
less than 6 ps jitter and rise times of less than
80 ps. A 50 MHz ultra-stable quartz oscillator is
the reference. The IGI D-GPS/INS based precision
navigation system delivers a GPS 1 PPS signal
which regularly triggers an absolute time stamp
in the raw data header.

In its basic configuration the radar operates with
four 1-GS ADC. The timing unit allows for two
additional ADC. Each ADC unit has integrated
raw data formatting thus the number of re-
cording channels can be easily increased if
needed. High-speed data recording units are
connected via optical fibre. A second optical fibre
links the ADCs to the control computer (monitor-
ing bus) for internal calibration and system moni-
toring. Quick-look processing will be imple-
mented via dedicated hardware and an optical
fibre link to the data recording units. On-line
and/or off-line operation is possible.

F-SAR is in the
building phase and
has successfully
passed a series of
laboratory tests.
The maiden flight
of the new radar is
planned for late
2006. Alternative
solutions for a more
suitable aircraft
with improved
performance in
terms of flight
range and altitude
are being investi-
gated in order to
better cope with
the requirements of
future campaigns
and missions.

 X C S L P 

RF [GHz] 9.60 5.30 3.25 1.325 0.35

Bw [MHz] 800 400 300 150 100

PRF [KHz] 5 5 5 10 12

PT [kW] 2.50 2.20 2.20 0.70 0.70

Rg res. [m] 0.3 0.6 0.75 1.5 2.25

Az res. [m] 0.2 0.3 0.35 0.4 1.5

Rg cov. [km] 12.5 (at max. bandwidth)

Sampling 8 Bit real;
1 Giga sample or 500 Mega samples;
max number of samples 64 K per range
line; 4 recording channels

Data rate 247 MByte/s (max. per rec. channel)

Figure 2.85 New F-SAR antenna mount attached to the
right-hand side of the aircraft behind the wing allowing 7
antennas to be integrated.

Figure 2.86 Block diagram of the F-SAR system control and data acquisition sub-system.
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2.3 Microwave Systems: 
Research and Technology 

2.3.1 Bistatic and Multistatic SAR 

Bistatic  and multistatic  synthetic  aperture  radar 
operates  with  transmit  and  receive  antennas 
mounted  on  separate  platforms  (Figure  2.87). 
Such a  spatial  separation has operational advan-
tages,  increasing  the  capability,  reliability  and 
flexibility of  future SAR missions and generating 
new, innovative data products. 

Interest  in  such  systems  has  significantly  in-
creased  in  the  last  few  years  and  bistatic  SAR 
(one  transmitter,  one  receiver)  is  now  a  major 
topic at many  international  remote  sensing  con-
ferences.  This  upsurge  goes  hand  in  hand with 
progress  in  satellite  navigation,  communications 
and  miniaturisation,  allowing  the  realisation  of 
concepts, previously regarded as unfeasible. Sev-
eral proposals for spaceborne missions have been 
made;  e.g.  BISSAT  (Italy),  TerraSAR-L  Cartwheel 
(ESA, section 2.1.4), TechSAT21 (USA), Radarsat-
2/3 tandem  (Canada),  as well  as  our  own  Tan-
DEM-X (DLR, section 2.1.3).  
 

 
 

Figure 2.87 Scattering geometry of bistatic  and multistatic 
(dotted) SAR systems with different  incidence θTx and depar-
ture  θRx  angles  for  the  transmit  and  receive  signals.  
The planes are also offset by φ.  

Eventually,  the  capabilities  of  such  systems may 
cause a paradigm  shift  in  radar  remote  sensing, 
replacing  conventional  large  and  complex 
monostatic  radar  satellites  by  clusters  of  small 
and low-cost microsatellites operating in consort. 
By  distributing  the  functions, modular  and  scal-
able  designs  are  conceivable,  reducing  the mis-
sion  risk and enabling a wealth of new  imaging 
modes, which can even be dynamically reconfig-
ured  to  serve  changing  tasks  [28]  [391]  [501]. 
Some capabilities are: 
- Single-pass  cross-track  interferometry  for  the 

derivation of global, precision DEMs  

- Along-track  interferometry  for  global  meas-
urements of ocean currents and sea ice drift  

- Polarimetric  SAR  interferometry  for  forest 
mapping and global biomass estimates 

- Ambiguity  suppression  for  wide  swath  SAR 
imaging with high resolution 

- Frequent monitoring  for  the detection of  fast 
scene changes and timely information 

- Multi-baseline SAR tomography for 3-D imag-
ing of semi-transparent volume scatterers 

- Multi-aperture  ground moving  target  indica-
tion for large area traffic monitoring 

- Double differential SAR  interferometry for the 
measurement of vertical scene displacements   

- Multi-angle  SAR  imaging  for  improved  seg-
mentation,  classification  and  object  recogni-
tion 

 
Mission Definition and Constellation Design  

An important parameter in defining a spaceborne 
SAR mission  is  the  selection  of  a  suitable  orbit. 
This  becomes  even more  important  for  bistatic 
and  multistatic  radar  missions,  where  two  or 
more  satellites  must  cooperate  to  acquire  the 
necessary data. One example  is a system for fre-
quent  monitoring,  whereby  a  dedicated  radar 
transmitter  located  in  geostationary  orbit  illumi-
nates  the  scene  and  multiple  receivers  in  low 
Earth  orbit  collect  the  scattered  energy  (Figure 
2.88). This distribution of tasks allows the use of 
small,  low-cost  microsatellites  as  receivers, 
thereby  reducing  the  revisit  time without  exces-
sive cost.  

Figure 2.88 Bistatic SAR system consisting of a geostation-
ary  illuminator  with  multiple  receivers  mounted  on  small 
satellites in low Earth orbit.  

An alternative concept for frequent monitoring is 
to deploy satellite constellations in medium Earth 
orbits, where each satellite accesses a huge area. 

Different  requirements  arise  for  multistatic 
SAR  interferometry, which calls  for close satellite 
formations.  Several  concepts  suitable  for  across-
track  and  along-track  interferometry  have  been 
studied and patented  [25]  [149]. Some of  these 
formations are described in section 2.1.4.  
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A major  challenge  is  the  avoidance  of  collision 
between  satellites. This  is achieved by using  the 
patented  Helix  concept  [620],  which  ensures  a 
safe  satellite  separation  for  arbitrary  along-track 
displacements  and which will  be  used  for  Tan-
DEM-X (section 2.1.3).  
 

Performance Estimation 

The  geometry  of  a  bistatic  SAR  differs  signifi-
cantly from  that of a monostatic SAR. An exam-
ple  is  the  geostationary  illuminator  concept  of 
Figure  2.88,  where  the  long  transmit  path  re-
mains  almost  constant while  the  relatively  short 
and  fast varying  receiver path provides  the Dop-
pler modulation for high resolution SAR imaging. 

Such systems require new algorithms for per-
formance analysis necessitating  the development 
of  a  bistatic  performance  estimator  (section 
2.3.6) [28] [210]. Figure 2.89 shows the predicted 
sensitivity  for  the  geostationary  illuminator  sys-
tem of Figure 2.88 and demonstrates the feasibil-
ity  of  such  a  system with  a moderate  transmit 
power-aperture product of 105 W/m2. 
 

 

Figure 2.89 Noise equivalent sigma zero  (NESZ)  in dBm2/m2 
for a bistatic SAR combining a geostationary  illuminator with 
a LEO receiver. The grey  lines show the contours of constant 
range  and  Doppler  in  an  Earth  tangent  plane  spanning  an 
area of 1200 km x 1200 km. The receiver motion is indicated 
by the arrow.  

A  detailed  model  was  also  developed  for  the 
analysis  of  the  interferometric  performance  of   
multistatic satellite constellations [25]. This model 
was used,  for  instance,  to predict  the height ac-
curacies  for  the  TanDEM-X  and Cartwheel  con-
cepts (sections 2.1.3 and 2.1.4). For an ESA study 
on  polarimetric  and  interferometric  missions  it 
was  used  to  predict  the  performance  of  space-
borne Pol-InSAR systems [29]. 

Bistatic and Multistatic SAR Processing  

The spatial separation of the transmit and receive 
paths in a bistatic SAR system requires the devel-
opment  of  new  algorithms  for  high  resolution 
SAR  processing.  Bistatic  SAR  data  from  stable 
configurations, where the relative position of the 
two platforms  remains  fixed, can often be proc-
essed  by  adapting  the  monostatic  processing 
algorithms.  However,  new  algorithms  are  re-
quired to focus the bistatic returns from configu-
rations where  the  transmitter-receiver  separation 
changes during the data take [314].  

Multistatic SAR data require different process-
ing  approaches.  The  combination  of  the  signals 
from multiple  receivers  can be  linear, e.g.  linear 
signal summation, as in the case of digital beam-
forming (section 2.3.2), or non-linear, as required 
for  the  various  interferometric modes.  By  using 
these techniques  in combination,  it  is possible to 
significantly  improve the performance. An exam-
ple  is  the  combination  of  multi-baseline  cross-
track interferometry with differential ranging [28] 
[391]  (Figure  2.90).  This  enables  the  generation 
of  ultra  high  resolution  DEMs  with  sub-meter 
height accuracy without  the need  for phase un-
wrapping, which  can be  a  challenge  for normal 
interferometry.  Large  interferometric  baselines 
can be used,  the phase ambiguities of  individual 
pixels  being  resolved  by  means  of  differential 
time delay measurements. 

 

Figure 2.90 Predicted  DEM  performance  for  multi-baseline 
single-pass data acquisition. The interferometric height accuracy is 
shown for two baselines corresponding to a height of ambiguity 
of 100 m  (dashed) and 10 m  (solid). The dotted  line  is the pre-
dicted height accuracy  for differential  ranging. The height accu-
racy from differential ranging remains below the height of ambi-
guity of the small baseline interferometry, thus enabling efficient 
ambiguity suppression without the need for phase unwrapping. 

Further  potential  arises  from  multiple  aperture 
sensing for the suppression of range and azimuth 
ambiguities.  For  example,  a  coherent  combina-
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tion of  the  signals  from multiple  receivers  sepa-
rated  in  an  along-track  formation,  a  so-called 
sparse aperture SAR  (Figure 2.91), achieves  sup-
pression of azimuth ambiguities by taking advan-
tage  of  a  new multi-aperture  signal  reconstruc-
tion algorithm [27] [155] (section 2.3.2). It is then 
possible to:  
-  improve the azimuth resolution   
-  increase the imaged swath width, and  
-  reduce the required antenna area. 
 

The  sparse  aperture  configuration  is  also  well 
suited  to  GMTI  and  traffic  monitoring  applica-
tions, since it enables efficient clutter suppression 
and high accuracy velocity measurements (section 
2.3.4).  
 
 

 

Figure 2.91 Multistatic  sparse  aperture  SAR  for  high 
resolution, wide swath imaging with small receiver antennas. 

Synchronisation of Bistatic SAR Systems 

Further  investigations  addresses  the  impact  of 
local oscillator  stability during bistatic and multi-
static  SAR  data  acquisitions.  Oscillator  errors  
deserve  special  attention  in distributed  coherent 
radars,  since  there  is no  cancellation of  low  fre-
quency  phase  errors  as  in  a  monostatic  SAR, 
where  the  same  oscillator  signal  is  used  in  the 
transmitter and  receiver  (Figure 2.92). To  investi-
gate  the  errors,  a  system model was  developed 
[30]  [59],  which  describes  the  resulting  phase 
fluctuations. Analytic  expressions were  then  de-
rived  for  typical errors  like  the  time variant shift, 
spurious  side-lobes,  and  the  broadening  of  the 
impulse  response,  as well  as  the  low  frequency 
phase  modulation  of  the  focused  SAR  signal.  
To combat  the degradation,  several synchronisa-
tion  strategies  were  developed.  Figure  2.93 
shows  the  reduction of  the azimuth  impulse  re-
sponse  deterioration  by  using  a  periodic  phase 
referencing  concept.  This  synchronisation  tech-
nique  will  be  implemented  for  the  TanDEM-X 
mission  
(section  2.1.3),  where  radar  pulses  are  periodi-
cally  exchanged  between  the  instruments  via 

dedicated horn antennas. 

 

Figure 2.92 Derivation of base-band bistatic phase errors 
after  down  conversion.  fT  and  fR  denote  the  transmit  and 
receive oscillator frequencies, ϕT and ϕR are the corresponding 
phase errors, and τ is the travel time of the radar pulse. 
 

 

Figure 2.93 Simulated bistatic SAR impulse response in L-
band.  The  upper  plots  show  the  simulated  profile  of  the 
azimuth response without synchronisation (left),  phase refer-
encing    every    ten  seconds  (middle),  and  phase  referencing 
every second (right). The  lower plots show the corresponding 
impulse  response phase errors  in  the  range  from  -180°  to + 
180°.  

New Multistatic Imaging Techniques 

A  wealth  of  new  bistatic  and  multistatic  SAR 
imaging  techniques has been  suggested  in  [28]. 
Examples  are  range  resolution  enhancement 
beyond  the  ITU  bandwidth  limitations,  3-D  to-
mographic  mapping,  or  the  measurement  of 
small height  changes by double differential  SAR 
interferometry [391]. Further potentials arise from 
a combination of bistatic radar with digital beam-
forming on receive (section 2.3.2).  

Another  opportunity  is  the  parasitic  use  of 
communication  and  navigation  satellites,  which 
provide  a  free  illumination  source.  In  order  to 
explore  the  capabilities  and  limitations  of  such 
parasitic systems, an experimental setup has been 
built as shown in Figure 2.94. First results are very 
promising  and  yield  well-focused  impulse  re-

Astra digital TV satellites for scene illumination. In 
a  future  step,  the  receiving  antennas  will  be 
moved on  tracks  to demonstrate  synthetic aper-

sponses  using  the  television  signals  from  the 

ture imaging. 
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Figure 2.94 Experimental setup  for  the demonstration of 
radar imaging based on illumination from a digital TV satellite. 
One  antenna  directed  at  the  satellite  receives  a  reference 
signal while a second antenna directed at  the scene  receives 
the  reflected  signals  from  the  targets.  Range  focusing  is 
achieved by correlating the two signals. 

Bistatic Airborne SAR Experiment 

In order to explore the potentials and challenges 
associated  with  bistatic  radar,  DLR  and  ONERA 
conducted  a  joint  bistatic  airborne  SAR  experi-
ment  with  their  radar  systems  E-SAR  and 
RAMSES  in  February  2003  in  southern  France 
(Figure  2.95,  top).  Two  bistatic  configurations 
were flown.  

In  the  first  configuration,  a quasi monostatic 
mode,  the  two  planes  flew  very  close  to  each 
other  to acquire  interferometric data  in a single-
pass  across-track  configuration  with  a  vertical 
separation of about 20 m. This successfully dem-
onstrated two-platform bistatic SAR  interferome-
try for the first time [10].  

The second geometrical configuration was de-
signed  to  acquire  images with  different  bistatic 
angles.  An  impressive  result  is  shown  in  Figure 
2.96  which  is  an  overlay  of  three  SAR  images 
with  different  bistatic  angles  [141].  The  strong 
colour  variation  between  the  different  areas  in 
the  image  demonstrates  the  high  information 
content in multistatic SAR products.  

The results from the bistatic airborne SAR ex-
periment clearly demonstrate  the  technical  feasi-
bility of bistatic  SAR  imaging  and  the great po-
tential  for  the  extraction of new  scene parame-
ters. 

 
 

 
 

Figure 2.95 Bistatic  airborne  SAR  experiment.  Top:  the 
two aircraft on  the ground and  (inset)  in  the air; below:  the 
two  bistatic  configurations,  left:  quasi monostatic  geometry 
with  the  aircraft  following  closely  on  the  same  track,  right: 
bistatic geometry. 

 
 

 
 

Figure 2.96  Colour composite of three SAR  images with 
different bistatic angles, showing  the good differentiation of 
surface features. 

Bistatic and multistatic radar is an emerging tech-
nique with great potential  for a broad  range of 
new  remote  sensing  applications.  The  combina-
tion of practical experience and theoretical exper-
tise makes the Institute a key player in this strate-
gically important field.  
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In  addition  to  the  continuation  of  theoretical 
investigations,  further  bistatic  airborne  experi-
ments  are  planned  together  with  ONERA  in 
2007.  

An  important outcome of the work has been 
the successful TanDEM-X mission proposal. A big 
step  forward  is  expected  from  the  bistatic  ex-
periments planned during this mission.  
 

2.3.2 Digital Beamforming 

Digital  beamforming  (DBF)  is  a  technique, 
whereby the receiving antenna of a radar system 
is split  into multiple sub-apertures.  In contrast to 
analog  beamforming,  e.g.  as  employed  in  
TerraSAR-X,  the  signal  from  each  sub-aperture 
element  is separately amplified, down-converted, 
and digitised  (Figure 2.97). The  signals are com-
bined with a digital bus, avoiding  the combiners 
of conventional antennas arrays and, hence, po-
tentially  simplifying  antenna  integration.  The 
coherent combination of the sub-aperture signals 
allows  the  formation  of  multiple  beams  with 
arbitrary  shapes.  The  technique does not neces-
sarily  require  multiple  transmit  beams,  signifi-
cantly  simplifying  the  antenna  design.  Hence, 
digital  beamforming  on  receive  is  enjoying  the 
greatest interest.  
 

 

Figure 2.97 Schematic of digital beamforming on receive. 
The  signal  from  each  sub-aperture element  is  independently 
amplified, down-converted, and digitised. The digital process-
ing  enables  flexible  and  adaptive  beamforming  after  the 
signal reception. 

Digital beamforming  is  a powerful  technique  to 
gather additional information about the direction 
of  scattered  radar echoes during  the acquisition 
of SAR  images. The  flexibility of  this a posteriori 
beamforming process can be used to: 
- improve  the geometric  resolution by combin-

ing multiple narrow Doppler spectra to a wide 
azimuth spectrum,   

- improve  the  radiometric  resolution  without 
reducing the  imaged area. The receive gain  is 
increased by switching between narrow, high 
gain beams,  

- suppress  range  and  azimuth  ambiguities  by 
null-steering, 

- suppress  interference  from  specific directions 
by space time adaptive processing, and 

- gain  additional  information  about  the  dy-
namic  behaviour  of  the  scatterers  and  their 
surroundings.  

Hence, digital beamforming  is  regarded as a key 
technology  for  the  development  of  powerful, 
highly flexible SAR systems in the future. 
 

Sector Imaging Radar 

A  first demonstration of  the potentials of digital 
beamforming on receive was the development of 
an  innovative  forward  looking  imaging  radar  for 
enhanced  vision.  The  technique  generates  high-
quality radar images in any desired direction, and 
is,  hence,  also  suitable  for  forward  looking  air-
borne radars (FLAR).  
 

 
 

Figure 2.98 Top: Antenna system attached to the skids of 
the  helicopter.  Bottom:  SIREV  antenna  with  56  receiving 
subarrays.  
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The  system  is based on a DLR patent  [627] and 
denoted  Sector  Imaging  Radar  for  Enhanced 
Vision,  SIREV.  In  contrast  to  SAR  systems,  no 
relative motion  is  required  between  the  sensor 
and  the  targets.  The  high  frame  repetition  fre-
quency enables  the detection and measurement 
of very rapid changes  in dynamic scenes. Further 
modes are  interferometric mapping, as well as a 
true  3-D tomographic mapping  of  semi-trans-
parent scatterers. 

To  verify  and  demonstrate  SIREV  an  X-band 
experimental  system  was  assembled  and  flown 
on a helicopter [26]. An antenna was built by IHE, 
University of Karlsruhe with  sequential  switching 
of  the  receiving antenna elements and was con-
nected  to  existing  radar  hardware  of  the  com-
pany  Aerosensing.  The  available  bandwidth  of 
100 MHz and  the wavelength  limited  the  image 
resolution, but were sufficient  to prove  the con-
cept.  Figure  2.98  illustrates  the  antenna  system 
and  its  attachment  to  the  helicopter. Details  of 
the  radar hardware and  the antenna system can 
be found  in  [67]. The work was funded by Atlas 
Elektronik GmbH. 
 

 
 

Figure 2.99 Temporal  sequence  of  a  corner  reflector 
response  obtained  as  the  helicopter  moved  forward.    The 
result shows good azimuth focusing in spite of the helicopter 
motion.  

A  fast  processing  algorithm  was  developed  for 
SIREV,  which  allows  accurate,  phase  preserving 
image formation. Raw data were obtained from a 
demonstration  flight  close  to Oberpfaffenhofen. 
Motion  errors  of  the  platform  were  extracted 
from  an  analysis of  the  recorded data,  avoiding 
the  necessity  of  an  inertial  navigation  system 
(Figure 2.99). 

The  results  show  good  agreement with  the-
ory.  After  the  image  formation,  coherent  and 
incoherent  averaging  were  applied  to  improve 
the  image quality. The required motion compen-
sation for coherent averaging was derived directly 
from  the  recorded data by computing  the  inter-

ferometric phase difference between subsequent 
SIREV  images (Figure 2.100,  left). The final result 
was  an  image  sequence  composed  of  several 
thousand  images.  An  animation  of  the  image 
sequence is available at:   
http://www.dlr.de/hr/sirev/home.html.  
The  right  hand  side  of  Figure  2.100  shows  one 
image of this sequence. 
 
 

   
 

Figure 2.100 Left: interferogram between successive SIREV 
images. Right: SIREV image of the river Lech.  

 
High Resolution Wide Swath SAR Imaging 

The  unambiguous  swath width  and  the  achiev-
able  azimuth  resolution  pose  contradicting  re-
quirements on SAR  system design. To overcome 
this  inherent  limitation of a spaceborne Stripmap 
SAR,  several  innovative  techniques  have  been 
suggested  based  on  splitting  the  receiving  an-
tenna  into multiple sub-apertures with  individual 
receiver  channels. By  combining  the  digitally  re-
corded  sub-aperture  signals a posteriori  in a  lin-
ear  space-time  processor  it  is  possible  to  form 
multiple  independent beams and to gather addi-
tional  information  about  the  direction  of  the 
scattered  radar  echoes.  This  technique  is  espe-
cially promising  in  combination with  small  aper-
ture transmitters illuminating a large footprint on 
the ground.  

An  example  for  such  a  system  is  the  High 
Resolution Wide Swath  (HRWS) SAR which com-
bines the displaced phase center (DPC) technique 
in  azimuth  with  time  variant  beam  steering  in 
elevation  (Figure  2.101).  The  DPC  technique  is 
used  to  gain  additional  samples  along  the  syn-
thetic aperture  to  suppress azimuth ambiguities. 
The  time  variant  beam  steering  in  elevation  is 
used  to  improve  the  SNR without  reduction  of 
the swath width. This  is achieved by steering the 
receive beam to follow the radar pulse as  it trav-
els over the ground. 
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Figure 2.101 High  Resolution  Wide  Swath  (HRWS)  SAR 
system. The combination of the displaced phase center tech-
nique with  time  variant  beam  steering  in  elevation  enables 
large area imaging with high resolution.  

 
Azimuth Processing Techniques 

The  application  of  the  classical  displaced  phase 
center  technique  in  a HRWS SAR  system puts  a 
stringent  requirement on  the  PRF, which has  to 
be chosen such that the SAR platform moves half 
the  antenna  length  between  successive  radar 
pulses. However, such a rigid selection of the PRF 
in order  to obtain a uniformly sampled synthetic 
aperture may be  in  conflict with  the  timing dia-
gram  of  the  SAR  for  some  incidence  angles.  It 
also  precludes  the  use  of  a  higher  PRF  for  im-
proved azimuth ambiguity suppression.  

To avoid such a restriction, a new reconstruc-
tion algorithm was developed, which can recover 
the unambiguous Doppler  spectrum even  in  the 
case of a non-uniform DPC  sampling  [27]  [155]. 
The  raw  data  acquisition  in  a multiple  aperture 
SAR  is  described  using  a  linear  multi-channel 
systems model, as shown in Figure 2.102. 
 
 
 
 
 

 
 
 

Figure 2.102 Multi-channel  linear  systems model  for mul-
tiple aperture SAR. The SAR data acquisition  is described by 
the linear filters on the left. The sampling with a pulse repeti-
tion  frequency  PRF,  which  is  lower  than  the  Nyquist  rate, 
introduces  ambiguities  for  each  channel.  The  unambiguous 
SAR signal can then be recovered by a joint coherent process-
ing of the recorded signals from all receiver channels. 

 
Each  channel  on  the  left-hand  side  of  Figure 
2.102  describes  the  bistatic  data  acquisition  by 
one  sub-aperture  element.  The  signals  are  sam-
pled with a PRF which is lower than the (Doppler) 
bandwidth, making  the  output  of  each  channel 
highly aliased. The unambiguous SAR signal spec-
trum is then recovered by coherent multi-channel 
SAR processing which eliminates  the ambiguous 
parts  of  the  individual  Doppler  spectra  (Figure 
2.103). This reconstruction algorithm can also be 
regarded  as  a  time-variant  digital  beamforming 
on receive process, which combines the individual 
receive signals in a general space-time processing 
framework.  

Use of this algorithm means that the stringent 
PRF  restriction  is  avoided  and  it  is  applicable  to 
systems  relying  on  the  DPC  technique,  like  the 
HRWS SAR or  the dual  receive antenna  concept 
in TerraSAR-X and Radarsat-2.  
 

 

Figure 2.103 Unambiguous  signal  reconstruction  in  a 
multiple aperture SAR with  three  channels. Each  reconstruc-
tion filter Pi(f) consists of n=3 band-pass filters Pij(f). The trans-
fer  functions  Pij(f)  are  derived  from  a  generalised  multiple 
channel  system  matrix  describing  the  data  acquisition  in 
Figure 2.102.  
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The validity of  the algorithm has been  tested by 
simulation.  Figure  2.104  shows  the  predicted 
response of the TerraSAR-X dual receive antenna 
mode  to an extended  scatterer before  (top) and 
after  (bottom)  applying  the  reconstruction  algo-
rithm.  It  is evident that the ambiguous responses 
are suppressed.  

The  algorithm  has  also  been  applied  to  real 
SAR  data  acquired  by  the  DLR  E-SAR  system. 
Figure 2.105  compares  the  reconstructed  image 
(right)  to  the ambiguous  image  for one  channel 
with a highly non-uniform sampling (left).  

The azimuth processing  for multiple aperture 
SAR  systems  is  further  being  investigated  in  an 
ongoing  contract  from  EADS Astrium.  The  goal 
of this study  is the development of a technology 
demonstrator  for  a  future  spaceborne  HRWS 
mission. It has been seen that azimuth processing 
plays a key role in designing such systems.  

   

 
Figure 2.104 Azimuth response for one sub-aperture  (top) 
and after non-uniform DPC antenna  reconstruction  (bottom) 
showing the suppression of the ambiguous responses.  

   

Figure 2.105 Ambiguous image for one channel with non-
uniform DPC sampling (left) and after reconstruction with the 
ambiguities suppressed (right). 

Beamforming in Bistatic and Multistatic SAR 

Digital  beamforming  on  receive  is  also  of  great 
interest in combination with bistatic SAR systems, 
such as  the example of  the geostationary  illumi-
nator  in  combination with passive  LEO  receivers 
(section 2.3.1). Such a system has the peculiarity 
that  the  length of  the  transmit path exceeds by 
far  the distance  from  the  target  area  to  the  re-
ceiver. As a  result,  the antenna  footprint of  the 
geostationary  illuminator  will  be  much  larger 
than  the  footprint of  the LEO  receiver. Hence, a 
receiver with  a  fixed  aperture  antenna will  only 
see  a  part  of  the  illuminated  footprint.  Such  a 
waste of energy  can be avoided by  splitting  the 
receive antenna  into multiple  sub-apertures with 
individual  receiver  channels  (Figure 2.106).  Each 
element  then  sees a  larger area on  the ground, 
and by combining  the  receiver data  it  is possible 
to  obtain  additional  information  on  the  target 
area. Additional information can be used to:  
- increase the azimuth resolution 
- reduce range and azimuth ambiguities 
- detect moving objects, and 
- improve the radiometric resolution. 

The  concept  of  digital  beamforming  on  receive 
can  further  be  extended  to  multistatic  satellite 
configurations,  where  each  satellite  antenna 
forms one element of a huge, but sparsely popu-
lated  aperture.  The  new  ambiguity  suppression 
techniques introduced in the previous section can 
be  adjusted  to  such  satellite  formations.  This 
enables  the use of microsatellites  for  large satel-
lite clusters with reconfigurable baselines. Flexible 
baseline  selection allows new, powerful  imaging 
modes  to be  realised.  These  can be dynamically 
adapted to changing requirements, thus serving a 
broad  range of  remote  sensing applications  [28] 
[391]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.106 Bistatic  SAR  with  digital  beamforming  on 
receive.  The  transmitter  illuminates  a  wide  area  on  the 
ground. Digital beamforming on receive allows for the forma-
tion of multiple narrow beams with high antenna gain. This 
improves  the  sensitivity  without  reduction  of  the  coverage 
area, as required for high resolution wide swath SAR imaging. 
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Digital beamforming on receive is a promising
technique to overcome fundamental limitations
of conventional SAR systems. An important appli-
cation is high resolution wide swath imaging, as
required for many remote sensing applications.
This is of special importance for applications
dedicated to the observation of dynamic proc-
esses like differential and permanent scatterer
interferometry which enable the measurement of
millimeter displacements from subsidence, land-
slides, and seismic deformations. Here, a wider
image swath allows the use of orbits with shorter
revisit times without sacrificing full coverage.

The beamforming techniques developed in
the Institute will play a key role in designing fu-
ture multi-channel radar systems. The technology
for such radars is currently being developed in a
joint DLR/ESA project.

A first demonstration of high resolution wide
swath SAR imaging is planned with the dual re-
ceive antenna mode in TerraSAR-X. More ad-
vanced demonstrations will become possible with
TanDEM-X which provides four independent
channels with distributed phase center positions.

Much research is still required to fully exploit
the potentials of the DBF technique for space-
borne radar remote sensing. One current exam-
ple of research at the Institute is the suppression
of interference from specific directions. This may
gain in importance as the frequency spectrum
becomes more and more congested. Another
example is the combination of azimuth ambiguity
suppression techniques with moving target indi-
cation, supporting applications like wide area
traffic monitoring (section 2.3.4). Yet another is
digital beamforming on transmit with non-
separable space-time waveforms. This enables a
systematic distribution of the signal energy on
the ground together with a significantly improved
ambiguity suppression capability. Such systems
can be operated in a hybrid mode, devoting more
system resources to a limited area of high interest
without losing wide coverage.

A potential spin-off could be the use of the
DBF techniques to develop a Tsunami Early Warn-
ing System (TEWS), which is currently being in-
vestigated in a nationally funded study (2.3.11).

Further work is being devoted to the devel-
opment of efficient data reduction strategies for
multiple aperture SAR systems, alternative DBF
architectures for improved ambiguity suppression
by pre-beam shaping and new and more efficient
multi-channel processing algorithms.

2.3.3 Inverse SAR Imaging - ISAR 

Reliable global reconnaissance using remote sens-
ing techniques requires a weather and time inde-
pendent detection, recognition, and identification

capability. High resolution spaceborne radar sys-
tems, such as planned for reconnaissance
(2.1.10) or implemented on TerraSAR-X (2.1.2),
are appropriate instruments. When designing
such a mission the availability of representative
radar data from ground measurements is impor-
tant, i.e. for the analysis, understanding and
simulation of complex target signatures and to
provide reference signatures for automatic target
recognition (ATR).

Inverse SAR (ISAR) imaging allows the collec-
tion of very precise high resolution radar signa-
tures from targets of interest. For a spaceborne
radar system, the imaging geometry is similar and
differs only by geometrical transformation and
rotation as shown in Figure 2.107. With ISAR, a
high spatial resolution in the decimeter range is
accomplished by rotating an object on a turnta-
ble with respect to a spatially fixed broadband
radar system, and by recording a sequence of
corresponding radar echoes within a specific
azimuth angle range.

Moving radar Fixed radar

Fixed target area Moving target area

Geometrical

transformation

Moving radar Fixed radar

Fixed target area Moving target area

Geometrical

transformation

Figure 2.107 Geometry of a Spotlight SAR (left) and
tower-turntable ISAR (right). Azimuth resolution is achieved
by the relative rotary motion between sensor and target. For
far field conditions the measured signatures are identical for
both scenarios.

The measurements are performed at a range
distance to the turntable of about 60 m. The typi-
cal incidence angles are from 24° to 50°, since
only this angular range is feasible for a space-
borne radar, due to transmit power limitations.

Figure 2.108 shows the tower and the turnta-
ble, which was covered with soil and grass to
provide a natural background. Calibration targets
(e.g. corner reflectors and top hats) are arranged
close to the turntable to allow an off-line data
correction. In front of the turntable, a radar fence
prevents disturbing reflections caused by the
machinery from below the table.

The experimental radar system is based on a
pulsed stepped-frequency waveform, offering a
high degree of flexibility for the data processing
and an inexpensive implementation for the signal
generation and data acquisition.
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However,  corresponding  longer  measurement 
duration  for a complete signature over an angu-
lar range of 360° has to be accepted. A network 
analyser  (NWA)  is used  to generate  the  stepped 
frequency  continuous  wave  signal.  A  unit  con-
taining  a  transmitter  and  receiver,  including  the 
pulse  modulator,  was  developed.  The  received 
and  low-noise  amplified  signal  is  transferred  to 
the  NWA  for  I/Q  detection.  An  angle  encoder 
delivers  the  azimuth  position  of  the  turntable, 
and  a  PC  controls  the whole measurement  sys-
tem and stores the data [185]. 
 

      
 
Figure 2.108 Photograph  of  the  tower-turntable  arrange-
ment  at  the Meppen  proving  ground.  Left:  The  tower with 
different platforms at heights between 30 m and 50 m. Right: 
the turntable about 9 m in diameter. 

The  recorded  complex  radar  backscatter  signals 
are  processed  coherently  off-line  to  produce  an 
image. The range resolution is determined by the 
signal bandwidth used, and the cross-range reso-
lution  by  the  extent  of  the  azimuthal  angular 
range, which  is analogous  to  the synthetic aper-
ture of a SAR. A straight forward implementation 
of a SAR matched filter commonly demands high 
computational  effort.  A  variety  of  algorithms 
reducing  the  computations  exists  with  various 
approximations and  limitations. As the  ISAR data 
are  sampled  on  a  polar  grid,  a  straight-forward 
application of a two-dimensional (2-D) FFT would 
result  in defocusing errors. For our purposes, the 
back-projection method,  the  adapted  polar  for-
mat algorithm and derivatives are convenient. 

The  back-projection  algorithm  first  calculates 
the  range  profile  from  the  spectral  samples  for 
each  turntable  position  via  a  one-dimensional  
(1-D)  FFT. Afterwards  the  consecutive 1-D  inter-
polated  range  profiles  are  back-projected  and 
coherently  superimposed  in  the  image  plane, 
according  to  their  specific  range  direction.  This 
method offers the advantage of an inherent spa-
tial adjustment to the polar grid of the raw radar 
data. The computational effort of using the back-
projection  is  primarily  determined  by  the  image 
size  and  can  be  reduced  by  selecting  only  the 
interesting parts of the image area [186].  
 

The  polar  format method  enables  the  use  of  a  
2-D FFT  by  correct  localisation  of  the  data  sam-
ples in the spectral domain. Usually, an interpola-
tion is applied to resample the spectral data on a 
rectilinear equidistant grid. Due to the limited size 
of  the  illuminated  scene and available  computer 
performance,  a  fast  and  precise  method  was 
established  by  relocating  the  samples  accurately 
on a finer zero-filled grid. In this way, the data is 
correctly sampled and the image is formed in one 
computational step. However, for the imaging of 
larger scenes,  the extended data space can be a 
drawback. For  the near-range geometry and  the 
steep  incidence  angles  used,  a  rectification 
method was adapted to correct the image [188]. 

In order to benefit from both methods, a hy-
brid of back-projection and a precise  linear  sub-
aperture  version  of  the  polar  format was  used. 
The  hybrid  processing  starts  with  a  pixel  pre-
selection  of  a  polar  format  image with  a  small 
extension of the data space.  It  is completed with 
a  back-projection  of  the  highly  resolved  range 
profiles  onto  the  selected  pixel  grid.  The  sub-
aperture method  consecutively  transforms  recti-
linear parts of the fine zero-filled grid  in the fre-
quency  domain  into  the  image  domain.  After 
selection of each focused unambiguous area, the 
coarsely resolved images are resampled, and then 
coherently superimposed to form the final  image 
[188] [190]. 

Figure 2.109 shows some results. The first col-
umn  represents  the  coarse  target orientation on 
the turntable, the second column the distribution 
of the scattering centers and the third the distri-
bution of the persistent scatterers. The signatures 
were generated using  the polar  format process-
ing. These  images  illustrate  the different charac-
teristics  of  radar  images  compared  to  optical 
images  even  for  almost  completely metallic  ob-
jects.  This  is mainly  due  to  the  coherent  signal 
processing,  the  steep  incidence  angle,  and  the 
monostatic illumination.   

For a better visual comparison, an  incoherent 
overlay was generated  (Figure 2.110). The shape 
and the size of the target can be determined very 
accurately, as well as the turret orientation.  

Once  the  corrected  processing  of  the  radar 
raw  data  has  been  performed  to  obtain  radar 
cross-section  (RCS)  images of  the target, an ATR 
approach  is  required  to  extract  a  maximum  of 
information  from  the  scene of  interest. Because 
the typical objects of  interest very often produce 
up  to  30  characteristic  scattering  centers,  suffi-
cient  suppression  of  noise,  artefacts,  and  side-
lobes is mandatory. 

Weighting  functions  in  the  spatial  frequency 
domain  are  commonly used  to  reduce  the  side-
lobes  in SAR  imagery, usually accompanied by a 
degradation of  spatial  resolution. Because maxi-
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mum  resolution  is  normally  required  for  target 
recognition, a method called spatial variant apo-
disation  (SVA)  was  used  to  achieve  maximum 
spatial  resolution with  a  simultaneous  reduction 
of  side-lobes.  This  method  was  successfully 
adapted  to  the  constraints  of  our  near-range 
geometry and the steep incidence angles [185]. 
 

   

   

   

   

     

     

   

   

Figure 2.109 Left column: sketch of the target orientation; 
center column: reconstructed RCS image; right column: image 
showing the position of persistent scatterers. 

   

   

Figure 2.110 Incoherent  superposition  of  single  RCS  im-
ages  generated  for  various  azimuthal  aspect  angles  around 
360°. The  images  show  two different  tanks with a different 
orientation of the turret. 

The  turntable measurement  system  can produce 
an irregular sampling in azimuth, due to the very 
low rotational speed and the very high weight of 
a tank. This can cause speckle noise and ambigui-
ties  in the reconstructed RCS  images.  In order to 
overcome  such  problems,  a  special  filtering 
method was developed using  the analysis of  the 
phase  to extract  the most  robust scattering cen-
ters  of  the  target.  These  scattering  centers  be-
have like ideal point scatterers over a wide angu-
lar range, and typically the trihedral structures act 
similar to a corner reflector [186]. 

The  right  column  in  Figure  2.109  shows  the 
images  of  the  extracted  robust  scatterers  after 
applying  the phase analysis method.  In order  to 
investigate the ATR capabilities and the perform-
ance of such 2-D signatures, a template matching 
method  was  selected.  This  recognition  and/or 
identification approach is designed to be tolerant 
with  respect  to  moderate  differences  between 
test  and  training  data. A  principal  advantage  is 
the  robustness  against  small  differences  in  ob-
jects of the same type. For the application of this 
approach,  an  experimental  database  of  several 
thousand  images  of  about  two  dozen  civil  and 
military vehicles was collected. 

The  investigations also  focused on  the deter-
mination  of  robustness  against  variations  in  the 
articulation of  the  test objects, e.g.  the different 
turret orientations  in  Figure 2.110. Also,  the  in-
fluence of camouflage, deception and multipath 
effects was explored; for the latter, an example is 
shown in Figure 2.111.  
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The results show promising recognition perform-
ance;  a  low  false  alarm  rate,  adequate  in-class 
robustness combined with  satisfactory  inter-class 
separation  was  achieved,  at  least  for  large  ar-
moured vehicles [187] [193] [379] [380]. 
 

 
 
Figure 2.111 Influence  of  multipath  effects  on  the  per-
centage of correct classification (PCC) as a function of the false 
alarm rate  (PFA), curve  I: Test object on rural ground, curve  II: 
Test  object  orientated  in  non  cardinal  directions  on  metal 
covered ground, curve III: Test object in cardinal directions on 
metal covered ground. The curves  indicate decreasing recog-
nition performance in urban environments. 

Future goals are the identification and analysis of 
the  scattering behaviour of  complex  targets and 
to make measurements of more objects  to com-
plete the data base.   
 
2.3.4 Traffic Monitoring 

The  DLR  is  pursuing  three  coordinated  traffic 
monitoring  projects.  One  investigates  the  pro-
cessing segment for traffic data based on satellite 
or  airborne  sensor  data  and  formulates  the  
requirements,  also  for  the  other  two  projects, 
TerraSAR-X  and  TRAMRAD  (Traffic  Monitoring 
with  Radar),  in which  the  Institute  is  active. As 
described  in 2.1.2, TerraSAR-X will have a mode 
allowing dual  channel operation  for moving  tar-
get  detection,  and  the  provision  of  dedicated 
traffic monitoring products. 

The project TRAMRAD was established  to  in-
vestigate  the  possibilities  of  using  airborne  or 
spaceborne radar for the monitoring and control 
of road traffic [457] [102]. The goal is the defini-
tion of  realizable  system  concepts  for  radar  sys-
tems, which are able  to  frequently extract wide-
area  traffic data  for  traffic monitoring or,  in ex-
tended  time  intervals,  for  traffic  planning.  Pres-
ently, such data are not available for traffic man-
agement. Although systems utilizing Floating Car 
Data (FCD) are candidates for this task, they have 
severe  limitations  outside  urban  conurbations.  
TRAMRAD is intended to pave the way to a dedi-
cated future traffic monitoring system. 
 

Especially  spaceborne  missions  exhibit  a  large 
diversity  of  orbit  and  system  concepts.  Section 
2.3.1 describes multistatic concepts, like the geo-
stationary  illuminator, which  could  be  exploited 
for  TRAMRAD.  Before  developing  concrete  sys-
tem  concepts,  MTI  (moving  target  indication) 
methods have  to be  studied and evaluated with 
respect to their suitability. 

The first phase of TRAMRAD, which was com-
pleted with a review [457], comprised fundamen-
tal  studies  and  first  simulations  of  existing MTI 
methods  and  techniques  [456]  [486]  [487].  
Advantages  and  limits were  studied  in  order  to 
identify and assess  the most promising methods 
for  collecting  traffic  data  in  a wide  area.  Also, 
extensive  simulation  results  regarding  the  radar 
signatures  of  road  vehicles,  as well  as  the  sur-
rounding  clutter  environment  have  been  con-
ducted [479]. 

An important step forward will be the formu-
lation  of  consolidated  user  requirements  which 
are  the basis  for  reliable mission and  system  re-
quirements.  For  defining  user  requirements  at 
first hand, a user workshop was organised at the 
Institute  with  attendance  from  traffic  manage-
ment  centers,  industry  and  responsible  authori-
ties.  

The preliminary conclusions are that there is a 
short-term  need  for  non-cooperative  systems 
capable  of  providing  wide  area  traffic  data  at 
short  time  intervals.  Hence,  airborne  platforms 
also  need  to  be  considered.  Also,  the  perform-
ance  analyses  are  promising,  giving  confidence 
that a  suitable  system  can be  found. TRAMRAD 
continues with a demonstration phase, whereby 
the F-SAR airborne SAR will be suitably modified 
and  an  experimental  campaign  will  be  per-
formed. Finally,  the overall system has  to be de-
fined,  so  that  a  dedicated  mission  can  be 
planned. 
 
 

SAR/MTI 

In general, with standard SAR processing it is not 
possible  to  detect  and  focus moving  targets  on 
the  ground,  because  SAR  assumes  stationary 
scenes. One major challenge of MTI is the detec-
tion of  slowly moving  targets  in  the presence of 
clutter.  To perform effective  clutter  suppression, 
at least two antennas arranged in the along-track 
direction  are  necessary  (Figure  2.112).  The 
achievable  improvement  of  clutter  suppression 
was  demonstrated  by  processing  dual-channel 
experimental  E-SAR  data  (Figure  2.113)  and  by 
simulation [456]. 

A  further  challenge  is  the  correct  estimation 
of  target velocities. After processing E-SAR data, 
it could be shown  that  the estimation of across-
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track  velocities  and  Doppler  slopes  of  moving 
targets is possible with high accuracy by applying 
a matched filter bank and fractional Fourier trans-
form  in  combination  with  along-track  inter-
ferometry  (ATI) and  time-frequency analysis. The 
correct estimation of along-track velocity without 
using a priori knowledge, like a digital road map, 
is still unsolved for dual channel systems, because 
the effect of along-track velocity and across-track 
acceleration  on moving  target’s Doppler  cannot 
be  separated  [456].  Further  investigations  are 
necessary  to  overcome  the  problem  of  reliable 
along-track velocity estimation. 
 
 

 
 
 
Figure 2.112 Example  of  two-channel  side-looking  radar-
target  geometry  used  for  the  SAR/MTI  simulations.  The  an-
tennas  (marked  in  red  and  green  colour)  are  arranged  in 
along-track  direction  for  clutter  suppression  and  velocity 
estimation. 

 

 
 
 

Figure 2.113 Clutter suppression using DPC technique and 
channel balancing. All moving cars no. 1-3 could be detected 
from  the DPC  image  on  the  right.  The  results were  derived 
from  experimental  E-SAR  data.  Left:  normal  processed  SAR 
image.  

Depending on the system and antenna configura-
tion, MTI  performance  can  be  further  increased 
with  multi-channel  systems.  A  third  receiving 
antenna  can  improve  clutter  suppression,  elimi-
nate  blind  velocities  and  resolve  ambiguities  in 
the measurement of across-track velocity [486]. 
 

Multiple Channel Systems 

Multiple  channel  techniques  combine  adaptive 
array  techniques  with  SAR  processing.  While 
classical SAR systems process the received signals 
either  in  the  time domain or  frequency domain, 
multi-channel  systems  can  spatially  separate  sig-
nals  by beamforming  on  receive  (section  2.3.2). 
This  is  necessary  especially  for  the  detection  of 
slowly moving  targets, because  the  received  sig-
nals are ambiguous  in the frequency domain but 
resolvable  in the spatial domain. Thus, the sensi-
tivity of  systems  in  the angle-Doppler plane was 
also  studied.  The  sensitivity  plane  of  a  non-
equidistant  four-channel  along-track  configura-
tion is shown in Figure 2.114. The main diagonal 
passing  through  zero Doppler  at 90°  (broadside 
direction)  exhibits  a  sharp  notch,  which  sup-
presses the clutter. Even slow moving targets will 
be outside  this clutter notch and, hence,  remain 
unattenuated.  As  can  also  be  seen,  additional 
clutter  notches  result  from  spatial  or  temporal 
subsampling.  Their  positions  are  defined  by  the 
PRF  and  the  antenna  separations  [456].  The 
width of the clutter notch mainly depends on the 
overall  length of  the antenna. To obtain suitable 
multiple channel data for developing the process-
ing  algorithms,  a  first  experimental  campaign 
with  an  airborne  four-channel  system  (section 
2.2.6, F-SAR) is planned for the end of 2006. 
 
 

 
 
Figure 2.114 Transfer  function  of  a  four-channel  non-
equidistant along-track configuration plotted as a function of 
azimuth  angle  and  Doppler  frequency.  Yellow  shows  the 
areas where signals are suppressed. Violet is maximum gain. 
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Furthermore,  Space-Time  Adaptive  Processing 
(STAP)  techniques  were  studied  and  the  differ-
ences between airborne and spaceborne systems 
investigated  [487].  Fundamental  differences 
mainly  result  from  the  different  height,  velocity 
and stability of the platform. At present, the per-
formance  bounds  on  the  detection  probability 
and  motion  parameter  estimation  accuracy  are 
being derived for comparison of different system 
concepts. 
 
Radar Signatures of Road Vehicles 

To  estimate  the  requirements  for  the  radar  in-
strument  and  to  assess MTI methods  and  tech-
niques,  representative  radar  signatures  of  road 
vehicles need  to be known. The  Institute’s  radar 
signature modelling tools SIGMA and BISTRO are 
used (section 2.3.9). With SIGMA, the monostatic 
radar  cross-section  (RCS)  of  electrically  large 
structures  such  as  cars  can  be  computed  [479]. 
The  target and  the background are modelled by 
flat panels as shown in Figure 2.115. The top row 
of  images  shows  the  target, a Volkswagen Golf 
car, whereby the red coloured panels  indicate an 
orientation perpendicular to the path of propaga-
tion,  representing  the  specular  points,  which 
contribute most  to  the RCS. The bottom  row of 
images shows the double reflections between the 
road and the vehicle, and it can be seen that they 
can  significantly  raise  the  total  RCS. High  RCS 
values  for  most  vehicles  occur  when  they  are 
viewed from the front, back and, especially, from 
the side.  
 

 
 

Figure 2.115  Single  (direct)  reflections  (top  row)  and 
double  reflections  (bottom  row)  of  a  Golf  V  car;  incidence 
angle 45°; azimuth angle: 45°, 90°, and 135°. Top: red panels 
indicate  specular  reflection; blue: grazing  incidence. Bottom: 
double  reflection  contributions (vehicle  to  road  and  vice 
versa). 

Bistatic radar signatures are also under  investiga-
tion  because bistatic  radar offers  promising  sys-
tem  concepts  for TRAMRAD.  Since both  SIGMA 
and BISTRO require  large computation time, very 
simple  representative  geometrical  structures  are 

needed as substitutes that allow fast modelling of 
the scattering and, hence, fast analysis of system 
parameters.  First  attempts  show  that  for  small 
ranges of aspect angle a  car  can be  substituted 
by  groups  of  simple metallic  shapes.    In  Figure 
2.116, the monostatic signature of a car  is com-
pared with that of a substitute model comprising 
four  metal  cylinders.  The  substitute  is  a  good 
likeness  and  can be used  for  SAR  and MTI per-
formance modelling. 
 

 

 
Figure 2.116 Monostatic signature (red curve) of a car (top 
left  inset), signature (blue curve) of the dominant panels (top 
right  inset) and  the  signature  (green curve) of  the  substitute 
model consisting of four metallic cylinders (middle right inset). 
The substitute cylinders exhibit a good RCS likeness.  

Encoding Transponders 

In  spite  of  the  high  resolution  achieved  by  SAR 
instruments,  the  resolving  power  is  generally 
insufficient  to  identify  small  objects.  A  trans-
ponder  technique  using  encoding  has  been  de-
veloped with a  view  to  tagging objects,  so  that 
they  can  be  unambiguously  identified  in  a  SAR 
image  [17]. The encoding  technique  requires no 
modification  of  the  SAR.  The  SAR  data  can  be 
processed  to  image  the  transponders  with  the 
background suppressed.  

The encoding  transponder has applications  in 
many  areas  of  RFID  (radio  frequency  identifica-
tion). As  the  technique  augments  the  capability 
of a SAR  to  image  the Earth’s surface with high 
resolution, even from space,  the encoding  trans-
ponder  has  unique  powers  for  wide-area,  long 
range RFID. This could be very useful for monitor-
ing vehicles tagged with encoding transponders. 
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2.3.5 End-to-End SAR Simulation 

The generation of experimental SAR data  repre-
sentative  of  the  new  advanced  systems  is  both 
expensive  and  time  consuming,  particularly 
where parameters and scenarios need  to be var-
ied. This is especially true for spaceborne systems. 
The  need  for  simulation  tools  for  analysis  and 
evaluation  is,  therefore, essential and  led  to  the 
development  of  the  SAR  End-To-End  Simulator 
SETES [336]. 

SETES is based on realistic mathematical mod-
eling of an overall SAR  system chain and gener-
ates information on the quality of the image data 
and  its  suitability  to  interpret  target  and  back-
ground  signatures.  The  simulator  fulfills  several 
objectives: 
- Estimation  of  SAR  system’s  capabilities  and 

determination of trade-offs during the design 
phase 

- Analysis  and  demonstration  of  the  system’s 
reaction  to  changes  of  operational  require-
ments under space conditions 

- Analysis and elimination of system defects and 
determination  of  their  effects  on  the  image 
quality 

- Support for training SAR operators and image 
interpreters  

The flexible and modular structure of the simula-
tor allows  for adjustment and extension  to  fulfill 
different  tasks.  The  principal  components  of 
SETES are: 
- The  generation  of  the  scene,  including  the 

fully  polarimetric  scattering  behaviour  of  the 
3-D surface and objects, and  including typical 
SAR  effects  like overlay,  speckle noise,  shad-
owing, etc. 

- An accurate SAR  sensor  simulation  (antenna, 
transmit and receive path) 

- Generation of the raw data 
- Image processing and evaluation 

 
Simulation Preparation 

For the preparation of an end-to-end simulation, 
SETES includes several graphical editors for select-
ing  the  simulation  parameters,  i.e.  for  the  orbit 
data, the timing parameters, and two editors for 
the  interactive scenario generation. 

Background Module 

Input data for the background module are a high 
resolution  Digital  Elevation  Model  (DEM),  and 
photos  or  maps  supporting  the  definition  of  
the  electromagnetic  properties  of  the  different 
classes of the background environment. The tasks 
of the module are the co-registration of the vari-
ous data  sources and  the  creation of a material 
map containing the electromagnetic properties of 

all  facets  of  the  DEM.  For  this  purpose  user-
defined material  classes,  e.g.  asphalt,  concrete, 
grass, soil, can be created. The module allows the 
assignment of the facets to the material classes in 
two different ways; these can be used separately 
or in combination: 
- Automatic classification based on image in-

tensities, 
- Interactive selection by defining polygon  

areas. 
The material classes  contain all  information nec-
essary for the subsequent simulation.  

Scene Module 

The  functionality  of  the  scene module  includes 
the  visual  creation  or  editing  of  target  scenes 
with  a  Graphical  User  Interface  (GUI).  Selected 
targets  are  positioned  (with  translation  and/or 
rotation) onto  the background scene. The collat-
eral  information of the generated scene, e.g. the 
selected  target  types and positions, name of  the 
background scene, is saved in a specified file. 
 
Simulation Concept 

The  principal  structure  of  the  simulator  is  illus-
trated in Figure 2.117. 
 

 
 

Figure 2.117 Principal  structure  of  SETES  with  the  main 
modules  for  orbit  and  imaging  geometry  calculations,  the 
generation of the backscattering values, the generation of the 
raw data, and image processing. 

The  orbit  and  imaging  geometry module  calcu-
lates the state vectors of the sensor at all the time 
steps needed and delivers the coefficients for the 
coordinate  system  transformations  between  the 
Earth, platform, antenna, and scenario. The next 
two modules  in  Figure  2.117  are  used  for  the 
calculation  of  radar  cross-section  values  of  the 
background  for  each  facet  (resolution  cell)  de-
pending  on  geometry,  permittivity,  speckle,  sur-
face  roughness  and  embedded  targets.  The 
module reflectivity map includes the projection of 
the reflectivity data onto the slant range plane of 
the  SAR  sensor.  The  resulting  reflectivity map  is 
the input to the raw data generator, which calcu-
lates the raw data depending on the desired SAR 
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mode. The system transfer function of the trans-
mitter and azimuth antenna pattern are taken
into account. Non-linear and time variant parts of
the sensor are modelled in the receive path mod-
ule before the image formation by the SAR proc-
essor. It is possible to use different types of proc-
essor algorithms, like the Chirp Scaling and
wavenumber algorithm. Below, the main mod-
ules reflecting the basic physical models are de-
scribed in more detail.

Reflectivity Map 

The tasks of this module are to generate the
backscattered reflectivity and to superimpose the
RCS signatures of targets, and to perform the
transformation of the reflectivity data onto the
slant range plane of the SAR sensor.

To simulate realistic SAR raw data of extended
background scenarios, the use of altitude profiles
is necessary, since the influence of the relief plays
a great role in the formation of the final image. It
is essenetial to make allowance for specific SAR
effects like layover, foreshortening and shadow-
ing. Moreover, the change of the backscatter
mechanism caused by different incidence angles
and polarisations of the waves can be taken into
account. The input DEM will be approximated by
square plane facets, where each facet is charac-
terised by its coordinates and the electromagnetic
properties of the underlying material (defined by
the background module). The backscattering
coefficient of natural materials like soil or vegeta-
tion is the sum of contributions caused by surface
and volume scattering. At L-, C- and X-band,
volume scattering contributions are expected to
be secondary in comparison to surface scattering
and are neglected.

A great number of methods for calculation of
the backscattering coefficients of rough surfaces
have been described in the literature. Two robust
and broadly used approximate analytic ap-
proaches are the Small Perturbation Model (SPM)
and the Kirchhoff Model (KM). Both are imple-
mented in SETES.

The SPM is valid at low frequencies, where the
surface variations are much smaller than the inci-
dent wavelength and the slopes of the rough
surface are relatively small. The KM is applicable
at high frequencies for rough surfaces with radii
of curvature that are large compared with the
wavelength. A drawback of KM is its limitation to
relatively small incidence angles. To overcome
this, the Integral Equation Method (IEM) was
implemented.

In addition to the theoretical models, empiri-
cal models for wide ranges of frequency, inci-
dence angles and roughness are implemented.
An empirical model using directly measured
curves can also be used. Unlike the theoretical

models, only the magnitudes of the backscat-
tering coefficients are supplied.

In contrast to natural backgrounds, the sur-
faces of man-made targets, like vehicles, are
smooth compared to the wavelength and have to
be handled differently. Presently, the precise
simulation of their RCS poses a great challenge,
due to the complexity of geometrical models, and
the fact that multiple scattering dominates the
RCS signature. A possibility to fulfill this gap is
the use of measured data. As described in 2.3.3,
a database of several thousand high resolution
RCS images of about two dozen civil and military
vehicles was built up using turntable measure-
ments and appropriate signal processing.

Using the information about position and ori-
entation of the targets provided by the scene
description file, the appropriate RCS signatures
are selected, resized to the background pixel
spacing before being inserted into the back-
ground reflectivity map. The resulting reflectivity
map of the scenario is finally input to the raw
data generation module.

Raw Data Generation 

The flow chart of the raw data generation mod-
ule is illustrated in Figure 2.118. It shows the
basic structure of the algorithm for the Stripmap
mode.

Stolt Mapping

2D-FFT

SCIFT Range

IFFT

Reflectivity
Map

Raw Data

Transfer Function ),(0G

Range Migration

Antenna

Transmitter

Figure 2.118 Flowchart for the raw data generation of the
Stripmap mode with the space-independent part of the sys-
tem transfer function, and the space-variant part referred to
as Stolt mapping.

The raw data collected by a SAR sensor are not
separable in azimuth and range directions,
because of the range migration and curvature
effects. In an analytical expression of the impulse
response function, this dependence is given by
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coupling  terms  in  the  azimuth  and  range  
directions. A precisely modelled impulse response 
function must be considered  in  two dimensions. 
In the time domain the range dependence can be 
taken  into  account  easily,  but  the  computing 
time  is  unacceptable  for  the  required  scenario 
sizes.  A  more  efficient  solution  is  obtained  by 
calculating  the  raw data  in  the  two-dimensional 
frequency  domain.  The  algorithm  used  is  based 
on an analytical evaluation of the system transfer 
function via  the  stationary phase method. A de-
tailed evaluation of  the  system  transfer  function 
in  the  Fourier domain  shows  that  it  can be  for-
mulated as  the product of  two  factors, a  space-
invariant factor and a space-dependent one. The 
latter  requires  non-linear mapping  of  the  range 
frequencies, usually referred to as Stolt mapping. 
This  algorithm  avoids  time-consuming  inter-
polations.  It uses a Scaled  Inverse  Fourier Trans-
form  (SCIFT),  followed  by  a  phase  shift  in  the 
azimuth-frequency, range domain. 

Receive Path Module 

Figure 2.119  shows  the  flowchart of  the  receive 
path  module.  It  has  five  main  parts:  the  ideal 
modulation  segment, carrier  frequency segment, 
intermediate frequency segment, video segment, 
and digital storage. 
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Figure 2.119 Receive  path  module  of  SETES  with  the 
particular  modules  for  the  carrier  frequency  segment,  the 
intermediate frequency segment, and the video segment. 

Only  the  first  part,  the  ideal modulator,  has  no 
physical  reference  to  a  system  component.  
The  output  data  of  the  raw  data  generator  are 
complex,  i.e.  I/Q  samples. For  reasons of compu 
tational efficiency,  for the carrier  frequency part,  
 

the  simulator  works  in  the  intermediate  fre-
quency band. The modulator  takes both  I/Q  sig-
nals  and  modulates  them  on  the  intermediate 
frequency  to obtain a  representation of  the  real 
signal.  

The  carrier  frequency  segment  simulates  the 
signal  transmission  from  the  antenna  to  the 
mixer. Thermal noise  is  introduced at  the begin-
ning of  the chain. The other parts are  supposed 
to  be  noise  free.  The  Voltage  Standing  Wave 
Ratio (VSWR) module generates the effect of the 
mismatches  in  this  receiver chain. The  low noise 
amplifier and the mixer are treated as non-linear 
devices using polynomial approximations  for  the 
gain characteristics.  

The  intermediate  frequency  step  is  simulated 
as  a  band-pass  filter,  adaptive  gain  control  and 
sensitive  time  control.  The band pass  filtering  is 
performed by a Tschebyscheff FIR filter.  

The video-segment begins  in  the  I/Q detector 
module and ends in the ADC. The I/Q detector is 
simulated  as  an  ideal  demodulator  with  added 
phase  and  gain  errors.  A  small  time  delay  be-
tween  both  channels  can  also  be  introduced. 
After low-pass filtering, the analogue/digital con-
version of  the  I and Q  signals  is  simulated. ADC 
gain  and  offset  errors  are  superimposed.  The 
jitter effect due  to clock errors  is  simulated by a 
random shift of the sampling time.  
 

Simulation Examples 

In  Figure 2.120  the  results of a parametric end-
to-end  simulation  are  shown.  The  underlying 
background  scenario  is based on  the digital ele-
vation model as a part from a real military typical 
airbase. The DEM has a pixel  spacing of 0.5 m. 
The simulated spatial  resolution  is 1.5 m  in both 
azimuth and  range directions. The  resulting SAR 
images  in  Figure 2.120  (a)  -  (d)  illustrate  the  in-
fluence  of  the  system  noise,  measured  as  the 
Noise Equivalent Sigma Zero (NESZ). 

The distorted SAR image of Figure 2.121 dem-
onstrates the effect of antenna mispointing in the 
flight  direction,  leading  to  Doppler  errors.  Such 
an effect can be caused in SAR systems with non-
optimal beam steering. 

The example shown in Figure 2.122 is a virtual 
scenario composed of a small residential area on 
the outskirts of a forest. The profiles of the build-
ings drawn  in blue  in  the material map and  the 
forest  texture were  superimposed  on  the  DEM. 
Two vehicles were placed onto the roads, marked 
by red arrows. The associated RCS patterns were 
selected from the database using the appropriate 
azimuth and elevation angles. 
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Figure 2.120 End-to-end simulations  with  variations  of 
NESZ  based  on  a  realistic  airport  scenario:  a)  NESZ=-26 dB,  
b) NESZ=-20 dB, c) NESZ=-18 dB, d) NESZ=-13 dB. 

The  scenario  was  used  for  demonstrating  the 
visibility of vehicles  in urban areas depending on 
the  orbit  and  the  depression  angle  of  the  SAR 
sensor. In spite of the simple layout of the scene, 
all typical SAR effects like overlay, foreshortening, 
and shadowing can be easily recognised.  
 

 

 
 
Figure 2.121 Simulation  of  antenna mispointing  in  flight 
direction  leading  to  the wrong Doppler  centroid  in  the pro-
cessing and resulting in azimuth defocusing.   

 
 
Figure 2.122 Virtual  scenario:  a)  Material  map  (green: 
forest, yellow:  roads, blue: buildings,  red: vehicles). b) Simu-
lated  SAR  image  rotated  according  to  the  flight  direction.  
The long shadows are due to the high incidence angles. 

The  development  of  SETES will  continue  by  ex-
tending  the  geometrical  resolution  to meet  the 
needs  of  upcoming  reconnaissance  systems.  Es-
pecially the core modules, i.e. the reflectivity map 
and raw data generation need to be updated.  

Another important future objective is to com-
bine  the  mission  simulator  described  in  2.1.10 
and SETES  into one  integrated end-to-end  simu-
lation  environment  for  analysing  reconnaissance 
systems.  
 
 

2.3.6 SAR Performance Analysis 

Airborne and  spaceborne SAR  systems are  char-
acterised by a huge number of parameters, which 
are  interconnected  in  a  very  complex way.  The 
development  and  optimisation  of  SAR  systems 
therefore  requires  efficient  software  tools.  The 
tools  developed  by  the  Institute  use  a modular 
approach  to allow easy adjustment  for different 
mission  requirements or operating modes  (Strip-
map, ScanSAR, Spotlight, along-track and across-
track interferometry) [54].  

The  general  approach  for  the  SAR  perform-
ance analysis  is shown  in Figure 2.123. The SAR 
system parameters are depicted as logical blocks, 
the most  important ones being  the antenna pa-
rameter  computation,  the  imaging  geometry 
description  (including  the  orbit)  and  the  timing.  
A  key  parameter  in  the  design  process  is  the  
selection of the PRF, which is a highly constrained 
parameter.  
 
 
 

a  b 

c  d 

a  b 
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Once  these parameters are determined  in a  first 
iteration, the quality parameters can be evaluated 
analytically.  Examples of quality parameters  in  a 
SAR  image are the spatial resolution, radiometric 
resolution and ambiguity ratios, or, in the case of 
an  interferometric  SAR,  the  estimated  height 
errors  of  the  digital  elevation model.  By  assess-
ment of these quality parameters the SAR system 
parameters can be optimised. 
 

SAR System Parameter 

Antenna 

Orbit / Geometry 

Timing 

PRF Selection 

Analytical Calculation 

Spatial Resolution 

Signal-to-Noise Ratio 

Radiometric Resolution 

Ambiguity Ratios 

Height Errors 
 

 
Figure 2.123 General  approach  for  SAR  performance 
analysis with building blocks  to describe  the system parame-
ters and optimisation  loops based on a  trade-off with  image 
quality parameters. 

 

 
 

Figure 2.124 Screen  shot  of  the  Performance  Estimator 
featuring some of the graphical analysis tools. From top left to 
bottom right: ambiguous areas, antenna patterns, PRF restric-
tions and the impulse response. 

 

The software to perform this task is embedded in 
a graphical user  interface and offers a variety of 
visualisation  tools  to  support  the  interactive  op-
timisation process (Figure 2.124). For operational 
purposes  the  calculation  modules  can  be  con-
trolled  independently  from  the  graphical  user 
interface  to  allow performance  calculations  as  a 
function  of  arbitrary  input  parameter  variations. 
With  spaceborne SAR  systems,  for example,  this 
allows  the calculation of quality parameters as a 
function of the orbit position, accounting for the 
variation in height over ground.  
 
Application Examples 

The  software modules  offer  various  possibilities 
to model the system parameters with a high de-
gree of detail. The beam patterns of planar array 
antennas can be synthesised with the phase and 
amplitude  coefficients  of  the  radiating  sub-
elements or with analytical  taper  functions. Exci-
tation phase  coefficients  can be  calculated  from 
the  required  steering  angles  of  the  antenna. 
Figure 2.125 shows an example for the synthesis 
of the X-SAR elevation pattern. 
 

 
 

Figure 2.125 Phased  array  pattern  synthesis  (example  
X-SAR elevation pattern with Tschebyscheff tapering). 

Parabolic  reflector  antennas  are  modelled  by  a 
two-parameter  analytical  model  based  on  the 
main  reflector,  and,  where  applicable,  sub-
reflector diameters and on analytical  taper  func-
tions  of  the  feed.  For  full  flexibility  and  highest 
accuracy,  the  software  supports  an  ASCII-file 
interface  to  read  in patterns  from dedicated an-
tenna calculation programs or from antenna  far-
field measurements.  

The orbit and  imaging geometry module sup-
ports  an  elliptical  orbit model  to  determine  the 
platform velocity and position vectors by Kepler’s 
theory  in  a geodetic  coordinate  system.  For op-
erational purposes (e.g. TerraSAR-X), an ASCII-file 
interface  to dedicated orbit propagators  is avail-
able to read in the state vector of the platform. 

The  selection  of  the  PRF  is  one  of  the most 
critical  steps  in  the optimisation process.  In SAR 
systems, the time when echo data can be received 
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is  limited  to  the  time  interval  between  transmit 
pulses.  Also,  interference with  the  strong  nadir 
echo  should  be  avoided.  The  two  interference 
conditions with transmit pulses and nadir echoes 
define  bands  of  unacceptable  combinations  of 
PRF  and  off-nadir  angle.  Figure  2.126  shows 
these bands and several suitable swath positions 
for the TerraSAR-X system. To access a wide inci-
dence angle range, several sub-swaths are neces-
sary using different PRFs. 
 

 
Figure 2.126 PRF  restrictions  due  to  transmit  pulses  (or-
ange) and nadir echoes  (green)  for TerraSAR-X. The distribu-
tion of suitable sub-swaths is indicated in red. 

Once the PRF has been selected, the image qual-
ity  parameters  can  be  derived.  Figure  2.127 
shows  an  example  of  the  azimuth  impulse  re-
sponse analysis determining the spatial resolution 
and Peak-to-Side-Lobe Ratio (PSLR). The software 
tools support the simulation of  impulse response 
distortions  in azimuth and  range due  to  system-
atic and random phase and amplitude errors. For 
military  SAR  systems,  a new module was devel-
oped  to  process  real  or  simulated  orbit  data  to 
analyse, for example, the effects of a GPS based 
motion compensation and  to  study  the possibili-
ties  of  improve  the  spatial  resolution  of  future 
SAR systems. 
 

Azimuth Impulse Response Analysis
 
Simulation options: 
 
- Analytical model for 
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Figure 2.127 Impulse  response  analysis  (black  curve:  ideal 
impulse  response with  Hamming weighting,  red  curve:  dis-
torted  impulse  response  due  to  GPS  position  and  velocity 
errors). 

Figure  2.128  illustrates  an  example  for  a  range 
ambiguity analysis. The ambiguity  ratios describe 
the  intensities of all ambiguous areas  illuminated 
by  the  antenna  side-lobes  compared  to  the  de-
sired echo signal intensity. The blue areas indicate 
the ambiguous areas and the red area the desired 
echo.  The  range  ambiguity  profile  (intensity) 
mainly depends on the antenna pattern, the slant 
range  and  the  radar  reflectivity  at  a  certain off-
nadir angle. Similar analysis tools are available for  
azimuth ambiguity analysis, which allows a trade-
off  between  range  and  azimuth  ambiguity  sup-
pression. 

 

Figure 2.128 Range  ambiguity  analysis  of  X-SAR/SRTM 
(red: desired echo, blue: ambiguous echoes). 

 
Another  important  quality  parameter  in  the  ra-
diometric  analysis  of  a  SAR  system  is  the NESZ. 
This  value  specifies  the  radar  reflectivity  level 
equivalent to the noise level and is often used to 
describe  the  limiting  sensitivity  of  the  SAR.  The 
statistics of various scattering classes at different 
frequencies and polarisations are  included  in  the 
software  tools.  Figure  2.129  illustrates  a  radio-
metric analysis of the TerraSAR-X system for sev-
eral sub-swaths. 
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Input: geometry, antenna pattern, instrument parameter, 
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Figure 2.129 Radiometric  analysis  for  TerraSAR-X.  The 
NESZ  performance  for  the  sub-swaths  is  shown  in  different 
colours. 
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The available software tools described here were 
tested and evaluated with data of existing space-
borne  systems  like  ERS-1/2,  SIR-C/X-SAR,  SRTM 
and Radarsat, as well as airborne systems like the 
Institute’s  E-SAR.  Also  verification  tools  [330] 
have been developed to comprehensively analyse 
measured SAR data and  to verify  the analytically 
calculated image quality parameters. 

Figure 2.130 gives an example of one of  the 
SAR  image analysis tools.  It supports the analysis 
of point targets, as well as the analysis of distrib-
uted targets to determine the NESZ values or the 
radiometric  resolution.  Such  software  tools  also 
offer a 3-D visualisation of  the backscatter char-
acteristic of selected areas.  

 
Figure 2.130 Screen  shot of  the  SAR  image  analysis  tool. 
Background,  the  complete  SAR  image;  left,  close  up  of  an 
area of interest; right, 3-D visualisation of a target (aircraft). 

The  software  tools  for  performance  estimation 
and  image  analysis  are  being  continuously  ad-
justed  to  the  requirements of new and evolving 
SAR  systems.  The  future  trends  for  spaceborne 
SAR  systems are monostatic and multistatic SAR 
systems provided by constellations of small satel-
lites  with  a  view  to  improving  the  system  re-
sponse  time or  to realise special modes. The use 
of airborne SAR systems will be extended to high 
altitude platforms such as UAVs or air ships.   
 
2.3.7 Radar Calibration 

Radar calibration  is a  traditional R&D  field  in  the 
Institute with almost 20 years of experience. The 
primary  tasks  of  SAR  calibration  are  to  
estimate  and  correct  systematic  error  contribu-
tions  throughout  the  complete  SAR  system  and 
to convert the image parameters (magnitude and 
phase) into geophysical units. This could be maps 
of RCS or backscattering coefficients  in  the case 
of  standard  SAR  images,  or  Digital  Elevation 
Models  acquired  by  interferometric  systems  like 
SRTM or TanDEM-X (Figure 2.131).  

The quality of  this calibration process  is depend-
ent on  the  inherent  stability of  the  radar  system 
and  the  ability  to  determine  and  monitor  the 
radiometric and geometric characteristics [328].  

The propagation can have an important influ-
ence on  imaging performance. Several propaga-
tion  effects  occur  inside  the  atmosphere, which 
need  to be monitored and, where possible, cor-
rected:  
- Ohmic losses 
- Atmospheric attenuation 
- Scintillation 
- Dispersion effects 
- Tropospheric delay effects 
- Polarisation distortion, due to Faraday rotation 
These effects have been analysed and are used as 
a basis  for  the  calibration of  SAR  satellite prod-
ucts.  In addition,  the knowledge  is used  to aug-
ment  the SAR  systems  to  remotely  sense atmos-
pheric parameters. 
 
 

Image
Information

Calibration Physical
Units

Image
Information

Calibration Physical
Units

Interferometry (SRTM Feb. 2000) Digital Elevation Model (DEM)

SAR-Polarimetry (E-SAR)

HH

VV

HV

red:     HH
blue:   VV
green: HV

RCS, Scattering MatrixSAR-Polarimetry (E-SAR)

HH

VV

HV

red:     HH
blue:   VV
green: HV

RCS, Scattering Matrix

C
A
L
I
B
R
A
T
I
O
N

C
A
L
I
B
R
A
T
I
O
N

 
 

Figure 2.131 The calibration process transforms the  image 
information  into  geophysical  units  like  RCS maps  or  digital 
elevation models. 

Interferometric  calibration  was  performed  for 
SRTM, which  is  described  in  section  2.1.1.  The 
following  sections  concentrate  on  radiometric 
calibration. 
 
 

New Calibration Concepts 

In  recent  years,  SAR  antenna  technology  has 
developed from passive slotted waveguide arrays 
(e.g.  ERS-1/2  or  X-SAR)  to  active  phased  arrays 
(e.g.  ASAR  or  TerraSAR-X),  offering  electronic 
beam  steering  capabilities  required  for  acquisi-
tions  in  different  swath  geometries  and  for  
operation  in  ScanSAR  and  Spotlight  modes.  
Furthermore, with  an  increasing  number  of  op-
erational  applications  and  services,  the  require-
ments  on  radiometric  and  geometric  calibration 
become increasingly demanding. 
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TerraSAR-X  is  an  ideal  example  of  a  multiple 
mode high  resolution  SAR  and  features  the  fol-
lowing operational modes (Figure 2.132): 
- Stripmap  Mode  at  up  to  26  different  look 

angles (swath positions) 
- ScanSAR Mode in 9 different wide swath con-

figurations each consisting of 4 sub-swaths 
- Spotlight Mode  at  up  to  125  different  look 

angles  implemented  by  switching  between 
more than 100 different azimuth beams 

On  top  of  the  nominal  right-looking mode,  by 
performing a roll manoeuvre of the satellite, data 
can  also  be  acquired  in  left-looking  geometry. 
Beyond  the 3 basic modes, operation  in  the  fol-
lowing experimental modes is planned: 
- Wide-band  Operation  with  up  to  300 MHz 

bandwidth 
- Dual-Receive-Antenna  (DRA)  mode  achieved  

by electronically splitting the antenna in flight 
direction, enabling along-track  interferometry 
and quad-pol operations 
 

Strip Map
26 look angles

ScanSAR
≤ 9 WS à 4 SS

Spotlight
125 look angles

each switched 100 times

Wide-Band
Width

Along Track
Interferometry

Left/Right
Looking SAR

Wide Range of
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15° - 60°

Single/Dual
Polarisation
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Operation Modes

TerraSAR-X System

Tight
Performance
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Performance

  
Figure 2.132 Challenges to calibrate a multiple mode high 
resolution SAR such as TerraSAR-X. 

For conventional SAR systems  like ERS or X-SAR, 
calibration involves internal calibration of a single 
transmit/receive  chain  (via  special  calibration 
loops),  the  determination  of  a  single  antenna 
beam pattern and the absolute calibration in one 
or  two  operational modes.  For  current multiple 
beam (~10000 beams in the case of TerraSAR-X), 
multi-mode systems based on active phased array 
antennas  with  hundreds  of  TRM,  this  conven-
tional  approach  is  not  feasible  and  new, more 
efficient,  and  affordable  methods  have  been 
developed  [416].  The  two most  important  inno-
vations,  namely  the  PN-Gating method  and  the 
Antenna Model Concept are presented below. 

TRM Characterisation  - PN-Gating 

Monitoring  the gain and phase  variations  in  the 
transmit  and  receive  paths  of  each  of  the  384 
TRM  in  the  TerraSAR-X  front-end  could be  per-
formed module by module, the so-called Module  
 

Stepping mode  on  ASAR. Greater  accuracy  can 
be  achieved  using  coding  techniques,  because 
measurements can be made with the antenna, or 
parts  of  the  antenna,  operating  under  realistic 
conditions, e.g. power supply loading.  
In this mode, a series of n characterisation pulses 
are  fed  through  the  complete  front-end  and 
routed back via a special calibration loop. In each 
TRM, a unique code sequence of  length n  is ap-
plied.  The  characteristics  of  individual  TRM  can 
then  be  extracted  by  cross-correlating  the  re-
corded sum signal with the code sequences. As it 
was  originally  planned  to  use  PN  codes  the 
method  was  called  PN-Gating  and  the  special 
module  characterisation mode  on  TerraSAR-X  is 
termed  the  PN-Gating mode  [176]  [177]. Unlike 
the PN  codes,  the  cross-correlation of optimised 
orthogonal codes whose  length  is an even num-
ber  of  bits,  is  zero;  consequently  the  inherent 
code  error disappears.  Therefore,  the  PN-Gating 
mode was  implemented using orthogonal Walsh 
codes.  

In Figure 2.133, results for the TerraSAR-X an-
tenna  are  plotted  for  two  different  types  of 
codes, a PN code and a Walsh code. The estima-
tion error of the amplitude and phase are plotted 
as a function of SNR, for different phase distribu-
tions  of  the  modules  and  across  the  antenna 
array. The  results  show,  that  for  the TerraSAR-X 
instrument with 384 modules individual TRM can 
be  characterised  with  a  phase  and  amplitude 
accuracy  of  better  than  2o  and  0.2  dB,  respec-
tively.  Hence,  PN-gating  is  a  promising method 
for precisely characterizing individual TRM during 
the lifetime of an active SAR antenna.  
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Figure 2.133 Simulated  results  of  the  PN-Gating method. 
Standard deviation of the amplitude and the phase error as a 
function of SNR  for a pseudo noise  code and a Walsh  code 
and for different phase distributions across the antenna array: 
red  -  constant, blue  -  random and green  -  linear phase  set-
tings of the TRM. 
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Antenna Model Approach 

Active  phased  array  antennas  do  not  only  have 
the advantage of  fast and  flexible control of  the 
patterns but also the ability to be mathematically 
modelled.  Such  an  antenna  model  provides  
a  software  tool  to  accurately determine  the  an-
tenna  beam  patterns  based  on  detailed  charac-
terisation  of  the  antenna  hardware  and  knowl-
edge  of  the  antenna  control  parameters.  
To  achieve  the  required  radiometric quality,  this 
concept requires highly accurate pre-launch char-
acterisation  data.  After  pre-launch  validation 
against  near  field  range  pattern  measurements 
and  in-flight verification,  the antenna model will 
be used  throughout  the satellite  lifetime  to gen-
erate  the  in-orbit  calibrated  beam  patterns,  as 
required  for  the  radiometric  corrections  in  the 
SAR processing.  
 

 

Figure 2.134 ASAR  elevation  pattern  (red  line)  derived 
from the range profile (green points) of the above rain forest 
scene. 

The model  has  to  be  capable  of  accurately  de-
termining not only  the  individual beam patterns 
but also the relative gain variations from beam to 
beam. Determination of  the  absolute  gain  from 
measurements  over  external  calibration  targets 
can then be reduced to a few beams. As part of 
the external calibration activities during commis-
sioning,  the  antenna  model  has  to  be  verified 
using rain forest data (Figure 2.134) and azimuth 
patterns recorded by ground receivers.     
 
 
 
 
 

A  further  important  task  is  the determination of 
beam  pointing  offsets  using monopulse  (notch) 
patterns  over  both  the  rain  forest  and  ground 
receivers. Beam  to beam  relative  calibration  can 
be verified  in ScanSAR mode over homogeneous 
targets. 

In the case of TerraSAR-X, the antenna model 
verification as well as the absolute calibration will 
be performed  for  three  (low, medium, and high 
incidence angle) beams. Traditional  in-flight cali-
bration  would  require  calibration  transponder 
deployment,  maintenance  and  data  collection, 
and  extensive  antenna  beam  characterisation 
using repetitive passes over the rain forest for at 
least all the performance controlled beams. With 
the antenna model approach, the required effort 
and the duration of the commissioning phase can 
be significantly reduced, allowing early release of 
the data products. 

This antenna model  is the key element of the 
antenna pattern section (Figure 2.135), which has 
been  implemented  into  the  TerraSAR-X  IOCS 
(section  2.1.2)  [568].  In  addition  to  the  above 
capabilities,  the  antenna  pattern  module  also 
features  a  tool  for  generating  optimised  beam 
coefficients under given constraints (e.g. sidelobe 
suppression,  main  lobe  width  and  gain,  gain 
ripple). This so-called Antenna Excitation Genera-
tor  was  used  to  calculate  the  launch  set  of  
TerraSAR-X  beam  coefficients  and  will  be  used 
for beam optimisation  in  the event of major de-
gradations  of  the  antenna  during  the  mission 
(section 2.3.8). 
 
 

 

Figure 2.135 Block diagram of the antenna pattern section 
implemented in the TerraSAR-X IOCS. 
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Calibration Facility Oberpfaffenhofen CALIF 

The  Institute  is  well  equipped  with  calibration 
targets and operates and maintains a  large  cali-
bration site in southern Germany. Three different 
types of calibration targets are used, as shown in 
Figure 2.136: 
- Trihedral  and  dihedral  corner  reflectors  as 

passive targets precisely surveyed (with differ-
ential GPS) and therefore well suited for geo-
metric calibration 

- Transponders  with  high  radar  cross-section 
providing  accurately  defined  point  targets 
within the SAR scene 

- Ground  receivers  measuring  the  transmit 
pulses  as  function  of  time  and  consequently 
the 1-way antenna beam pattern of  the SAR 
antenna during an overflight 

Six corner reflectors with a side length of 3 m are 
permanently  installed  around Oberpfaffenhofen. 
They  have been  regularly utilised  for  campaigns 
with different SAR missions (e.g. ERS-1/2, JERS-1, 
ASAR,  ALOS,  TerraSAR-X),  as  well  as  for  the  
E-SAR calibration. 
 

 
Figure 2.136 Examples of the Institute’s calibration ground 
equipment;  left:  a  corner  reflector  with  3 m  leg  length,  
middle: a ground receiver for measuring transmit pulses, and 
right: a transponder with adjustable RCS. 

The ground  receivers and  the  transponders have 
laptop  interfaces  for  initialisation,  synchronisa-
tion,  and  download  of  the  measurements.  All 
calibration targets can be precisely surveyed using 
differential GPS receivers. 
 
Algorithms and Tools 

The  implementation of the above calibration and 
verification  concepts  requires  algorithms  and 
tools  to  perform  specific  measurements  and 
analyses.  Early  developments  date  back  to  the 
SIR-C/X-SAR  missions  in  1994  and  have  been 
subsequently  continuously  improved  and  ex-
tended. With growing complexity of the sensors, 
more sophisticated algorithms, e.g. for PN-Gating, 
distributed  target  ambiguity  analysis  or  antenna 
beam pattern optimisation, have been added.   

The core for our calibration and verification algo-
rithms  is  the CALIX  software, which  is  currently 
being upgraded for TerraSAR-X and ALOS. A key 
element of CALIX is the point target analysis tool 
featuring  measurement  of  impulse  response 
function  parameters,  integrated  point  target 
energy  (for determination of absolute calibration 
factors),  target/clutter  ratios  (to  weight  calibra-
tion  factor  estimates), geometric  analyses  (inter-
nal  delay  and  datation  accuracy  for  accurately 
surveyed targets), as well as peak phase estimates 
in  the  case  of multi-channel  (e.g.  quad-pol)  the 
data.  Figure  2.137  shows  a  screen-shot  of  this 
tool. 
 

 
 

Figure 2.137 Screen-shot of the CALIX point  target analy-
sis on simulated TerraSAR-X product. 

 

 
Figure 2.138 Scenario  used  in  the  SARCON  distributed 
target ambiguity analysis tool. The position of the ambiguities 
are shown on plots of the iso-Doppler and iso-range lines.  

A contract  from ESA/ESRIN was awarded  for the 
development  of  the  SAR  product  control  soft-
ware  (SARCON)  for  ERS  and  ASAR  products 
[330]. With  BAE  Systems  Ltd.  as  software  engi-
neering partner, SARCON has been extended and 
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improved over  the  last years and  is currently  the 
standard  software  in  ESRIN’s  product  control 
service.  The  limited  ambiguity  performance  of 
ASAR  in  some beams was  the driver  for  the de-
velopment of a special distributed target ambigu-
ity  analysis  tool  that  allows  the  estimation  of 
ambiguity noise levels for a given scenario (Figure 
2.138) [329]. 
 
Calibration Campaigns 

Implementation of the above concepts requires a 
calibration  facility  that  is  well-equipped  with 
software  tools and ground calibration hardware. 
The  third  element  is  the  infrastructure  for  the 
preparation  and  execution  of  calibration  cam-
paigns  over  large  test  sites.  Several  campaigns 
have been performed in the last years. 

For the SRTM mission in February 2000 a large 
test site extending over almost 300 km  in south-
ern Germany was set up comprising 26 trihedral 
corner  reflectors of different  size and a number 
of  ground  receivers.  All  corner  reflectors  have 
been  precisely  surveyed  using  differential  GPS 
serving  not  only  as  references  for  absolute  ra-
diometric  calibration but also as absolute height 
reference points for DEM generation. 
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Figure 2.139  SAR image from the ASAR ScanSAR verifica-
tion campaign  in  southern Germany  showing  the calibration 
sites and (inset) a close-up of a transponder response. 

Under contract with ESA/ESTEC and as a contri-
bution  to  the  ASAR  commissioning  phase  a  
ScanSAR verification campaign was performed  in 
summer 2002. For that purpose, a calibration site 
extending over the 400 km wide ScanSAR swath 
was prepared with  targets  in  the center of each 
of  the  five  sub-swaths  and  in  the  overlapping 
regions  between  adjacent  swaths.  Point  target 
analysis  on  the  transponder  responses  in  the 
ScanSAR  image  (Figure  2.139)  confirmed  the 
beam-to-beam  relative  calibration as well as  the 
absolute  calibration  of ASAR Wide-Swath  prod-
ucts. Furthermore, using  the  receiver unit of  the 
transponder,  the  1-way  azimuth  antenna  pat 
 

terns  could  be  measured,  as  shown  in  Figure 
2.140.  The  jumps  in  amplitude  indicate  the 
switching  from  sub-swath  to  sub-swath  in Scan-
SAR operation.  
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Figure 2.140 Transmit  pulses  of  the  ENVISAT/ASAR  in-
strument as function of time recorded by a deployed ground 
receiver.  The  reduced  amplitudes  inidicate  the  switching  of 
the  instrument  from  beam  to  beam  and  the  corresponding 
envelopes represents the one-way (transmit) azimuth antenna 
patterns of ASAR in ScanSAR operation. 

Since 2003,  the main efforts have been concen-
trated on developing  the  calibration  concept  for 
TerraSAR-X.  New  software  tools  have  been  im-
plemented and existing algorithms were updated. 
CALIX underwent a major upgrade and became 
part of  the  IOCS  [574]  [575].  Further  calibration 
targets are being developed and purchased.  

Currently  the detailed calibration activities  re-
quired during the commissioning phase are being 
planned.  Starting  from  the  calibration  strategy, 
different constraints have  to be considered here, 
e.g.  the  coverage  on  the  Earth’s  surface,  the 
required  number  of  point  target measurements 
assumed  in  the  radiometric  accuracy  budget 
[571]. 

In order to obtain as many as possible passes 
over  deployed  calibration  targets,  the  test  sites 
will be set up  in the cross-over points of ascend-
ing  and  descending  orbits,  as  shown  in  Figure 
2.141. Mainly  for  logistic  reasons we aim  to  se-
lect  these  test  sites  near  Oberpfaffenhofen,  as 
shown in Figure 2.142.  

The  calibration  strategy  of  TerraSAR-X  has 
been adapted to TerraSAR-L [466] and Sentinel-1 
[465] (sections 2.1.5 and 2.1.6). 

Worldwide,  a  number  of  new  SAR missions 
are  being  implemented  and  further  innovative 
concepts are being studied. Current trends point 
to  satellite  constellations  employing  bistatic  and 
multistatic  concepts.  Innovative  calibration  ap-
proaches  are  required  to  keep  track  with  the 
growing complexity of SAR  systems and  the de-
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mand  to cut down  the duration of  the commis-
sioning phase and to reach operational readiness 
as  early as possible.  Furthermore,  the  effort has 
to  be  taken  into  account  and  cost  efficient  
methods need to be developed.  
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Figure 2.141 Test  site  configuration  for  TerraSAR-X  Strip-
map  calibration  with  7  target  positions  (black  and  red 
crosses). The yellow region on the Earth surface is the crossing 
area covered by an ascending and a descending pass, where-
by the red crosses are covered by both passes. 
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Figure 2.142 Three  test  sites  near Oberpfaffenhofen  (OP) 
for TerraSAR-X Stripmap calibration: blue for beams S007 and 
orange for beam S002 and S013 (Me: Memmingen). 

Given  the  challenging  but  also  very  promising 
situation,  it  is suggested to  introduce more stan-
dardisation  into  SAR  calibration.  In  this  context 
we intend to certify our calibration facility and to 
offer our services to SAR mission operators glob-
ally.  In  the  long-term  the  Institute  aims  to  be-
come an accreditation body certifying other cali-
bration centers. 
 
 
 

2.3.8 Antenna Technology 

Technology  is  developed  in  the  Institute, where 
suitable products are not available on the market 
and where the development  requires close  inter-
action with  the  rest of  the  system. The SAR an-
tennas  are  an  example  of  particular  importance 
for  the many  SAR  activities  in  the  Institute.  The 
main challenges to achieve are:  
- Receive and transmit (high power) operation 
- Coverage of the radar wavelengths 
- Operation in various polarisations  
- High gain  
- Uniform illumination of the imaged swath (for 

high relative radiometric accuracy)  
- High side-lobe suppression (for low range and 

azimuth ambiguities)   
- Thermal stability   
- Beam steering and shaping (for advanced SAR 

modes) 
For spaceborne SAR systems, work in the Institute 
is  concentrated  on  antenna  optimisation  and 
characterisation,  as  required  for  system  verifica-
tion  and  calibration  (section  2.3.7).  For  the  air-
borne  systems  E-SAR  and  F-SAR  the mounting, 
operating  and  licensing  the  SAR  antennas  and 
their mounts are additional tasks. 
 
 

Spaceborne Satellite Antennas 

Although the Institute does not construct satellite 
antennas, an  important  field  is  the  specification, 
prediction and optimisation of antenna perform-
ance, particularly for active arrays as used for SAR 
instruments.  Pattern  prediction  is  based  on  the 
excitation coefficient settings for the array’s sub-
elements,  on  the  electrical  characteristics  of  the 
TRM and on the sub-element radiation patterns.  

In  satellite  SAR missions  it  is of great  impor-
tance  to achieve high sensitivity over a  large an-
gular range  (TerraSAR-X: 20° to 45°  look angle), 
as  well  as  good  suppression  of  ambiguities. 
Hence,  there  is  need  for  a  software  tool  that 
optimises  the  antenna patterns  of  the  satellite’s 
electronically steered array antenna. The shaping 
of  the pattern  is obtained by varying  the excita-
tion  coefficients  and  setting  up  each  TRM with 
these  coefficients.  In  operation,  the  setting  is 
performed  by  up-linking  appropriate  commands 
to the SAR. 
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Figure 2.143 Antenna pattern of Stripmap beam S009 for 
TerraSAR-X.  Red  curve: Optimised  pattern,  black  curve:  un-
optimised  pattern,  green  curve:  Mask  to  be  fulfilled,  blue 
ramp: coverage region. 

Figure 2.143 shows the mask, the blue line being 
the minimum gain mask  in  the  coverage  region 
and  the green  line,  the maximum  gain mask  in 
the  ambiguity  regions.  The  black  curve  is  the 
pattern  without  optimisation  and  violates  the 
mask.  The  red  curve  is  the  optimised  pattern 
which doesn’t violate  the ambiguity mask, while 
the achieved gain in the coverage region reaches 
the minimum required.  

The  Antenna  Pattern  Optimisation  Software 
was first developed for the ASAR front-end under 
ESA/ESTEC contract [93] [94]. The ASAR antenna 
consists  of  320  sub-arrays  and  transmit/receive 
modules,  respectively.  For TerraSAR-X,  two opti-
misation  approaches  were  realised  and  com-
pared,  an  analytical method  and  a  randomising 
method. The  first approach uses a genetic algo-
rithm  on  top  of  a  deterministic  inversion.  The 
solution  is achieved by  calculating  several “gen-
erations”  with  certain  “individuals”  of  patterns 
and recombining the associated excitation coeffi-
cients  through  mutation.  The  second  method 
calculates  thousands of different pattern  realisa-
tions  by  randomly  varying  the  excitation  coeffi-
cients  to  find the optimum solution  (500 realisa-
tions  per  second on  a  Pentium  IV,  3.4 GHz).  In 
case of TerraSAR-X,  the  second method  showed 
better performance and results. 
 

Antennas for Airborne Radar Systems 

The airborne SAR activities cover microwave  fre-
quencies  ranging  from 300 MHz  to 10 GHz and 
require  various antenna  technologies,  i.e. micro-
strip  array,  slotted  waveguide  or  horn  anten-
nas.The prototype antenna development  for air-
borne  SAR  has  to  meet  airworthiness  require-
ments, as well as  the  requirements given by  the 
application.  

Figure 2.144 P-band  antenna  with  the  wind  deflector 
mounted under the fuselage of DLR’s Dornier Do 228. 

The  Institute  has  established  a  complete  design 
and  development  chain  for  the  production  of 
prototype airborne antennas. Airworthiness certi-
fication and payload approval  are  carried out  in 
cooperation with other DLR  institutions. This has 
proven  to  be  very  successful  as  the  example  of 
the  P-band  antenna  for  the  DLR  airborne  SAR 
shows (Figure 2.144) [221]. 

The antenna is designed for wide-band opera-
tion  in  P-band,  i.e.  in  the  300  to  400 MHz  
frequency  range.  At  the  80 cm wavelength  the 
antenna  has  small  physical  dimensions  of  only  
1.4 m by 1.4 m constrained by  the width of  the 
aircraft's  fuselage.  The  use  of materials  with  a 
high dielectric constant was required. To achieve 
the  bandwidth  of  28%,  an  aperture  coupled, 
triple  stacked  patch  element  was  developed 
(Figure  2.145)  [225].  Sixteen  elements  form  the 
electrically  steered array. Thus,  the configuration 
of 4  rows was chosen with 125° phase shift per 
row to obtain a main beam pointing 42° off na-
dir,  necessary  for  the  side-looking  SAR  imaging 
geometry.   
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Figure 2.145 Structure of the different layers of one radiat-
ing  P-band  element.  Three  resonating patches  contribute  to 
the radiated field. 
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The P-band antenna  is dual polarised and has a 
high cross-polarisation suppression of 25 dB over 
the  useful  bandwidth  of  100 MHz.  The  design 
meets  the specification  for beam width  in eleva-
tion and azimuth for both polarisation directions. 
In  close  collaboration  with  the  Department  for 
Flight Operations, a wind deflector was designed, 
built  and  certified  together  with  the  antenna 
(Figure 2.144). The whole equipment comprising 
antenna,  power  dividing  network,  mounting 
frames and deflector is 3.4 m in length and has a 
weight  of  130  kg.  Figure  2.146  shows  the  an-
tenna  and  the  results  of  the  antenna  pattern 
measurements. 
 

 

Figure 2.146 Left:  Photograph  of  the  P-band  antenna 
mounted  on  the  far-field  measurement  facility.  Right:  An-
tenna diagrams  (solid blue: HH, solid red: VV, dashed: cross-
pol). 

A new L-band antenna to be used for the F-SAR 
system  (section 2.2.6)  is an example of a phased 
array  using  patches.  The  antenna  has  a  beam 
steering capability as well as wideband operation, 
high pulse power ability and  low  cross-  polarisa-
tion level (Figure 2.147).  
 

 
Figure 2.147 Top right: photograph of the L-band antenna 
for the new airborne SAR, F-SAR, together with the masks for 
etching the various layers. 

For specific applications requiring quick solutions, 
slotted  waveguide  antennas  are  convenient. 
Figure 2.148 shows an X-band slotted waveguide 
antenna  for  SAR  interferometry  application. 
Three of these antennas are mounted on the side 
of the aircraft’s fuselage to form an  interferome-
ter with  both  along-track  and  cross-track  base-
lines. 

Antenna Design and Development 
Infrastructure 

The Institute maintains a number of antenna soft-
ware design tools running on a high-performance 
PC.  Agilent’s  Advanced  Design  System  (ADS)  is 
used  for  the  development  of  planar  radiating 
elements.  The  software  supports  the  design  of 
planar structures using a 2.5-dimensional simula-
tor. The simulation of small groups of elements is 
possible, as well as the associated feed network. 
 
 

 
 

Figure 2.148 Top: Design of the X-band slotted waveguide 
antenna.  Bottom:  the  prototype  antenna  with  a  Teflon  
radome.  The  box  with  the  connector  contains  the  power 
divider. 

 
For  designing  real  3-D  structures, Ansoft’s High 
Frequency  Structure  Simulator  (HFSS)  is  better 
suited.  Complex  topologies  are  possible  limited 
only by  the  available  computing power.  Feko,  a 
third  software  tool,  produced  by  EM  Soft-
ware&Systems,  is  available  for  analysing  the 
placement of antennas on structures. 
 

 
 

Figure 2.149 Examples  of  horn  antennas  for  millimeter 
wavebands. Because  the machining of  the  inaccessible  inter-
nal  surfaces  is  impossible  with  conventional machines,  gal-
vanoplastic techniques have to be used. 
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The  Institute’s  precision  mechanics  workshop 
handles most aspects of antenna manufacturing. 
The  workshop  is  specialised  in  small  structures 
and  high  quality  products.  Antennas  and  other 
microwave components are manufactured up  to 
W-band using manual and numerically controlled 
machines, as well as galvanic  techniques  (Figure 
2.149).  
 

.  

Figure 2.150 Screen-shot of the network analyser with the 
input  impedance  measurement  of  the  L-band  antenna  de-
scribed above.  Top  left: reflected power  in the time domain. 
Top  right:  Smith  chart  of  the  normalised  input  impedance. 
Bottom: magnitude of  the  reflected power  in  the  frequency 
domain. 

 
 

Figure 2.151 DLR’s airborne P-band SAR antenna mounted 
with  its wind deflector on  the antenna measurement  facility 
AMA. 

 
 

The  Institute  maintains  a  laboratory  equipped 
with  latest  instrumentation  for antenna develop-
ment.  Several  high-performance  network  ana-
lyser  is used to characterise the properties of the 
microwave  components.  The  new  F-SAR  L-band 
antenna is given as an example (Figure 2.150).  

For  antenna measurements,  the  far-field  an-
tenna  measurement  range  (AMA)  operated  by 
the  Institute of Communication  and Navigation, 
is used (Figure 2.151). The major advantage is the 
possibility  to operate  the  facility at very  low  fre-
quencies,  practically  down  to  a  few  MHz,  not 
possible  in a closed chamber. However, because 
of  the open arrangement  the measurements are 
weather dependent and radio frequency interfer-
ence  with  other  services  cannot  be  excluded. 
Thus, the far-field antenna measurement range is 
unsuitable for sensitive antennas. It is limited with 
respect to the accuracy and not all kind of meas-
urements  can  be  performed.  For  this  reason,  a 
new microwave  laboratory complex containing a 
compensated compact  range  is  in planning. The 
compact  range will  add  new  antenna measure-
ment  facilities  and  a  big  improvement  in  accu-
racy. 
 
2.3.9 Radar Signatures 

The knowledge of the radar signature of a target 
and  the  scattering  from  the  surroundings  is  es-
sential  for  estimating  the  performance  of  radar 
systems used  in both military and civil  scenarios. 
The complexity and variability of these quantities 
mean  that  accurate  models  have  to  be  relied 
upon.  
 
Simulation of Target Scattering 

As the experimental determination of radar cross-
section  (RCS) distributions of  real  targets  is  very 
laborious  and  expensive,  the  development  and 
maintenance of numerical simulation programs is 
of great importance. Several software tools using 
different methods for mono- and bistatic calcula-
tions are under development. 

The monostatic RCS model SIGMA is based on 
the method of Physical Optics  (PO). A module  is 
included, which  calculates  edge  correction  con-
tributions. Simulation  in two dimensions  is possi-
ble  [479].  SIGMA  is  able  to  simulate  the  radar 
signatures  of  complex  metallic  objects,  also 
coated  with  dielectric  materials.  The  dielectric 
coating  can  be  defined  either  by  the  dielectric 
constants or the Fresnel  reflection coefficients as 
a function of the incidence angle.  
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Figure 2.152 2-D signature of a Fairchild A-10 Thunderbolt 
(top) and  the DLR  stealth  concept aircraft  F7  (bottom); hori-
zontal axis: azimuth angle, vertical axis: elevation angle. From 
the  front  (center),  the  Thunderbolt  has  high  reflectivity  and 
would be easily detected by a radar, whereas the F7 is practi-
cally invisible. 

In Figure 2.152 the 2-D RCS distributions of two 
aircraft are shown. In the front view region (cen-
ter of the images) the stealth behaviour of the F7, 
which has been optimised  to minimise detection 
on  approach,  is  obvious, whereas  the  Thunder-
bolt has high reflections. 

SIGMA  is  able  to  simulate  RCS  distributions 
for several stepped frequencies at once. With this 
facility, a  range profile  can be processed by ap-
plying an  inverse Fourier transform. Figure 2.153 
shows  the  fully polarimetric  range profiles of an 
armoured  vehicle.  It  shows  that  a  range  profile 
can be sufficient to characterise a vehicle, which 
is very useful  if only a polarimetric ranging radar 
is available. The result shows good discrimination 
of  target  features,  i.e.  good  classification  possi-
bilities. 

Because  of  the  increasing  importance  of 
bistatic  radar  systems,  a  bistatic  RCS  simulation 
code BISTRO has been developed. The program is 
aimed  at  the  simulation  of  the  bistatic  high-
frequency  electromagnetic  scattering  from man-
made  targets.  Figure  2.154  shows  a  computed 
scattering diagram of a 10λ perfectly conducting 
sphere  for  a  fixed  direction  of  illumination  and 
varying observation aspects. This illustrates typical 
features of bistatic  scattering, namely  the domi-
nance  of  forward  scattering  compared  to  back-
scattering and the complex structure of the scat-
tering diagram, due  to  the presence of multiple 
sidelobes.  
 

 

 

Figure 2.153 Bottom:  Polarimetric  signature  of  the  ar-
moured  vehicle  shown  at  the  top  (frequency  =  32 GHz,  
incidence  angle  θ  =  60°).  Red  and  green  are  the  co-polar 
components and blue the cross-polar.  

 

 
Figure 2.154 3-D bistatic RCS of a sphere; on the left, back 
scattering: on the right, forward scattering: It can be seen that 
forward scattering dominates. 

The  developed  modules  of  the  program  have 
been  successfully applied  to various  types of ca-
nonical scatterers (spheres, plates, cylinders, etc.) 
and  complex  targets  (cars,  aircraft).  Additional 
modules  for hidden  surface detection, edge cor-
rections and dielectric  coatings  are under devel-
opment,  further  improving  the  simulation  accu-
racy. Modelling the edge corrections for edges in 
non-metallic surfaces requires more research [40], 
[41], [398], [399], [400]. 

In order to simulate high-order (>2) reflection 
contributions  for  mono-  and  bistatic  scattering 
problems, the software tool SIGRAY applying the 
Shooting  and  Bouncing  Rays Method  has  been 
developed.  In  comparison  to  PO,  this method  is 
time-consuming but very well suited  to calculate 
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the  RCS  contributions  of  high  order  reflections. 
For  reflections  of  the  order  n,  the  geometrical 
optics method is applied n – 1 times. Finally, only 
one application of PO is used.  
 

 

 
Figure 2.155  Bistatic signature of a cylinder close to a flat 
panel;  Transmitter: θ = +50°; Red: only  PO  (Physical Optics) 
contributions; Blue: PO plus multiple  reflection contributions. 
At θ = +50°  (monostatic  scattering)  the RCS  is  low, whereas 
at θ = -50° (specular reflection) it is very high. 

Figure  2.155  shows  the  simulation  results  from 
SIGRAY  for  the  interaction  between  a  cylinder 
and a  flat panel  [158]. The discrepancy between 
the curves shows that multiple reflections have a 
major  influence  and  need  to  be  taken  into  ac-
count.  
 

 
 
Figure 2.156  Screen-shot  of  the  configuration  tool  for  a 
SIGMA  simulation  showing  the  file and parameter  selection, 
and the viewer with the simulated object coloured according 
to the normal vector. 

For  preparing  numerical  simulations,  important 
tasks are the importing of 3-D geometry datasets 
of anthropogenic  targets  from popular CAD  for-
mats,  their modification  and  repair  and  the  ex-
port  in  the data  format used by SIGMA, BISTRO 
and SIGRAY.  

In order to ensure easy and reliable configura-
tion of the simulations, a common graphical user 
interfaces  for  SIGMA  and  SIGRAY has been de-
veloped  (Figure  2.156).  The  object  to  be  simu-
lated is visualised in the required orientation. It is 
coloured  according  to  the normal  vector, which 
corresponds  to  the  areas  of  highest  reflectivity. 
After  starting  the  simulation  the  RCS  data  are 
shown on a graph synchronised with the position 
of the target [599].  

To  validate  the  simulation  tools,  the  Institute 
maintains  a monostatic  and  bistatic  RCS meas-
urement  facility  (Figure 2.157).  It  is  set up  in an 
10 x 5 x 5 m3 anechoic chamber and consists of a 
W-band (92 GHz) reflection measurement system 
based on a NWA. The test object  is mounted on 
a rotator, which  is concentric with an arm carry-
ing  the  receive antenna. Using  the  time domain 
option  of  the NWA  a  range  gate  is  applied  for 
suppressing disturbing signals. Measurements are 
performed on scaled models of reference objects 
to compare  the simulated  results with  real ones. 
More  results  on  RCS  simulation  of  vehicles  are 
presented in 2.3.4 “Traffic Monitoring”. 
 

Figure 2.157 Monostatic  and  bistatic  RCS  measurement 
facility with  the  reflection measurement system on  the  right. 
The test object is located on the rotator in the center, and the 
transmitter antenna is mounted on the arm. 

 
Radar Range Model 

In order to determine the detectability of artificial 
objects embedded  in a natural environment  it  is 
essential to assess the clutter contribution of the 
surrounding area. Thus, the software tool DORTE 
(Detection  of  Objects  in  Realistic  Terrain)  was 
developed  [312]. DEMs are used  to describe  the 
topography and determine  shadowed areas and 
local  incidence  angles.  The  specific  radar  back-
scattering coefficient of each terrain cell  is calcu-
lated  using  semi-empirical  and  statistical  clutter 
models.  The  land  use  database  CORINE  of  the 
EEA  (European Environment Agency)  is  currently 
employed  to  assign  clutter  models  to  different 
areas within a DEM.    
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CORINE data are available for almost every Euro-
pean country. Figure 2.158 shows an example of 
a  simulated clutter map  for  the northern end of 
the  lake  Ammersee  close  to  Oberpfaffenhofen.  
The radar is located in the lower left corner [479]. 

 
Figure 2.158 Simulated  radar clutter map of  the northern 
Ammersee  region.  The  radar  is  located  at  the  bottom  left 
corner  (0, 0) at a height of 1030 m. The shadowing due the 
topography can be seen clearly. 

DORTE can be used  for a quick and  inexpensive 
estimation of the expected clutter  level  for virtu-
ally every place on  the Earth, as  long as a DEM 
and  land  cover  information  is  available.  For  the 
future  it  is planned  to extend  the code capabili-
ties to allow for multistatic configurations and to 
take different radar hardware characteristics  into 
account.  
 

Electromagnetic Properties of Materials 

For  the  simulations,  the  influence  of  dielectric 
coatings  of  metallic  targets  is  of  great  impor-
tance.  In  order  to  determine  the  properties  of 
different  types of material samples  in  the micro-
wave  range,  three  different measurement  facili-
ties are operated.  
 

 
 

Figure 2.159  Ka-band transmission measurement setup  in 
the DLR  solar  furnace.  The material  sample  in  the  center  is 
illuminated by focused sun light and heated to a temperature 
of 1000 °C. 

A  Ka-band  (35 GHz)  transmission measurement 
setup can be used for measuring the dielectric con-
stants of material  samples  in  the  form of  sheets 
or plates. The measurements are automated and 
real-time data acquisition  is  realised. One exam-
ple of the use of the setup was for high tempera-
ture measurements on materials for a nose cone, 
making use of  the DLR solar  furnace  in Cologne 
(Figure  2.159).  These  measurements  [4][145] 
[156] were part of a DLR project Hochagile Flug-
körper  (HaFK)  to  develop  technologies  for mis-
siles. 
 
 

 
 

Figure 2.160  Free  space  reflection  measurement  facility. 
Left: a measurement in progress with the sample in the center 
and the two arms carrying the receive and transmit antennas. 
Right: the precision turntable for the sample.  

An X-band reflection measurement setup  (Figure 
2.160)  is  used  for  measuring  materials  in  the 
form  of  plates.  The  sample  can  be  rotated  and 
shifted by  remote control.  It  is possible to meas-
ure  fully  polarimetric  data  at  a  large  range  of 
bistatic  angles  by  rotating  the  antenna  arms. A 
number  of  different  flat  and  rough metallic  or 
dielectric surfaces have been measured and ana-
lysed with  the aim of  finding methods  to  isolate 
the  measurement  of  surface  roughness  and  of 
the  dielectric  properties.  It  has  recently  been 
shown  that  the bistatic phase  is  strongly  related 
to  the dielectric properties of  the  surface  [435]. 
This  indicates  that  a  bistatic  radar  system  could 
be a useful tool for measuring soil moisture, etc. 

A  waveguide  measurement  setup  for  trans-
mission and  reflection measurements  is used  for 
material samples in the form of blocks, which can 
be shaped to fit  into a waveguide.  It operates  in 
and  L-, X-, Ku-, K-, Ka-, V-  and W-band. Auto-
matic  procedures  are  implemented  for  the  cali-
bration  and  measurement  procedures.  ε and μ 
(permittivity and permeability) are derived using 
a  Newton-Raphson  algorithm.  Some  of  the  ex-
periments have been performed for the DLR pro-
jects HaFK and UCAV structures. 
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2.3.10 Microwave Radiometry 

Microwave radiometry has a long tradition in the 
Institute going back more than thirty years [304]. 
The research on passive measurement and  imag-
ing  technologies  is  a main working  area within 
the  radiometric  activities.  New  requirements  in 
spatial  resolution,  sensitivity,  spectral  diversity, 
penetration depth, environmental conditions, and 
real-time  capabilities,  and  also  new  applications 
demand  the  investigation  and  introduction  of 
new  principles,  and  the  refinement  of  existing 
techniques.  

Since the sky temperature varies strongly with 
frequency  due  to  atmospheric  attenuation  as 
shown  in  Figure  2.161,  Earth  observation  is 
mostly  performed  in  the  atmospheric  windows 
around  35,  94,  140  and  220 GHz  or  at  lower 
microwaves below 20 GHz. Atmospheric research 
is  carried  out  close  to  the  absorption  lines.  In 
general,  the benefits of passive microwave  tech-
niques  are  a)  almost  independence  of  poor 
weather  and  daytime,  b)  covert  operation  and, 
hence,  hard  to  be  detected,  c)  no  exposure  of 
observed objects (e.g. persons), and d) the capa-
bility of nadir  imaging  in highly mountainous or 
urban areas.  
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Figure 2.161 Computed brightness temperature of the sky 
for various observation angles as a function of frequency. 

The research on imaging technologies is presently 
focused on three main areas:  
- Line-scanner  systems,  which  follow  a  more 

classical approach with  the benefits of  rather 
simple  hardware  and  low  cost,  but with  the 
drawbacks of  limited resolution and  real-time 
capabilities  

- Aperture  synthesis  systems, which are a new 
approach  for  passive  Earth  observation  and 
terrestrial  imaging with  the  benefits  of  high 
spatial  resolution  and  real-time  capabilities, 
but  with  the  drawbacks  of  higher  cost  and 
more complicated development and operation  

- Hybrids of both  in order  to combine benefits 
and reduce the drawbacks, costs, and expense 

Line-scanner Radiometers 

Various line-scanner systems for airborne applica-
tions have been developed in the Institute during 
the  last  thirty years. The  line-scanner principle  is 
illustrated  in Figure 2.162. The  spatial  resolution 
is determined and limited by the moving antenna 
and was in the order of 1° at 90 GHz. A sensitiv-
ity of about 1.5 K was achieved. The system was 
also operated at 37 GHz. 
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Figure 2.162 Imaging principle of  an  airborne  linescanner 
system. An oscillating parabolic mirror causes an across-track 
scan of the antenna beam on the ground. 

In order to support the development of new  im-
aging method,  and  in  order  to  be  able  to  also 
acquire  radiometric  signatures on  the ground, a 
ground-based  imager was developed. The  imag-
ing  principle  of  this  system  is  shown  in  Figure 
2.163, whereby the main goal was the capability 
to image a full hemisphere and have high flexibil-
ity to make modifications. 
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Figure 2.163 Imaging  principle  of  the  ground-based  line- 
scanner system. A rotating parabolic mirror provides an image 
row,  and  the  azimuth movement of  the whole unit delivers 
the second image dimension. 
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The  system  operates  at  90 GHz,  37 GHz  and 
9.6 GHz with about 0.6°, 1.5°, and 5.8° of angu-
lar far-field resolution, but  it can be extended to 
any  frequency band where a  receiver  is available 
and  the  spatial  resolution  is  still  sufficient.  The 
measurement  duration  for  the  complete  hemi-
sphere is less than 5 minutes and the sensitivity is 
in  the order of 0.1 K. An  image  taken  from  the 
roof of  the  Institute building  is  shown  in  Figure 
2.164. 

The  scene  contains  various  metallic  objects 
like  containers  and metal  plates,  a  small water-
filled  pool,  buildings with  the  sun  blinds  partly 
lowered,  a  concrete  yard,  grassy  areas  partly 
covered by groups of bushes, and  clouds  in  the 
sky.  It  is  remarkable,  that  the  radiometric  image 
has a strong optical appearance, greatly simplify-
ing  image  interpretation.  Due  to  the  imaging 
geometries  the  photograph  and  the  radiometer 
image  are  differently warped. Note  that  the  ra-
diometric  image  shows  no  shadows,  since  the 
whole sky acts as an illumination source. 
 
 

 

 

Figure 2.164 Top:  line-scanner  image of a  complex  scene 
at 90 GHz taken from the roof of the Institute;    
bottom: a corresponding panoramic photograph. 

Aperture Synthesis Radiometer 

Since the nineties the work has focused on aper-
ture  synthesis  techniques,  a method  capable  of 
achieving  considerably  higher  spatial  resolution 
and  coming  from  radio  astronomy.  Aperture 
synthesis uses a highly thinned aperture as shown 
in Figure 2.165 to perform low-redundancy imag-
ing  in  the  spatial  frequency  domain.  Antennas 
are only mounted along  the arms of  the T-array 
to  simulate  the  corresponding  two-dimensional 
aperture. There  is no mechanical movement. The 
image  in  the  spatial  domain  has  to  be  recon-
structed  via  a  dedicated  algorithm,  in  the  theo-

retically  ideal  case, an  inverse  Fourier  transform. 
Since all receiver signals are simultaneously corre-
lated  in  pairs,  a  real-time  image  of  the  scene 
defined  by  the  single-element  antenna  pattern 
can be obtained. The applicability of this imaging 
principle was demonstrated using a two-element 
interferometer at 37 GHz with variable baselines 
synthesizing a 0.6° antenna beam.  It was shown 
that  high  resolution  imaging  of  complex  terres-
trial  scenes  is  possible,  and  that  the  focusing 
from  far  field  to  the  extreme  near  field  can  be 
adjusted purely by mathematical means. 
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Figure 2.165 Imaging  principle  of  an  airborne  aperture 
synthesis imaging radiometer with a T-shaped arrangement of 
the receivers.  

 
In  order  to  save  costs,  hybrids  of  scanner  and 
aperture  synthesis  systems  are  very  attractive. 
Such  a  system  is  presently  under  development 
(Figure 2.166). 
 

 

 
Figure 2.166 Sketch  of  a  hybrid  radiometer  system  com-
bining  aperture  synthesis  and  scanning  for  two-dimensional 
imaging.  Antennas  are  arranged  at  defined  positions  along 
the  linear  axis  for  the  aperture  synthesis.  Scanning  in  the 
other plane is achieved by rotating the linear axis. 
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The antennas along  the  linear axis are arranged 
in  a  thinned,  well-defined  pattern  for  aperture 
synthesis on the linear axis. By rotating the linear 
axis  in well-defined  steps around  its  center over 
180° and performing  the measurement  for each 
step, a final brightness temperature image can be 
constructed  in  the  spatial  domain.  The  hybrid 
system requires 15 receivers and 105 correlators. 
An  image  is expected to be formed within a few 
minutes in a multi-spectral imaging mode [182]. 

While  a  simple,  two-element  system  would 
require several hours to produce one image, a full 
two-dimensional  synthesis would need  scores of 
elements  and  even  more  correlators,  although 
the  imaging  could  be  performed  in  real-time. 
Hence, the hybrid radiometer represents a useful 
compromise. 
 
SMOS (Soil Moisture and Ocean Salinity) 
Mission 

Radiometric  spaceborne  instruments  have  long 
been contributing  to Earth observation, both  for 
scientific  research  and  operational  services,  e.g. 
weather  prediction  and  climate  research.  Since 
these applications demand an increase in reliabil-
ity and precision,  requiring higher  spatial  resolu-
tion of the radiometer, also at lower frequencies, 
aperture  synthesis  techniques  have  become  at-
tractive  candidates  for  new  and  innovative 
spaceborne  systems.  Such  an  approach  is  cur-
rently  being  implemented  for  the  ESA’s  Earth 
Explorer  Mission  SMOS,  planned  for  launch  in 
autumn  2007.  The  goal  of  SMOS  is  to  globally 
map  soil  moisture  and  ocean  salinity  using  an  
L-band  aperture  synthesis  radiometer  in  a  
Y-configuration.  

The  Institute  supports  the mission by partici-
pation  in the SMOS Science Advisory Group and 
various  ESA  contracts  to  develop  image  recon-
struction  techniques,  which  are  mandatory  for 
such a  complex  instrument.  Figure 2.167  shows 
an  artist  view  of  the  SMOS  aperture  synthesis 
radiometer.  Since  the  array  has  a  Y-shape,  the 
corresponding  sampling  grid  in  the  spatial  fre-
quency  domain  is  hexagonal.  Hence,  the  alias-
free  field  of  view  in  the  spatial  domain  is  also 
hexagonal.  Image  reconstruction has  to account 
of  all  the  errors  introduced  by mismatches  and 
imperfections  in  the  antenna  patterns,  the  re-
ceiver  transfer  functions  and  the  correlators, 
these  being  the  ones with  the  largest  impacts. 
Finally, a suitable calibration is mandatory.  

An  alternative  image  reconstruction method, 
a  so-called  G matrix  approach  was  proposed, 
which allows  full characterisation and calibration 
of the sensor from a pre-launch measurement of 
the transfer functions and an  in-orbit determina-
tion of the G matrix by measurements of a com-

prehensive  set of known brightness  temperature 
scenes  in space [555]. These scenes were chosen 
to contain the moon as a point source. Extensive 
simulations  were  performed  to  assess  the  per-
formance of  the developed approach. According 
to  the G matrix  approach,  the  complex  integral 
equation  describing  the measured  values  of  the 
aperture  synthesis  system  can  be  described  by 
discrete  samples.  Then  the  discrete  representa-
tion can be converted to a matrix equation sum-
marizing  the  imaging process  for a certain num-
ber  of  different  calibration  scenes.  Finally  the 
matrix  equation  is  solved  to  determine  the 
G matrix, describing the system transfer function. 
This matrix  is used  for correcting and calibrating 
the radiometric measurements. 
 

 

Figure 2.167 Artist  view  of  the  SMOS  aperture  synthesis 
radiometer satellite in space (© ESA). 

Figure 2.168 shows a simulated result for a highly 
imperfect  system  including  the  unavoidable  sys-
tem noise. The system was assumed to have very 
different antenna patterns and receiver frequency 
responses.  The  non-ideal  system  was  modeled 
and  the  corresponding  correlation  outputs  for 
each baseline have been computed  for each sin-
gle  point  source  scene  of  a  whole  calibration 
process. The resulting G matrix was then applied 
to  simulated  measurements  of  a  typical  scene 
including system noise. In the calibration mode in 
space,  a  set  of  independent  calibration  scenes 
can be produced by tilting the satellite so that the 
moon moves within the sensor's field of view and 
for  each  resolution  cell.  It was  shown  that by a 
suitable  selection of  calibration  scenes  and with 
sufficient  calibration  time  (a  few days)  the post-
launch G matrix approach can produce satisfying 
image  reconstruction  results. Note  that only  the 
post-launch  approach  can  recover  uncontrolled 
changes  in  the system  response, e.g. due  to ag-
ing or the exposure of the hardware to the space 
environment. 
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Figure 2.168 Original  (left)  and  reconstructed  brightness 
temperature  image  (right) of  a  scene of  the Gulf of Guinea 
using the pre-launch generated G matrix. 

Security Applications 

Contamination  by  landmines  is  increasingly  
recognised as an  inhumane burden on countries 
ravaged  by war, many  of  these  poor.  Conven-
tional  techniques,  like metal detectors or  trained 
dogs  are  too  inefficient  to  solve  this  problem. 
Also, plastic materials are increasingly being used 
to  avoid  detection.  International  terrorism  has 
reached a level where adequate countermeasures 
to protect the population have to be provided by 
the authorities. A passive microwave  sensor  is a 
potential candidate to construct detectors, which 
are both reliable and convenient to use.  

Within  the  scope  of  an  EC  project  HOPE 
(Handheld OPerational dEmining  system),  a  spe-
cial  radiometer  for  buried  landmine  detection 
was  developed  [544].  The  HOPE  multi-sensor 
system  consisted  of  a metal  detector,  a  ground 
penetrating  radar, and a microwave  radiometer, 
all  integrated  in  one  system  intended  for  hand-
held operation. The  radiometer was designed  to 
perform  imaging  for  detection  in  the  extreme 
near  field  of  the  antenna  close  to  the  ground. 
Also,  a  multi-frequency  mode  covering  about 
1.5-7 GHz was developed  in order  to allow  the 
discrimination of mines from false targets. Figure 
2.169 shows  laboratory measurements of buried 
objects  like dummy mines  and  false  targets,  to-
gether with a photograph of  the scene with  the 
objects placed on  the  surface. A high detection 
rate can be achieved by using multiple frequency 
bands, but discrimination of the object type is still 
a challenge.  

For a proper discrimination from false targets, 
more  detailed  frequency  profiles  were  investi-
gated  in  a  separate  study  (Figure  2.170)  [297]. 
Here, the sensor is kept at a single position above 
the  suspected  area  and  the  radiometer's  broad 
frequency  range  is  swept  in  sufficiently  small 
steps.  The  results  indicated  that  an  improved 
detection  and  the possibility  of  discrimination  is 
feasible using this multi-spectral approach. 

Based  on  the  mine  detection  results,  the 
method was extended to the more general detec-
tion of hidden objects using a multi-spectral  sys 

 
tem with higher spatial resolution and capable of 
near real-time processing. The hybrid  radiometer 
system  of  Figure  2.166  is  currently  under  con-
struction. Using  a  3 m  aperture  and  a  range  of 
center  frequencies  from 1.4-7 GHz,  a multitude 
of spectral  images with a bandwidth of 20 MHz 
will be recorded within a few minutes. The array 
design was optimised in order to get mostly alias-
free  imaging with  the  lowest  number  of  single 
elements,  i.e.  15.  The  angular  resolution  is  ex-
pected to be between 5.2° and 0.75° depending 
on the center frequency. 
 

 

 

 

 

Figure 2.169 Top  left:  photograph  of  the  objects  before 
being buried. Top right: view of the scanner. Beneath: meas-
ured images for various frequencies of the scenario.  
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Figure 2.170 Simulated  (left)  and  measured  (right)  fre-
quency  profiles  of  a  so-called  PPM-2 mine,  largely made  of 
plastic.  For  clarity,  the  average  brightness  temperature  level 
has been subtracted  in each case. The  interference behaviour 
due to the  layered structure  is comparable for the simulation 
and the measurement. 

The  use  of  millimeter-wave  radiometry  for  the 
purpose  of  change  detection  behind  optically 
opaque dielectric walls was also investigated. The 
experimental  line-scanner shown  in Figure 2.163 
was used. 
 
 

Figure  2.171  shows  the  result  at  a  distance  of 
6 m  for  a  person with  upraised  arms  behind  a 
fibre-glass  radome.  Although  the  radome  was 
not  optimised  for  microwave  penetration,  the 
person can be clearly detected.  
 

 

 

 
Figure 2.171 Right 37 GHz  radiometer  image with a per-
son  clearly  detected  inside  the  optically  opaque  radome 
photographed on the left. 

 
Figure  2.172  illustrates  the  detection  capability 
with  the  same  system  inside  another  radome 
from a distance of about 45 m [551]. In addition 
to  terrestrial  applications,  spaceborne  radiome-
ters were  investigated with  respect  to  the  capa-
bility  of  ship  detection  for  the  EU  EUCLID  pro-
gramme. The  study  focused on classical  imaging 
approaches using a conical  scanner and  showed 
satisfying detection results for large ships. 
 
 

 

 
Figure 2.172 37 GHz  radiometer  images  of  an  optically 
opaque radome containing a person and a parabolic antenna 
inside in different positions (see drawings). 

 
Airborne Radiometers  

The  research  into  airborne  sensors  concentrates 
on  the development of very high-resolution pas-
sive  imaging  sensors  for UAV  (Unmanned Aerial 
Vehicle)  platforms  intended  for  reconnaissance. 
For a UAV altitude of about 5 km and a required 
ground  resolution  in  the meter  range,  an  aper-
ture synthesis radiometer  in W-band was consid-
ered optimal. With a  view  to  reducing  cost,  the 
minimum  number  of  receivers  and  correlators 
was  found  by  analysing  different  array  geome-
tries and  image reconstruction methods. Ground 
based  measurements  were  used  to  investigate 
the techniques. Figure 2.173 shows various array 
designs  and  the  corresponding  reconstruction 
results  using  an  advanced  CLEAN  algorithm 
[285].  The  scene was measured  at  37 GHz  and 
resampled and thinned out to the required array 
grid. Only the full U array fulfills the Nyquist sam-
pling criterion on a rectangular grid.  

It can be seeathr Radarn that a simple inverse 
Fourier transform  is not a suitable reconstruction 
method.  However,  a  highly  thinned  array  of  a 
suitable  shape  in  conjunction with  an  adequate 
image  reconstruction  approach  can  deliver  ac-
ceptable results compared to the Nyquist array, at 
least for target detection.  

Within  a  NATO  Research  and  Technology  
Organisation  (RTO) research group this approach 
was applied to a strawman design of an aperture 
synthesis radiometer fitted to a typical UAV plat-
form  [300]  [306].  A  Y-array  was  found  to  be 
most  useful,  as  it most  easily  fits  to  an  aircraft 
structure while yielding adequate results. Various 
degrees  of  thinning  error  sources  such  as wing 
movement  were  analysed  with  respect  to  the 
reconstructed image quality. 
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Figure 2.173 Top  left:  photograph  of  the  scene  imaged 
with  a  37 GHz  aperture  synthesis  radiometer.  Top  right: 
reconstructed  image  for  the  thinned U  array  using  a  simple 
inverse Fourier transform. The other  images show the results 
using  the  advanced  CLEAN  algorithm  for  the  various  array 
geometries above [285].  

The  use  of  airborne  radiometric  sensors  for  the 
purpose of disaster monitoring and prevention  is 
also of major interest. In this context, the applica-
tion of radiometric imaging for the monitoring of 
the  seepage  condition of dikes was  investigated 
in a project funded by the German Federal Minis-
try  of  Education  and  Research  (BMBF)  and  in 
cooperation  with  the  Franzius  Institute  for  Hy-
draulic, Waterways  and  Coastal  Engineering  of 
the University  of Hanover.  The  goal was  to  de-
velop an efficient sensor for the timely detection 
of areas susceptible  to breaching. Ground based 
measurements  were  performed  with  the  line-
scanner shown in Figure 2.163 on an artificial but 
representative  dike  under  controlled  conditions. 
Figure  2.174  shows  the  results  in  a  time  se-
quence for different frequencies [554]. 

The  basin  on  the  right was  filled with water  to 
simulate  flooding.  Then  small  artificial  channels 
on  the water  side were  opened  in  a  controlled 
manner  to  simulate  damage  to  the  dike.  After 
about  36  hours  the water  starts  to  leak  to  the 
left-hand, dry side of the dike. If this event can be 
detected  in  time  by  a  suitable  sensor,  counter-
measures can be taken to prevent a burst. It was 
demonstrated that an imaging radiometer is able 
to detect the leakage early for all the frequencies 
used,  in spite of  the different spatial  resolutions. 
Hence, an airborne  imaging  radiometer can also 
be  used  for  the  prevention  of  potential  dike 
bursts. 

The  increasingly demanding  requirements  for 
very high  resolution  and  near  real-time  imaging 
capabilities mean that the principles and technol-
ogy  of  aperture  synthesis  radiometers  need  fur-
ther  research.  Depending  on  the  requirements, 
the operating conditions and the funds available, 
real-aperture  radiometers,  aperture  synthesis 
radiometers  and  hybrids  all  have  their  place.  In 
addition  to  ground-based  systems,  the  develop-
ment of a new airborne system is planned. 
 

   

   

   

   

Figure 2.174 Top  row:  photograph  of  the  artificial  dike 
facilities with  the dry  (left) and  filled  (right) water basin. The 
images below correspond to measurements at three frequen-
cies,  90 GHz,  37 GHz,  and  9.6 GHz.  The  left-hand  images 
show  the  results before  seepage and  the  right-hand  images 
with seepage (dark blue strips). 
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The potential for the use of microwave radiome-
try  is  clearly  evident  in  the  security  domain, 
namely  screeners  for hidden object detection on 
persons,  through-the-wall  imaging  and  the  sur-
veillance  of  sensitive  areas,  like  nuclear  power 
plants or border areas.  

The application of passive microwave systems 
for  disaster monitoring  is  becoming  increasingly 
important as  the  likelihood of  such events  rises. 
The monitoring of surveillance of dikes and other 
stretches of water with respect to oil pollution  is 
only one example.  

A  third  important  application  of  passive  sys-
tems  is expected  in  the radio  interference detec-
tion and localisation, particularly as the frequency 
spectrum becomes more and more congested. 
 

2.3.11 Weather Radar 

The Institute is inevitably confronted by the influ-
ence  of  the  propagation  path  on  the  imaging 
sensors,  it  being  an  important  element  in  the 
performance  computation  and  the  system  cali-
bration  (sections  2.3.7  and  2.3.10).  In  addition, 
the  Institute participates  in  European projects  in 
the  field  of  weather  radar  collaborating  with 
other DLR  institutes. Of particular  importance  is 
the  Institute  of Atmospheric  Physics with which 
the  Institute  shares  a  fully  polarimetric weather 
radar  facility  (POLDIRAD).  This  radar  is  able  to 
provide  unique  data  for  the  development  and 
verification of algorithms. 
 

EU AMPER Project 

The  AMPER project (Application of Multi-parameter 
Polarimetry  in  Environmental  Remote  Sensing) 
was  funded  by  the  European  Commission  over 
the  period  from  January  2003  until  December 
2005. The  Institute was responsible for the over-
all coordination of the project and  research con-
tributions  in  the  field  of modelling  and  under-
standing  atmospheric  effects  and  distortions  on 
coherent polarimetric radar data, as well as in the 
field of polarimetric target decomposition theory. 

The main aim of  the project was  the  training 
and  research  of  young  scientists  in  the  area  of 
multi-parameter polarimetry at partner organisa-
tions spread all over Europe  (i.e. DLR, TU Chem-
nitz  and  Definiens  Imaging  GmbH,  Germany; 
University  of  Essex,  UK;  DDRE,  Denmark;  UPC, 
Spain;  MOTHESIM  and  University  of  Rennes, 
France;  JRC,  Italy). The  scientific activities of  the 
network  fall  into  three main  areas  dealing with 
sensor  systems and measured data,  the underly-
ing  physics  and  scattering  models,  parameter 
retrieval and product generation.  

The  focus  of  modelling  atmospheric  effects 
was on  the  scattering of hydrometeors, particu-

larly  rain drops. The main purpose  is not only  to 
have  a  coherent  model  for  simulating  weather 
radar  data,  but  also  to  create  a  link  between 
observations by weather  radar  systems and SAR 
systems. Polarimetric propagation effects play an 
important role for both systems, and, hence, the 
model  can  be  used  to  predict  or  describe  the 
influence of propagation through a medium con-
taining rain drops for polarimetric radars, regard-
less  of  whether  they  are  ground-based  or  air-
borne/spaceborne.  Raindrops  are  oblate  scatter-
ers, where the oblateness  increases with the size 
of  the  rain drop, and  thus  rainfall produces ani-
sotropic scattering, which can be measured with 
polarimetric  radars.  One  particular  problem  oc-
curs, because the four elements of the scattering 
matrix are not all measured at the same time but 
with a certain time delay, which is usually around 
1 ms.  During  this  time,  the  observed  scattering 
volume  (containing  falling  rain  drops)  changes 
and,  thus,  decorrelation  will  be  seen  (Figure 
2.175) [113][115]. 
 
 

 
Figure 2.175 Dependence on the measurement  interval Δt 
of  the coherence  for HH and VV polarisations  (red)   and  the 
Pauli base. It shows that the decorrelation is strongly depend-
ent on the  initial polarisation base, and that this  is  important 
for the correct extraction of information.       

Using model  results and experience drawn  from 
the literature, phase delays and amplitude effects 
on radar data can be predicted. Special attention 
has been given  to  the  impact of such effects on 
the  processing  of  SAR  images.  Phase  changes 
due  to  atmospheric  distortions  have  a  similar 
behaviour to motion errors of the sensor platform 
and thus might not be separated from such addi-
tional error sources [134][136].  

With  regard  to  polarimetric  decomposition 
theorems, two signal processing approaches have 
been applied for the first time to fully polarimet-
ric SAR and weather  radar  signatures. Consider-
able attention  is paid  to  the eigenvectors of  the 
covariance matrix [9].  
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EU CARPE DIEM Project 

In the framework of the European project CARPE 
DIEM  (Critical  Assessment  of  available  Radar 
Precipitation  Estimation  techniques  and  Devel-
opment  of  Innovative  approaches  for  Environ-
mental  Management)  several  work  packages 
with regard to polarimetric techniques have been 
investigated.  The  project  contributed  to  the  En-
ergy, Environment and Sustainable Development 
Programme  for  Research,  Technology  Develop-
ment and Demonstration under  the  fifth  Frame-
work  Programme  with  the  goal  of  improving 
flood forecasting capabilities. The Institute’s tasks 
comprised  the  exploitation  of  advanced  radar 
capabilities to allow the enhanced assimilation of 
weather radar data from operational networks in 
hydrological  and  numerical  weather  prediction 
models.  As  the  data  source,  the  coherent  and 
fully  polarimetric  C-band  weather  radar 
POLDIRAD was used.  

The first task dealt with the use of polarimet-
ric measurements to estimate effects of variation 
in  drop-size  distributions  on  the  uncertainty  in-
herent  in  rainfall estimates  collected at different 
spatial and  temporal scales. The parameters par-
ticularly  taken  into  account  are  the  differential 
reflectivity  and  phase,  which  occur  due  to  the 
oblate  nature  of  rain  drops.  The  outcome  was 
that  the  differential  phase  could  potentially  still 
provide a more accurate estimate of the average 
rainfall  across  an  area  (or  equivalently  from  a 
series  of  rapid  scans  averaged  over  a  period  of 
time).  

 
Figure 2.176 Distribution of data points of a thunderstorm 
in  the Entropy-Alpha plane derived  from a  time series meas-
ured with POLDIRAD on 2nd November 2005 [66].  

The  second  task was  dedicated  to  the  problem 
that there  is a significant  lack of "ground truth" 
for weather radar observations, i.e. the scattering 
particles  are  usually  pretty  much  unknown  or 
have  to be guessed by using  empirical methods 
(mostly  based  on  fuzzy  logic  classification).  
Polarimetry  has  the  great  advantage  that  the 
scattering  can be  related  to  the physics without  

a priori or empirical knowledge. Hence, Entropy-
Alpha decomposition and classification (originally 
used  for  land  classification  in  SAR  imaging)  has 
been used  in order  to  identify different  types of 
hydrometeors. The most  important premise for a 
precise decomposition  is  the correction of differ-
ential propagation errors, which can only be per-
formed  on  time  series  (raw)  data.  This  type  of 
data  is  usually  not  available,  but  POLDIRAD  is 
now able to deliver also the required time series. 
Figure  2.176  shows  a  typical  distribution  of  
Entropy-Alpha values  in  the  case  of  a  thunder-
storm, which provides a broad variation of  scat-
terers  (light  rain,  heavy  rain,  hail,  sleet,  snow) 
[66].  Using  this  distribution  and  an  additional 
weighting with  reflectivity values, a classification 
scheme could be compiled.  

 
Figure 2.177 Range-height plot of the thunderstorm in the 
previous  image  with  high  reflectivity  values.  The  colours 
represent  volume  scattering  in  dBZ  as  shown  in  the  colour 
scale. 

In Figure 2.177 and Figure 2.178,  the reflectivity 
can  be  compared  with  the  classification  result. 
The  first  impression  is  that  this purely physically 
derived result  is very promising, although a com-
parison with  common  techniques has  still  to be 
performed  and  will  be  part  of  future  activities 
[116].  The method  could  not  only  improve  the 
ability to extract weather information from terres-
trial radars, but also from radars on airborne and 
spaceborne platforms 

 
Figure 2.178 Classification  of  hydrometeors  for  the  thun-
derstorm  shown  in  the previous  figures. Dark green denotes 
light  rain,  lighter  greens  transition  to  heavy  rain,  cyan  and 
blue  is assumed  to be very heavy  rain, whereas purple, pink 
and red denote highly anisotropic scattering from very heavy 
rain mixed with sleet and/or hail.  
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3 Documentation 

3.1 Academic Degrees 

3.1.1 Diploma Theses 

 

Name Subject University Year 

1. Bär, Matthias  Klassifizierung polarimetrischer SAR-Daten 
Universität  

der Bundeswehr, 
Neubiberg 

2000 

2. Domke, Peter 

Entwicklung einer Mikrocontroller-
Echtzeiterweiterung für die denzentrale 
Steuerung des flugzeuggetragenen Radar-
systems F-SAR 2000 über CAN-Bus 

Technische  
Universität, Leipzig 

2000 

3. Guillaso, Stephae 
Range Resolution Improvement of Full-
Polarimetry Airborne SAR Images using 
Multiple Parallel Tracks 

University of  
Rennes 1, France 

2000 

4. Stelzl, Stefan  Validierung eines digitalen Geländemodells 
aus SAR-Daten 

Universität der 
Bundeswehr, 
Neubiberg 

2000 

5. Zeiler, Markus 
Nutzung der thermischen Mikrowellen-
strahlung zur Detektion von vergrabenen 
Anti-Personen-Minen 

Universität 
Regensburg 

2000 

6. Bach, Robert  Aufbau eines digitalen Korrelators für ein 
Apertur-Synthese-Radiometer 

Universität der 
Bundeswehr, 
Neubiberg 

2001 

7. Engwall, Maria 
Evaluation of the Monostatic Radar Signal 
in the Case of Tripple Reflections at Flat 
Panels 

University of  
Chalmers,  
Sweden 

2001 

8. Liebert, Thomas 
Aufbau eines experimentellen ISAR-
Messsystems im S- und X-Band für hoch-
auflösende Radarabbildungen 

Universität der 
Bundeswehr, 
Neubiberg 

2001 

9. Pipia, Luca 

Anwendung der kohärenten Huynen-
Zerlegung zur Gewinnung von optimierten 
Amplituden-Verhältnissen und relativen 
Phasen, um effizientere Klassifikations-
Observablen zu erhalten 

University Cagliari, 
Italy 

2001 

10. Weller, Martin 
Untersuchung eines adaptiven Filters zur 
Unterdrückung von Nebenkeulen in hoch-
aufgelösten Radarbildern 

Universität  
der Bundeswehr, 

Neubiberg 
2001 

11. Fischer, Christian 
Studie zur Trennung von Volumen und  
Oberflächenstreuung mit interfero-
metrischen Multi-Baseline SAR-Daten 

Technische Univer-
sität, München 

2002 
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12. Jirousek, Matthias 

Weiterentwicklung eines experimentellen 
Apertur-Synthese-Radiometers für ho-
chaufgelöste passive Abbildungen im Milli-
meterwellen-Mikrowellen-Bereich 

Universität 
Karlsruhe 

2002 

13. Párraga Niebla, Cristina  Block Adaptive Quantization for Interfer-
ometric SAR 

Univers. Politècnica 
de Catalunya,  

Barcelona, Spain 
2002 

14. Shishkova, Olga 
Bestimmung von Oberflächenparametern 
unter Verwendung von polarimetrischen 
SAR-Daten 

Russian Academy of 
Sciences – Inst.of 
Radio Engineering 
and Electronics 

2002 

15. Schulteis, Stephan 

Entwicklung von Mehrschichtmodellen zur 
Verbesserung der Detektionswahrschein-
lichkeit von Antipersonen-Minen mit Hilfe 
von Mikrowellenradiometern 

Universität 
Karlsruhe 

2002 

16. Werl, Guido 

Einfluss der Vegetation auf die quantitative 
Bestimmung von Bodenfeuchte am Beispiel 
des Ampermooses unter Verwendung von 
polarimetrischen SAR- und Hyperspektralen 
Daten 

Universität  
Würzburg  2002 

17. Nannini, Matteo 
Development and Implementation of Soft-
ware Moduls for Simulation of Receive 
Paths of Spaceborn SAR Systems 

Universita degli 
Studi di Firence 

2003 

18. Hentschel, Mirko  Analysen zur Ein- und Zweipassinterfer-
ometrie 

Universität der 
Bundeswehr, 
Neubiberg 

2003 

19. Rauh, Christian 
Entwicklung und Implementierung eines 
Prozessors zur Fokussierung bistatischer 
SAR-Impulsantworten 

Technische  
Universität, Dresden 

2003 

20. Castell Calderon, Marc  Antenna Pattern Specifications and Optimi-
zation for TerraSAR-X 

Univers. Politècnica 
de Catalunya,  

Barcelona, Spain 
2004 

21. Chiari, Martin v. 
Untersuchung spektraler radiometrischer 
Mikrowellensignaturen zur Detektion ver-
borgener Objekte in geschichteten Medien 

Technische  
Universität,  
Chemnitz 

2004 

22. Gabele, Martina  SAR-Mehrkanalverfahren zur Detektion 
bewegter Objekte 

Universität 
Karlsruhe 

2004 

23. Kugler, Florian  Studie der zeitlichen Kohärenzanalyse am 
Beispiel eines temperaten Mischwaldes 

Technische  
Universität, 
München 

2004 

24. Márquez-Martinez, José 
Development of a Range Ambiguity Simula-
tor and Investigation of Methods for Range 
Ambiguity Suppression in SAR 

Univers. Politècnica 
de Catalunya,  

Barcelona, Spain 
2004 
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25. Meier, Frank 
Automatische Bestimmung von ARC/STC-
Stellgrößen für ein flugzeuggetragenes 
Radar mit synthetischer Apertur (SAR) 

Fachhochschule 
Schweinfurt 

2004 

26. Müller Sánchez,  
Francisco 

Velocity Estimation of Moving Targets using 
Along-track SAR Interferometry 

Universität 
Karlsruhe 

2004 

27. Pouria, Sanae  Real Time Pulse Compressor based on 1-bit 
Quantisation 

University Lulea, 
Schweden 

2004 

28. Ruiz, Guillermo 
Entwicklung und Untersuchung eines 
schnellen Algorithmus zur Prozessierung 
hochaufgelöster Drehstand-ISAR-Bilder 

Technische  
Universität,  
Darmstadt 

2004 

29. Roca-Cusachs  
Maennicke, Oliver 

Performance Analyses of Hardware Opti-
mized Block Adaptive Quantizer Algorithm 
for TerraSAR-X Parameter 

Univers. Politècnica 
de Catalunya,  

Barcelona, Spain 
2004 

30. Vögele, Andreas  Weiterentwicklung eines digitalen Korrela-
tors für ein Apertur-Synthese-Radiometer 

Universität  
Karlsruhe 

2004 

31. Aulinger, Thomas 
Vergleich von Höhenmodellen aus InSAR- 
und Lidar-Daten über einem Naturwald im 
Nationalpark Bayerischer Wald 

Fachhochschule 
München 

2005 

32. Alban, Francois 

L’amèlioration des performances en résolu-
tion spectrale d’un radiomètre à large 
bande et en champ proche, destiné à la 
détection d’objects enfouis 

Royal Military  
Academy, Belgium 

2005 

33. Andres, Christian 
Topographieabhängige spektrale Filterung 
für flugzeuggestützte Mehrpass-SAR-
Interferometrie 

Fachhochschule 
Wien 

2005 

34. Daniel, Sandrine 
Quantitative Bodenparameterbestimmung 
unter Verwendung von polaimetrischen 
und interferometrischen SAR 

University of  
Rennes 1, France 

2005 

35. Emaer, Jerome  Détermination de l´humidité du sol à partir 
de mesures radiométriques en bande L 

Royal Military  
Academy, Belgium 

2005 

36. Hübner, Anna  Entwicklung einer kompakten Antenne für 
einen Radartransponder 

Technische  
Universität,  
München 

2005 

37. Norrman, Helen  Entwicklung einer kompakten Antenne für 
einen Radartransponder 

University Lulea, 
Schweden 

2005 

38. Streicher, Veit 
Genauigkeitsuntersuchungen von Höhen-
modellen, erzeugt mit der SAR-
Interferometrie 

Universität  
der Bundeswehr, 

Neubiberg 
2005 

39. Wachtl, Stefan 
Untersuchung von digitalen Emp-
fängerkonzepten für die Anwendung bei 
Mikrowellenradiometern 

Fachhochschule 
Würzburg 

2005 
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3.1.2  Doctoral Theses 

 

Name Subject University  Year 

1. Börner, Thomas 
Kohärente Modellierung von Radarrück-
streuung für die Anwendung in  
Polarimetrischer SAR Interferometrie 

Ludwig-Maximilians-
Universität,  
München 

2000 

2. Hellmann, Martin  Classification of Fully Polarimetric SAR-
Data for Cartographic Applications 

Technische  
Universität Dresden 

2000 

3. Mittermayer, Josef  Hochauflösende Verarbeitung von  
Radardaten mit synthetischer Apertur 

Universität Siegen  2000 

4. Lamprecht, Katja 

Polarimetrische Methoden der 
Fernerkundung der Atmosphäre:  
Bestimmung der Tropfengrößendichte-
verteilung von Niederschlag und Bestim-
mung der Regenrate bei der Wahl unter-
schiedlicher Polarisationsbasen 

Technische  
Universität Graz 

2000 

5. Ulbricht, Andreas  Flugzeuggetragene Repeat-Pass-
Interferometrie mit dem E-SAR 

Ludwig-Maximilians-
Universität, München  

2000 

6. Fuchs, Frank 

Entwicklung und Verifikation eines RCS-
Rechenmodells basierend auf den finiten 
Differenzen im Zeitbereich (FDTD) mit dem 
Ziel der Hybridisierung mit der Physi-
kalischen Optik (PO) 

Universität Saarland  2001 

7. Hajnsek, Irena  Inversion of Surface Parameters Using  
Polarimetric SAR 

Universität Jena  2001 

8. Potsis, Athanasios  Radio Frequency Interference Suppression 
for Synthetic Aperture Radar 

National Technical 
University, Athens 

2001 

9. Dietrich, Björn 
Fähigkeiten eines Metalldetektors  
zur Parameterbestimmung und  
Objektdiskriminierung 

Universität 
Karlsruhe 

2002 

10. Greiner, Matthias 
Entwicklung neuartiger Bildrekonstruk-
tionsverfahren für das Apertur-Synthese-
Radiometer 

Universität 
Karlsruhe 

2002 

11. Reigber, Andreas  Airborne Polarimetric SAR Tomography  Universität  
Stuttgart 

2002 

12. Àlvarez Pérez, José Luis 
Two Novel Studies of Electromagnetic 
Scattering in Random Media in the Con-
text of Radar Remote Sensing 

University of  
Nottingham, UK 

2003 

13. Alberga, Vito 
Comparison of polarimetric methods in 
image classification and SAR interfero-
metry applications 

Technische  
Universität Dresden 

2004 

14. Scheiber, Rolf  Hochauflösende Interferometrie für Radar 
mit Synthetischer Apertur 

Universität 
Karlsruhe 

2004 

15. Rathgeber, Wolfgang 
Superresolution durch den Einsatz  
spektraler Schätzverfahren in der SAR-
Prozessierung 

Universität 
Karlsruhe  

2005 
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3.2 Guest Scientists 

Name Home Institution Period 

1. Dimou, Alexandros  National Technical University, Athens, 
Greece 

Oct. 1998 –  
Oct. 2000 

2. Potsis, Athanasios  National Technical University, Athens, 
Greece 

Oct. 1998 –  
Oct. 2000 

3. Alberga, Vito  EU Research Assistant  Feb. 1999 –  
Mar. 2002 

4. Sood, Khagindra Kumar   Indian Space Research Organization, 
India 

Aug. 1999 –  
Apr. 2000 

5. Bara, Marc   Universitat Politècnica de Catalunya,  
Barcelona, Spain  

Feb. 2000 – 
Apr. 2000 

6. Àlvarez Pérez, José Luis  EU Research Assistant  Mar. 2000 – 
Feb. 2001 

7. Breuer, Axel  University of Rennes 1, France  Jul. 2000 –  
Jan. 2003 

8. Robert, Paulraj  Indian Space Research Organization, 
India 

Sep. 2000 – 
Jun. 2001 

9. Papathanassiou, Konstantinos  EU Research Assistant  Oct. 2000 – 
Jun. 2001 

10. Lopez Martinez, Carlos  EU Research Assistant  Oct. 2000 – 
Mar. 2002 

11. Ewan, Archibald  EU Research Assistant  Jan. 2001 – 
Mar. 2002 

12. Bothale, Vinod M.   Indian Space Research Organization, 
India 

Apr. 2001 – 
Dec. 2001 

13. Olmedo, Rafael  Instituto Nacional de Tecnica 
Aerospacial, Madrid, Spain 

May 2001 – 
Aug. 2001 

14. Fabregas, Xavier  Universitat Politècnica de Catalunya,  
Barcelona, Spain  

May 2001 – 
Aug. 2001 

15. Chokkanathapuram, Rajaraman  Indian Space Research Organization, 
India 

Jun. 2001 – 
Sep. 2001 

16. Ben Khadhra, Kais  
Télécom Paris École Nationale 

Supérieure des Télécommunications, 
Paris, France (DAAD scholarship) 

Oct. 2001 –  
Sep. 2005 

17. Singh, Dahrmendra   University Delhi, India  Jun. 2002 – 
Feb. 2003 
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Name Home Institution Period 

18. Huether, Brian  National Air Intelligence Center, USA  Sep. 2002 – 
Aug. 2004 

19. Kohlhase, Andreas  Deutsche Forschungsgemeinschaft   Sep. 2002 – 
Sep. 2004 

20. Vandewal, Marijke   Royal Military Academy, Belgien  Oct. 2002 – 
Nov. 2005 

21. Misra, Arundhati  Indian Space Research Organization, 
India 

Nov. 2002 – 
Jul. 2003 

22. Ilundain Gorriti, Gorka   Instituto Nacional de Tecnica 
Aerospacia, Madrid, Spanien 

Feb. 2003 – 
May 2003 

23. Liseno, Angelo  EU Research Assistant  Feb. 2003 – 
Sep. 2003 

24. Danklmayer, Andreas  EU Research Assistant  Mar. 2003 – 
Dec. 2005 

25. Zandona Schneider, Rafael  
Instituto Tecnológico de Aeronáutica, 

Brazil  
(DAAD scholarship) 

Mar. 2003 – 
Sep. 2006 

26. Camera de Macedo, Karlus Alexander  Instituto Tecnológico de Aeronáutica, 
Brazil 

Apr. 2003 – 
Mar. 2007 

27. Hiroshi, Kumura  Gifu University, Japan  Sep. 2003 – 
Nov. 2003 

28. Sanz Marcos, Jesus Manuel   Universitat Politècnica de Catalunya,  
Barcelona, Spain  

Jan. 2004 – 
Apr. 2004 

29. Garrestier, Franck  ONERA, France  Jun. 2004 – 
Aug. 2004 

30. Stryker, Amy   National Air Intelligence Center, USA  Sep. 2004 – 
Aug. 2006 

31. Erten, Esra  Technische Universität Berlin  
(DAAD scholarship) 

Sep. 2005 – 
Nov. 2005 

32. Sharma, Jayanti  Universität Karlsruhe  
(DAAD scholarship) 

Oct. 2005 –  
Jul. 2006 
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3.3 Scientific Awards 

2000 

Reigber, Andreas, Best  Student  Paper  Award: 
“SAR Tomography and Interferometry for the 
Remote Sensing of Forested Terrain”,  VDE-
Verlag,  Berlin-Offenbach,  European  Confer-
ence  on  Synthetic  Aperture  Radar  (EUSAR), 
ISBN  3-8807-2544-4,  München,  23-25  May 
2000. 

2001 

Keydel, Wolfgang, IEEE  GRSS  Dinstinguished 
Achievement Award, Geoscience and Remote 
Sensing Society, 2001.  

 

Mittermayer, Josef,  DLR-Wissenschaftspreis 
2001:  “Spotlight SAR data processing using 
the frequency scaling algorithm”,  IEEE  Geo-
science and Remote Sensing Society (IGARSS), 
vol.  37,  No.  5,  Sep.  1999,  pp.  2198-2114, 
2001.  

 

Reigber, Andreas und Moreira, Alberto, IEEE-
GRSS Prize Award 2001: “First Demonstration 
of Airborne SAR Tomography Using Multi-
baseline L-Band Data”,  IEEE  Transactions  on 
Geoscience and Remote Sensing Society,  vol. 
38, No. 5, pp. 2142-2152, 2000. 

2002 

Hajnsek, Irena,  Promotionspreis  der  Friedrich-
Schiller-Univerität  Jena,  „Inversion of Surface 
Parameters Using Polarimetric SAR“, DLR-FB-
2001-30, pp. 224. 

 

Papathannassiou, Konstantinos,  IEEE  Senior 
Member, 2002. 

 

Papathannassiou, Konstantinos, DLR-
Wissenschaftspreis  2002:  „Beiträge in der 
Entwicklung von Polarimetric SAR Interfer-
ometry“, IEEE Geoscience and Remote Sensing 
Society (IGARSS), pp. 2352-2363, 2001. 

 

Papathannassiou, Konstantinos,  Best  Paper 
Award 2002, “A Three Stage Inversion Proc-
ess for Polarimetric SAR Interferometry”, 
European  Conference  on  Synthetic  Aperture 
 
 

Radar  (EUSAR),  VDE-Verlag,  ISBN  3-8007-
2697-1,  Cologne,  pp.  279-282.,  02-04  Jun. 
2002. 

 
Werner, Marian,  Wernher-von-Braun-Ehrung 

der  Deutschen  Gesellschaft  für  Luft-  und 
Raumfahrt  -  Lilienthal-Oberth  e.V.  in  Aner-
kennung der besonderen Leistung als Mitglied 
des  Teams  für  die  erfolgreiche  Entwicklung, 
Vorbereitung  und  Durchführung  der  Shuttle 
Radar Topography Mission (SRTM). 

 

2003 

Hajnsek, Irena,  DLR-Wissenschaftspreis  2003: 
„Inversion of surface parameters from po-
larimetric SAR“,  IEEE  Transactions  and  Geo-
science Remote Sensing Society, pp. 727-745, 
2003.  

 
Keydel, Wolfgang,  Verleihung  des  akademi-

schen Grades  und  der Würde  eines  Doktors 
der  Ingenieurwissenschaften  ehrenhalber 
durch  die  Technische  Fakultät  Erlangen-
Nürnberg. 

 

2004 

Mette, Tobias, Student Paper Prize 2004, “Ap-
plying a Common Allometric Equation to Con-
vert Forest Height from PolInSAR Data to For-
est Biomass”, IEEE  Geoscience  and  Remote 
Sensing Society  (IGARSS), Anchorage, Alaska, 
Sep. 2004.  

 
Moreira, Alberto,  IEEE  Fellow,  citation:  “For 

Contributions to Synthetic Aperture Radar Sys-
tems, High Resolution Signal Processing and 
Image Formation Algorithms”, 2004. 

 

2005 

Gabele, Martina, EADS  Argus  Award  2005, 
„SAR-Mehrkanalverfahren  2. Detektion  be-
wegter Objekte“, Diploma Thesis, DLR-IB-551-
6/2004.  

 
Keydel, Wolfgang,  DGON-Ehrenpreis  für  die 

Verdienste  um  die  Förderung  der  Wissen-
schaft und Forschung auf dem Gebiet der Ra-
dartechnik,  International  Radar  Conference 
(IRS), Berlin, 2005. 
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3.4 Participation in External 
Professional Committees 

- Chairman  of  NATO  SET-045  (TG26)  "Civil 
Spacebased  Radar  Technology  for  Military 
Applications" 

- Chairman of NATO SET-102 “High  resolution 
spaceborne  SAR-systems  for  geospatial 
intelligence “ 

-  Permanent Guest at NATO RTO Space Science 
and Technology Advisory Group (SSTAG) 

-  Permanent  Guest  of  the  EUCLID CEPA 9 
Steering Committee: Satellite Surveillance and 
Military Space Technology 

- Member of  the CEOS SAR Calibration Work-
ing Group 

- Member  of  the  Board  of  Directors  of  the 
ITG/VDE Society 2003-2005, 2006-2008 

- Member of Techn. Committee 7.4 on Micro-
wave  Techniques  of  ITG/VDE  (Information 
Technology Society of German Association for 
Electrical,  Electronic &  Information  Technolo-
gies)  

- Member  of  the  ESA  SAR  Science  Advisory 
Group since 2003  

- Member  of  the  Technical/Scientific  Council 
(WTR) of DLR 2005-2006 

- Member of Institute of Electrical and Electron-
ics Engineers (IEEE) 

- Member of "The Electromagnetics Academy", 
Massachusetts, Cambridge, USA 

- Member  of  VDE/ITG, German  Association  of 
Engineers 

- Member  of  the  Administrative  Committee 
(AdCom) of  the  IEEE Geoscience and Remote 
Sensing Society, 1999-2001, 2004-2006 

- Guest Editor of the Special Issue of the Journal 
of Telecommunications  (Frequenz), Special  Is-
sue of the 3rd EUSAR conference, Mar. 2001.  

- Associate Editor  for  IEEE Geoscience and Re-
mote Sensing Letters (GRSL) 

- Guest Co-Editor  for  the  IEEE Transactions on 
Geosc.  and Remote  Sensing  (TGARS)  for  the 
Special  Issue on Retrieval of Geo/Bio Parame-
ters over Land Surfaces 

- Chair (and founder) of the IEEE GRSS German 
Chapter  

- Member of  Fellow  Evaluation Committee  for 
IEEE OES 2004-2005  

- Member  of  the  IEEE  AdHoc  Committee  on 
Earth  Observation  for  GEOSS  recommenda-
tion 

- Guest  Editor  of  Special  Issue  of  Journal  of 
Telecommunications,  Special  Issue  of  the  3rd 
EUSAR Conference, 2001  

- Member  of  ESA  SMOS  Science  Advisory 
Group (Soil Moisture and Ocean Salinity)  

 
 

3.5 Paper Reviews 

-   Aerospace Science and Technology 

-   AEÜ - International Journal of Electronics and 
Communication 

-   Computers & Geosciences 

-   EURASIP Journal on Applied Signal Processing 

-   Fluctuation and Noise Letters 

-   IEE Proceedings on Radar, Sonar and Naviga-
tion 

-   IEEE Geoscience and Remote Sensing Letters 

-   IEEE Transactions on Aerospace and Electronic 
Systems 

-   IEEE Transactions on Antennas and Propaga-
tion 

-   IEEE Transactions on Geoscience and Remote 
Sensing 

-  IEEE Transactions on Image Processing 

-   IMA - Journal of Applied Mathematics 

-   Indian Journal of Radio & Space Physics 

-   International Journal of Numerical Modeling: 
Electronic Networks, Devices and Fields 

-  International Journal of Radio and Space  
Physics 

-   International Journal of Remote Sensing  

-  Journal of Applied Physics 

-  Korean Journal of Remote Sensing 

-   Meteorologische Zeitschrift 

-   Photogrammetric Engineering and Remote 
Sensing  

-   Proceedings of the Royal Society of London 

-   Quarterly Journal of Mechanics and Applied 
Mathematics 
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-   Radio Science 

-   Remote Sensing of Enviroment 

-  Reports on Mathematical Physics 

-  Spatial Vision - International Journal of Com-
putation, Perception, Attention, and Action 

 

3.6 Conferences 

IEEE Geoscience and Remote Sensing Symposium 
(IGARSS),  Member of Technical Program 
Committee, Sessions Organiser, Invited  
Papers, 1999-2006. 
 
European  Conference  on  Synthetic  Aperture 
Radar  (EUSAR),  Technical Chairman, Awards 
Chairman, Munich, Germany, May 2000.  
 
European  Conference  on  Synthetic  Aperture 
Radar  (EUSAR), Awards Chairman, Member of 
the Program Board,  Cologne,  Germany,  Jun. 
2002.  
 
European  Conference  on  Synthetic  Aperture 
Radar  (EUSAR), Awards Chairman, Member of 
the Program Board, Ulm, Germany, May 2004.  
 
European  Conference  on  Synthetic  Aperture 
Radar (EUSAR), Conference Chair, Main Organ-
iser; complete paper review process; Member 
of Program Board,  Dresden,  Germany,  May 
2006.  
 
Committee  on  Earth  Observation  Satellites 
(CEOS),  Member of the Technical Program 
Committee, 1999, 2001-2005. 
 
Advanced  SAR Workshop  (ASAR),  Member of 
the Technical Program Committee,  2001-
2005. 
 
International Radar Symposium (IRS), Member of 
the Technical Program Committee, 2003, 
2005. 
 
ESA Fringe Workshop, Member of the Techni-
cal Program Committee, 2003, 2005.  
 
International  Workshop  on  Applications  of  Po-
larimetry  and  Polarimetric  Interferometry  (PolIn-
SAR),  Member of the Technical Program 
Committee, 2003, 2005.    
 
 

Progress  in  Electromagnetics  Research  Sympo-
sium  (PIERS),  Member of the Technical  
Program Committee, 2006.  
 
ESA/ENVISAT Workshop, Member of the Tech-
nical Program Committee, 2004. 
 
European Microwave Conference (EuMC), Mem-
ber of the Technical Program Committee, 
2003-2006.  
 
4th  International  Symposium  on  Retrieval of  Bio- 
and Geophysical  Parameters  from  SAR Data  for 
Land Applications, ESA, Member of the Techni-
cal Program Committee, 2004. 
 
German Microwave Conference  (GeMiC), Mem-
ber of the Technical Program Committee, 
2005-2006. 
 
International  Radar  Conference  (IRC),  Member 
of the Awards Committee,  Toulouse,  France, 
2004. 
 

Union  Radio-Scientifique  Internationale  (URSI) 
XXVIII General Assembly, Member of Technical 
Committee, New Delhi, India, Oct. 2005. 
 
Union  Radio-Scientifique  Internationale  (URSI) 
XXVIII General Assembly, Member of Technical 
Committee, Maastricht,  The  Netherlands,  Aug. 
2002.  
 
Union  Radio-Scientifique  Internationale  (URSI) 
Commision  F  Symposium  on  Propagation  and 
Remote  Sensing,  Conference Chair, Main Or-
ganiser; complete paper review process; 
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3.7 Lectures at Universities 

 

Lecturer University Subject 2000 2001 2002 2003 2004 2005 

Chandra, 
Madhu 

Universität 
Chemnitz 

Elektrotechnik  X X     

Chandra, 
Madhu 

Universität 
Chemnitz 

HF-Technik    X    

Danklmayer, 
Andreas 

Technische 
Universität 
Chemnitz 

Mikrowellentechnik       X 

Hajnsek, 
Irena 

Universität 
Jena 

Angewandte Radar-
fernerkundung am Beispiel von 
Landnutzungscharakterisierung 

 X X X   

Younis, 
Marwan 

Universität 
Karlsruhe 

Advanced Radio  
Communications I       X 

Moreira, 
Alberto 

Universität 
Karlsruhe 

Spaceborne SAR Remote  
Sensing     X X X 

Süß, Helmut  Universität 
Karlsruhe 

Mikrowellenradiometrie – neue 
Verfahren und  
Anwendungen 

X X X X X X 

Süß, Helmut 
Universität der 
Bundeswehr, 
Neubiberg 

Radar- und Lasermethoden  X X X X X X 
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Abbreviation  Explanation 
ADC  Analogue/Digital Conversion 
ADEN  ALOS Data European Node, eopi.esa.int/aden 
ADS  Advanced Design System, Agilent, www.agilent.com 
ALOS  Advanced Land Observing Satellite, JAXA, Japan 
AMA  Antenna Measurement Range 
AODA  Attitude and Orbit Determination Avionics  
ASAR  Advanced Synthetic Aperture Radar on-board ENVISAT 
ASCII  American Standard for Information Interchange 
ATI  Along-track inteferometry 
ATKIS  Amtliches Topographisch-Kartographisches Informationssystem, www.atkis.de 
ATR  Automatic Target Recognition 
AWI  Alfred Wegener Research Institute, Germany, www.awi-bremerhaven.de  
BISTRO  Simulation program for monostatic and bistatic RCS based on Physical Optics (PO) 
BNSC  British National Space Centre, UK, www.bnsc.gov.uk 
BSI  Bundesamt für Sicherheit in der Informationstechnik, Germany, www.bsi.de 
CAD  Computer Aided Design 
CAF  Applied Remote Sensing Cluster, www.dlr.de/caf 
CAN  Controller Area Network bus  
CAT  Coverage Analysis Tool 
CCNS  Computer Controlled Navigation System from IGI 
CDEM  Customised Digital Elevation Model 
CEOS  Committee on Earth Observation Satellites, www.ceos.org 
CFRS  Carbon Fibre Reinforced Silicone 
CNES  Centre National d’Études Spatiales, France, www.cnes.fr 
CORINE  COoRdination of INformation on the Environment, www.corine.dfd.dlr.de  
COTS  Commercial of the Shelf 
CR  Corner Reflector 
Cryosat  ESA Earth Explorer Mission dedicated to the study the ice caps, launch 2009 
DBF  Digital Beamforming 
dBZ  Power ratio [decibels x mm6m-3] for scattering volume containing spherical particles  
DDRE  Danish Defence Research Establishment 
DEM  Digital Elevation Model 
DFD  German Remote Sensing Data Center, www.dlr.de/caf 
DGM5  Digitales Geländemodell 5 (Digital Surface Model with a scale1:5000) 
D-GPS  Differential Global Postioning System (GPS) 
DIMS  Data Information and Management System for Earth Observation 
D-InSAR  Differential Interferometric SAR 
DLR  German Aerospace Center, www.dlr.de 
DO228  Dornier DO228-212 aircraft used for the E-SAR system 
DORTE  Detection of Objects in Realistic Terrain 
DPC  Displaced Phase Center 
DRA  Dual Receive Antenna Mode 
dual-pol  Radar operation mode with two polarisations (e.g. HH and HV) 
EC  European Commission 
ECS  Extended Chirp Scaling algorithm 
EEA  European Environment Agency 
EM  Electro-Magnetic 
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ENVISAT  Environmental Satellite, ESA 
EOL  End of life  
EOWEB  User Interface for Earth Observation on the WEB, eoweb.dlr.de 
ERS-1/2  European Remote Sensing Satellites, ESA 
ESA  European Space Agency, www.esa.int 
ESA/ESRIN  ESA’s European Space Research Institute 
ESA/ESTEC  ESA's European Space Research and Technology Center  
E-SAR  Experimental airborne SAR system of DLR 
EUCLID  EUropean Co-operation for the Long term In Defence  
FCD  Floating Car Data 
FFT  Fast Fourier Transform 
FIFO  First-in first-out 
FIR  Finite Impulse Response 
FLAR  Forward Looking Radar 
F-SAR  New airborne SAR system being developed at the HR Institute of DLR 
GB  Giga Byte 
GEO  Geostationary Earth Orbit 
GFZ  Geoforschungszentrum Potsdam, Germany, www.gfz-potsdam.de 
GMES  Global Monitoring for Environment and Security, www.gmes.info 
GMTI  Ground moving target indication 
GPS  Global Positioning System 
GSOC  German Space Operation Center, www.gsoc.dlr.de 
GTC  Geocoded Terrain Corrected 
GUI  Graphical User Interface 
HABITAT  Hazard & Biomass Interferometric SAR Observatory 
HaFK  Hochagile Flugkörper (High Agile Missile) – DLR project, 2001 - 2004  
HDDC  High density digital cassette 
HFSS  High Frequency Structure Simulator 
HOPE  Handheld Operational Demining System 
HR  Microwaves and Radar Institute, www.dlr.de/HR 
HRTI  High Resolution Terrain Information 
HRWS  High Resolution Wide Swath SAR 
HUMINT  Human Intelligence 
I/Q  Inphase/Quadrature Phase Detector 
IEM  Integral Equation Method 
IGI  Ingenieur-Gesellschaft fuer Interfaces, www.igi-systems.com 
IHE  Institut für Hochstfrequenztechnik und Elektronik, University of Karlsruhe 
IMINT  Image Intelligence 
INDREX  E-SAR campaign in Indonesia, 2004 
INPE  Instituto National de Pesquisas Espaciais, Brazil, www.inpe.br 
INS  Inertial Navigation System 
InSAR  Interferometric SAR 
IOCS  Instrument Operations and Calibration Segment (as part of TerraSAR-X Ground Segment) 
IR  Infrared 
IRF  Impulse response function 
ISAR  Inverse SAR 
ISLR  Integrated Side Lobe Ratio 
ISRO  Indian Space Research Organisation; www.isro.org 
ISRO/SAC  Indian Space Research Organisation - Space Applications Center 
ITU  International Telecommunication Union, www.itu.int 
JAXA  Japan Aerospace Exploration Agency, www.jaxa.jp 
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JERS-1  Japanese Earth Resources Satellite 1 
JPL  Jet Propulsion Laboratory, www.jpl.nasa.gov 
K&C  JAXA's Kyoto and Carbon Initiative 
KM  Kirchhoff Model 
LAI  Leaf Area Index 
LEO  Low Earth Orbit 
LIDAR  Light Detection and Ranging 
L-SAR  TerraSAR-L's L-band Synthetic Aperture Radar 
LTDB  Long Term Data Base 
MAPSAR  Multi-Application Purpose SAR 
MEO  Medium Earth Orbit 
MMP   INPE's Multi-Mission Platform 
MOTHESIM  Modélisation Optimisation Théorie Simulation Mathématique (Institute) 
MTI   Moving Target Indication 
NASA  National Aeronautics and Space Administration, www.nasa.gov 
NESZ  Noise Equivalent Sigma Zero 
NGA  National Geospatial-Intelligence Agency (former NIMA) 
NORAD  North American Aerospace Defense Command, www.norad.mil 
NWA  Network Analyser 
ONERA  Office National d’Études et de Recherches Aérospatiales, France, www.onera.fr 
PALSAR  Phased Array L-band Synthetic Aperture Radar 
PCC  Pulse Coded Calibration 
PDR  Preliminary Design Review 
PN  Pseudo Noise 
PO  Physical Optics 
POLDIRAD  Polarisation Diversity Radar - DLR's coherent fully polarimetric C-band weather radar 
Pol-InSAR  Polarimetric SAR Interferometry 
PPS  Pulse per second 
PRF  Pulse Repetition Frequency 
PRI  Pulse Repetition Interval 
PSLR  Peak to Side Lobe Ratio 
PTA  Precise Topography and Aperture algorithm for airborne motion compensation 
quad-pol  fully polarimetric radar operation mode (HH, HV, VV, VH)  
R&D  Research and Development 
Radarsat-2  Second Canadian SAR Satellite,  www.radarsat2.info 
RAMSES  airborne high resolution SAR system from ONERA 
RCS  Radar Cross-Section 
RDP  Radar Data Product (TanDEM-X) 
RF  Radio frequency 
RFID  Radio Frequency Identification 
RGI  Radar Geometry Image 
rms  Root Mean Square 
RP  Repeat-pass 
RVoG  Random Volume over Ground 
SAR  Synthetic Aperture Radar 
SARCON  SAR Product Control Software 
SAR-Lupe  Constellation of 5 high resolution SAR satellites in X-band 
SCIFT  Scaled Inverse Fourier Transform 
Sentinel-1  C-band SAR satellite being developed by ESA in the scope of the GMES program 
SETES  SAR End-To-End Simulator 
SIGINT  Signal Intelligence 
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SIGMA  Simulation program for monostatic RCS based on Physical Optics (PO) 
SIGRAY  
 

Simulation program for monostatic and bistatic RCS based on Shooting & Bouncing 
Rays Method 

SIR-C  Shuttle Imaging Radar - C 
SIREV  Sector Imaging Radar for Enhanced Vision 
SLC  Single Look Complex 
SME  Small and Medium-Sized Enterprise 
SMOS  ESA's Soil Moisture and Ocean Salinity mission  
SNR  Signal-to-noise ratio 
SPECAN  Spectral Analysis 
SPM  Small Pertubation Model 
SRTM  Shuttle Radar Topography Mission 
SSMM  Solid State Mass Memory 
STAP  Space-Time Adaptive Processing 
Stdv  Standard Deviation 
STK  Satellite Tool Kit 
SVA  Spatial Variant Apodisation 
SVALEX  E-SAR campaign over sea and land ice over Svalbard, 2005 
TanDEM-X  TerraSAR-X add-on for Digital Elevation Measurements, www.dlr.de/HR/tdmx 
TDX  TanDEM-X Spacecraft 
TEC  Total Electron Content 
TerraSAR-L  ESA's L-band SAR Mission, phase B completed 
TerraSAR-X  German high resolution X-band radar satellite to be launched in 2006 
TEWS  Tsunami Early Warning System 
TRAMRAD  Traffic Monitoring with Radar 
TRM  Transmit/Receive Module 
TSX -1  First TerraSAR-X Satellite 
TSXX  TerraSAR-X Exploitation Infrastructure 
TWT  Travelling Wave Tube 
UAV  Unmanned Aerial Vehicle 
UCAV  Unmanned Combat Aerial Vehicle 
USO  Ultra Stable Oscillator 
UTM  Universal Transverse Mercator 
VSWR  Voltage Standing Wave Ratio 
WGS  World Geodetic System 
X-SAR  X-band Synthetic Aperture Radar 
XTI  Across-Track Interferometry 
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DLR at a glance

DLR is Germany´s national research center for aeronautics and 
space. Its extensive research and development work is integrated
into national and international cooperative ventures. As Germany´s
space agency, DLR has been given responsibility for the forward
planning and the implementation of the German space program
by the German federal government as well as for the international 
representation of German interests.

Approximately 5,100 people are employed in DLR´s 31 institutes 
and facilities at eight locations in Germany: Cologne-Porz (head-
quarters), Berlin-Adlershof, Bonn-Oberkassel, Braunschweig, 
Göttingen, Lampoldshausen, Oberpfaffenhofen, and Stuttgart.

DLR also operates offices in Brussels, Paris, and Washington.

DLR’s mission comprises the exploration of the Earth and the 
Universe, research for protecting the environment, for environ-
mentally-compatible technologies, and for promoting mobility,
communi-cation, and security. DLR’s research portfolio ranges from
basic research to innovative applications and products of tomorrow.
In that way DLR contributes the scientific and technical know-
how that it has gained to enhancing Germany’s industrial and
technological reputation. DLR operates large-scale research facilities 
for DLR’s own projects and as a service provider for its clients 
and partners. It also promotes the next generation of scientists,
provides competent advisory services to government, and is a 
driving force in the local regions of its field centers.
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