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Abstract—Tandem-L is a proposal for a highly innovative L-band SAR satellite mission for the 
global observation of dynamic processes on the Earth’s surface with hitherto unparalleled quality 
and resolution. It is based on the results of a pre-phase A study which started in 2013 and is cur-
rently undergoing a phase-A study. Thanks to the novel imaging techniques and the vast recording 
capacity with up to 8 terabytes/day, it will provide vital information for solving pressing scientific 
questions in the biosphere, geosphere, cryosphere, and hydrosphere. By this, the new L-band SAR 
mission will make an essential contribution for a better understanding of the Earth system and its 
dynamics. Tandem-L will, moreover, open new opportunities for risk analysis, disaster management 
and environmental monitoring by employing especially designed acquisition modes and techniques 
in combination with a reconfigurable tandem satellite configuration and an L-band SAR instrument 
with advanced digital beamforming techniques.

I. INTRODUCTION 

t he Tandem-L mission concept is based on the use of two SAR satellites operating in L-band 
(23.6 cm wavelength) with variable formation flight configurations and is distinguished by its 

high degree of innovation with respect to the methodology and technology [1], [2], [3]. Examples 
are the polarimetric SAR interferometry for measuring forest height, multi-pass coherence tomog-
raphy for determining the vertical structure of vegetation and ice, the utilization of the latest 
digital beamforming techniques in combination with a large deployable reflector for increasing 
the swath width and imaging resolution, as well as the formation flying of two cooperative radar 
satellites with adjustable spacing for single-pass interferometry [5]. 

The mission proposal Tandem-L has been elaborated during a pre-phase-A study that lasted until 
August 2014 and is now being further developed in the scope of a phase-A study. The systematic 
acquisition concept is based on two imaging modes: 1) 3-D structure mode with a bistatic radar op-
eration and 2) deformation imaging mode with differential SAR interferometry, both allowing the 
following mission objectives to be achieved:

 ◗ global measurement of 3-D forest structure and biomass for a better understanding of ecosystem 
dynamics and the carbon cycle,

 ◗ systematic recording of deformations of the Earth’s surface with millimeter accuracy for earthquake 
research and risk analysis, 

 ◗ quantification of glacier movements and melting processes in the polar regions for improved pre-
dictions of sea level rise, 

 ◗ high resolution measurement of variations in soil moisture close to the surface for advanced water 
cycle research, 

 ◗ systematic observation of coastal zones and sea ice for environmental monitoring and ship routing,
 ◗ mapping of agricultural fields for crop and rice yield forecasts,
 ◗ monitoring of infrastructure and its degradation, as well as disaster monitoring.

The current goal of Tandem-L is to interferometrically image large portions of the global landmass 
once a week. By extending the downlink capacity with a Laser Communication Terminal (LCT), it 
would even be possible to further increase the mapping capability and to monitor the entire landmass 
of the Earth twice every week. Above and beyond the primary mission goals, the unique data set ac-
quired by Tandem-L has therefore immense potential for developing new scientific and commercial 
applications and services.

II. SCIENCE AND USER REQUIREMENTS
The motivation for the mission originates from the emerging scientific requirements to better un-
derstand and quantify dynamic processes within the Earth system at different spatial and temporal 
scales (see Figure 1), including their interdependency and interaction. Many of these processes are 
currently insufficiently understood and/or measured, primarily due to the lack of suitable observa-
tion data required. Existing remote sensing configurations are often inadequate in terms of imaging 
performance and/or measurement resolution and accuracy for drawing reliable conclusions on large-
scale processes and their dynamics [3], [5], [6], [7].

The measurement of dynamic processes requires a continuous, extended and systematically planned 
observation strategy in order to detect changes and quantify them with sufficient accuracy. Depending 
on the processes to be observed, changes have to be measured on variable spatial and temporal scales and 
then related to one another. The combination of short revisit times and extended acquisitions over several ©
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years is required when it comes to monitor fast-occurring, 
highly-dynamic processes, such as the relaxation following 
an earthquake, as well as slowly-occurring processes, like 
the inter-annual variation of forest biomass, with the neces-
sary accuracy and resolution. The fulfillment of these basic 
requirements defines the profile of the mission: Tandem-L 
should be able to image large areas regularly, in the shortest 
possible time intervals and with high spatial resolution over 
several years. This, together with a systematically planned 
acquisition strategy, should enable the generation of consis-
tent time series for the entire Earth. 

Parallel to the systematic mapping and monitoring of 
Earth system processes, Tandem-L should be able to serve 
emergency and disaster situations providing not only images 
with high spatial and temporal resolution, but also informa-
tion products, as for example topographic information, terrain 
deformation and change and critical infrastructure mapping. 

A number of science team meetings and user work-
shops organized in the last years by DLR have been used 
to define, consolidate and prioritize 10 application areas 
with the associated (Level-2 and 3) products as the mis-
sion driving science products:
1) Large scale deformation: Tandem-L is the first configu-

ration optimized for monitoring of terrain deformation 
without compromises. It has therefore the potential to 
be a milestone mission in mapping the highly dynamic 
changes of Earth’s topography [8], [9], [10], [11]. Five 
different application scenarios are considered:

 • Inter-seismic deformation: 3-D displacement vec-
tor maps with an accuracy of 2 mm/year at the 
end of the mission on a 50 # 50 m2 grid for all 
critical areas (i.e., tectonic areas with a strain rate 

3 10 9#2 - /year – see also Figure 2).
 • Co-seismic deformation: 3-D displacement vector 
maps with an accuracy of 10 mm (after Atmospheric 
Phase Screen (APS) removal) on a 10 # 10 m2 grid. 

 • Tectonics for volcanoes: For 1538 holocene volcanoes 
worldwide 3-D displacement vector map with a 5 mm 
accuracy (after APS removal) on a 20 # 20 m2 grid.

 • Urban subsidence: Subsidence maps with an ac-
curacy of 1 mm/year on a 20 # 20 m2 grid for 754 
cities worldwide. An example is shown in Figure 2 
where the rapid subsidence of the city of Semarang 
and its surroundings is measured by ALOS/PalSAR.

 • Landslides: 2-D velocity map with an accuracy of 
5–10 mm (after APS removal) on a 10 # 10 m2 grid.

All applications take advantage of a DEM acquired in bi-
static mode from the same wavelength and observation ge-
ometry as the deformation measurement.
2) Global base map: Coverage of all land surfaces in a  

10-meter resolution twice a year in order to establish 
a consistent global archive of polarimetric bistatic in-
terferometric data. The interferometric data acquired 
during the different mission phases will provide global 
digital elevation and terrain models (DEM and DTM) 
with a quality comparable to the final product being 

FIgURE 1. Examples of dynamic processes on the Earth’s surface to be monitored by Tandem-L. By the use of digital beamforming tech-
niques in elevation and azimuth in combination with a large deployable reflector, the stringent scientific and user requirements for global 
monitoring with high resolution and wide swath including polarimetric and interferometric imaging modes can be met.
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available by the TanDEM-X mission 
[32], [33].

3) Forests: Especially for forest applica-
tions Tandem-L has the potential to 
initialize a new era providing prod-
ucts that allows a systematic moni-
toring of natural and anthropogenic 
forest change processes: 

 • Forest structure: Global forest 
3-D mapping with a voxel size 
of 10 # 50 # 50 m3 twice a year 
in order to monitor annual and 
seasonal forest structure changes. 
Tandem-L will allow for the first 
time ever to map the vertical for-
est structure and to monitor sea-
sonal and annual variation glob-
ally with a high spatial resolution. 
This will enable to map for the 
first time the (vertical) complexity 
and diversity of Earth’s forest eco-
systems and to assess the extent 
and intensity of forest structural 
disturbances [13], [14].

 • Forest height: Annual global forest height mapping 
with accuracy better than 10% on a 50 # 50 m2 grid. 
An example of forest monitoring over a period of 10 
years by means of forest height maps – of the same/
similar specification as the ones expected from Tan-
dem-L – is shown in Figure 3. 

 • Forest biomass: Annual global (above ground) forest 
biomass mapping with accuracy better than 20% (or 
better than 20 t/ha for biomass levels below 100 t/ha) 
on a 70 # 70 m2 grid. Tandem-L will measure biomass 
and its seasonal and yearly variation with unprec-
edented accuracy and spatial resolution on a global 
scale. This is a key contribution to the uncertainties in 
the terrestrial components of the carbon cycle [12].

4) Wetlands are highly vulnerable critical habitats and 
play a critical role in regional green-house gas balance:

 • Wetland inundation maps on a monthly to quar-
terly basis especially from coastal regions and major 
river basins with a spatial resolution 1 10 m. 

 • Annual pan-tropical mangrove extent with a 
spatial resolution 1 10 m.

5) Agriculture maps (pasture):
 • Mapping of (all) paddy rice fields with an accuracy 
2 30% and a 3 m spatial resolution every 16 days 
during the growth period. 

 • All remaining agricultural areas globally with a 10 
m spatial resolution every 8 days for deriving crop 
calendars (aimed with an accuracy of 10 days on an 
annual basis) and crop classification maps with an 
accuracy 2 60%.

6) Soil moisture for defined hydrologically relevant sites/
areas:

 • Mapping of the spatial variability of soil moisture 
with an accuracy of the order of 10% on a 50 # 50 m2 
grid with the highest possible temporal resolution 
(1–4 days). An example derived from data acquired 
by DLR’s airborne E-SAR is shown in the lower left 
panel of Figure 4. 

 • Monitoring changes in soil moisture on a 50 # 
50 m2 grid. Tandem-L will provide for the first time 
soil moisture measurements over large areas with 
a spatial resolution appropriate to monitor spatial 
and temporal patterns of soil moisture at local 
scales and to develop methods and products for the 
support of future dedicated monitoring configura-
tions [15], [16], [17].

7) Land ice and permafrost areas are both key compo-
nents of the cryosphere. By measuring ice motion and 
ice topography, Tandem-L will deliver critical informa-
tion for estimating ice mass balance. At the same time 
by mapping the (near surface) permafrost extent, Tan-
dem-L will provide information crucial for better un-
derstanding dynamics and hydrology in the Arctic [18], 
[19], [20].

 • Glacier velocity globally with an accuracy of 10-
20% on a spatial resolution of 10 # 10 m2 (3 # 3 m2 
for fast moving glaciers) on a weekly basis.

 • Ice structure: Global ice 3-D mapping with a voxel 
size of 10 # 100 # 100 m3 on a seasonal basis. An 
example of vertical transect across the Austfonna 
ice cap in Svalbard revealing the firn and ice layers 
derived using tomographic techniques from data 
acquired along five tracks by DLR’s airborne E-SAR 
is shown in Figure 5.

FIgURE 2. Subsidence map of the city of Semarang and its surroundings, Java, Indone-
sia due to groundwater and gas extraction estimated from ALOS/PalSAR (L-band) time 
series acquisitions along a period of a year.

Deformation [mm/year]

60-60
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 • Ice sheet elevation change globally with an accu-
racy of 10% on a spatial resolution of 50 # 50 m2 on 
a seasonal basis.

 • Grounding line position on the surroundings of 
Antarctica with an accuracy of 30 m on a spatial res-
olution of 30 # 30 m2 on an annual (seasonal) basis.

 • Permafrost extent globally with an accuracy of 
10% on a spatial resolution of 10 # 10 m2 on a sea-
sonal basis. 

8) Sea ice extent and type are both important components 
when it comes to estimate ice mass balance:

 • Sea ice extent on Arctic and Antarctic oceans with 
10% accuracy and spatial resolution of 10 # 10 m2 
to 50 # 50 m2 on a seasonal basis. 

 • Sea ice type classification on Arctic and Antarctic 
oceans with 30% classification accuracy and spatial 
resolution of 10 # 10 m2 to 50 # 50 m2 on a sea-
sonal basis.

9) Ocean Monitoring: Tandem-L will demonstrate a 
number of new products for ocean monitoring and at 

the same time allow the development of a new genera-
tion of methodology and applications:

 • Ocean currents: On selected areas with an accuracy 
of 0.1 m/s with a spatial resolution of 100 # 100 m2 
on a weekly basis.

 • Wind speed velocity: Globally across a 200 km 
wide swath starting from the coast (from land) with 
an accuracy on the order of 1.5 m/s on a spatial reso-
lution of 100 # 100 m2 at every opportunity.

 • Coastal area change: Globally with a spatial reso-
lution of 10 # 10 m2 on an annual basis.

 • Water level change: Regional with an accuracy of 
10 cm and a spatial resolution of 50 # 50 m2 on an 
annual basis.

10) Emergency mode: High resolution mode (3 m) for 
monitoring critical areas and infrastructure after a 
major event (including flooding, fire, landslides, vol-
canic and tectonic events).

The Tandem-L mission will make unique contribu-
tions to environmental and climate research by providing 

FIgURE 3. Forest height maps derived from model-based inversion of polarimetric SAR interferometric (Pol-InSAR) data acquired by DLR’s 
airborne SAR system over the Traunstein forest located in Germany from 2003–2013 [36]. In 2008 the acquisitions where performed during 
wet (rain) and dry conditions (indicated by the cloud and sun pictogram) and in 2009 in leaves-on and leaves-off conditions (indicated by 
the leaves-on and leaves-off pictogram) – in all cases leading practically to the same height estimates. The reference map (for 2003) derived 
by airborne lidar data is shown in the lower left corner.
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measurements of 7 essential climate 
variables (ECV). It will provide data and 
products able to support UNFCCC and 
IPCC activities. Tandem-L will pioneer 
in developing methods and products for 
the support of future monitoring sys-
tems for the implementation and verifi-
cation of environmental policies. 

The areas of interest – reflecting the 
spatial coverage requirements – for dif-
ferent key application areas/products are 
shown in Figure 6. 

Recapitulating, the main mission 
requirements across all thematic topics 
and applications can be summarized 
as follows:

 ◗ Systematic and global coverage of the 
Earth’s landmass with high temporal 
and spatial resolution; 

 ◗ Combination of multiple imaging 
techniques to monitor processes in 
the various Earth spheres;

 ◗ Polarimetric SAR interferometry for 
a model-based retrieval of environ-
mental parameters; 

 ◗ Differential SAR interferometry to 
measure two-dimensional deforma-
tions on the land surface with mil-
limeter accuracy; 

 ◗ Minimization of temporal decor-
relation induced errors by selection 
of appropriate frequency band and 
single-pass interferometry; 

 ◗ Frequent global acquisitions, to sys-
tematically observe both slow and 
fast changes of bio- and geophysical 
parameters. 

III. MISSION CONCEPT

A. MeAsureMent Modes
The Tandem-L mission concept relies on 
a systematic data acquisition strategy 
using a pair of co-operating L-band SAR 
satellites flying in close formation. The 
satellite system will be operated in the 
following basic measurement modes:

 ◗ The 3-D structure mode is especially 
designed for the three-dimensional surveying and tomo-
graphic imaging of volume scatterers, such as vegetation, 
ice, snow and dry soil. This mode uses both satellites to 
collect fully polarimetric and interferometric SAR data 
with adjustable cross-track baselines (Figure 7, left). 
Thanks to the simultaneous data acquisition with two 
satellites, errors from temporal decorrelation and atmo-
spheric disturbances can be minimized. This enables the 

generation of vertical and horizontal structure informa-
tion with unprecedented resolution and accuracy. The 
3-D structure mode optimally fulfills the requirements 
of a large number of scientific applications pertain-
ing to the biosphere, hydrosphere and cryosphere. The 
basis of the 3-D structure mode is the combination of 
polarimetric SAR interferometry (Pol-InSAR) with mul-
tiple baseline SAR coherence tomography [29], [30], [31]. 

FIgURE 4. Wide-area soil moisture retrieval using F-SAR data at the TERENO Eifel obser-
vatory. A region of 10 # 25 km2 has been exemplarily mapped, showing the potential as 
a spatially distributed input for hydrological or environmental models. Soil Moisture map 
of the Ruhr Catchment, Germany (excluding Cities and Forest).

Geocoded Soil Moisture Mosaic
for Jülich 25/04/13
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FIgURE 5. Top: Tomographic image, Pauli-RGB (Red: HH-VV, Blue: HH+VV, Green: 
HV+VH): Representation of the vertical reflectivity at L-band derived from data acquired 
by DLR’s airborne E-SAR system along a transect of the Austfonna Glacier, in Svalbard, 
Norway. Bottom: L-band radar image of the test site, Pauli-RGB (Red: HH-VV, Blue: 
HH+VV, Green: HV+VH). The white line indicates the transect shown above.
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Tandem-L will be the first radar mission that can provide 
recurrent 3-D structure measurements with high spatial 
and temporal resolution on a global scale. The repeated 
tomographic observations will provide a unique data 
base for the scientific monitoring of internal structure 
dynamics in vegetation, soil and ice. A further important 
application is the simultaneous generation of both a digi-
tal surface and a digital terrain model, thereby comple-
menting and updating the digital elevation data acquired 
by TanDEM-X [32], [33].

 ◗ The deformation mode employs repeat-pass interfer-
ometry to systematically monitor small and large-scale 
shifts on the Earth’s surface with accuracies down to 
centimeters or even millimeters (Figure 7, right). An 
innovative ultra-wide swath SAR imaging mode with 
350 km cross-track coverage and a hitherto unparalleled 
azimuth resolution of 7–10 m will support the genera-
tion of consistent image stacks for large contiguous areas 
with frequent updates. This provides a solid data base to 
mitigate temporal decorrelation as well as tropospheric 
and ionospheric propagation errors. 3-D motion vectors 
are derived by combining data acquired from ascend-
ing and descending orbits with different incident angles 
as well as in right- and left-looking configurations. Im-
portant applications served by the deformation mode 
are the large-scale monitoring of tectonic shifts at plate 
boundaries, the regular observation of volcanos, the 
surveillance of urban subsidence, and systematic sur-
veys of potential landslide areas. 

 ◗ Additional high-resolution wide-swath SAR modes 
will provide high quality radar images with a selectable 
spatial resolution down to 3 m and a swath width of up 
to 350 km in the single- and dual-polarized modes and 
175 km in the quad-polarized mode. Important applica-
tions are agricultural and soil moisture mapping, ship 
routing, as well as ocean, sea ice and ice sheet monitor-
ing. For emergency observations in case of floods, earth-
quakes, volcanic eruptions, dam or forest damage, etc., 
the instantaneous access area from a given orbit position 
can even be increased by performing dedicated roll and 

FIgURE 6. Upper Left: Tectonic active regions (combination of UNAVCO’s Global Strain Map, World Gazetteer cities and Volcanos from 
Smithsonian Global Volcanism Program); Upper Right: Forest height map (based on FAO and lidar data); Lower Left: Agricultural maintained 
land (based on FAO); Lower Right: Permafrost regions (GLIMS).

5–10 m
10–20 m
20–30 m
> 30 m

FIgURE 7. Two basic measurement modes of Tandem-L. Left: 
The 3-D structure mode employs polarimetric SAR interferometry 
and coherence tomography to measure tree heights and vertical 
vegetation profiles. The individual contributions from ground and 
canopy can be separated via their polarimetric signatures and the 
corresponding heights can be measured by cross-track interferom-
etry and multi-baseline tomography. Right: The deformation mode 
employs repeat-pass interferometry to measure range displace-
ments with millimetric accuracy.
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yaw maneuvers for one satellite. This enables, for most 
areas on the Earth’s surface, the timely acquisition of a 
SAR image within one or two days. An additional 90 de-
gree rotation of the satellite along its radar line-of-sight 
axis can moreover be used to acquire fully polarimetric 
SAR images with an azimuth resolution below 1 m over 
a swath width of 50 km.

The innovative imaging modes and techniques of Tan-
dem-L provide the opportunity for unique large-scale 
measurements with frequent revisits, as required for the 
global monitoring of dynamic processes on the Earth’s 
surface. Above and beyond the primary mission goals, the 
data set generated by Tandem-L has immense potential for 
developing new scientific and commercial applications.

B. spAce segMent
For the space segment it is assumed that two identical satel-
lites are developed using a 2-ton class satellite bus. A sun-
synchronous orbit with a height of 745 km and a repeat 
cycle of 16 days has been selected. This orbit ensures full 
global coverage in the quad-polarized mode which can 
provide a swath width of 175 km. Since the 
single- and dual-polarized modes provide a 
doubled swath width of 350 km, each point 
on the Earth can be mapped with at least two 
incident angles from each, ascending and de-
scending passes. This supports, for example, 
the derivation of 3-D displacement vectors 
in the deformation mode. The satellites will 
be designed for a lifetime of 10 years, with 
all consumables supporting a mission ex-
tension to more than 12 years. Both, bistatic 
and independent monostatic operation will 
be adopted in dedicated mission phases [2]. 
For bistatic measurements, a bidirectional RF 
link is foreseen that can provide a posteriori 
(i.e. on ground) a highly accurate mutual 
time and phase referencing with accuracies 
in the order of a few picoseconds and a few 
degrees in L-band, respectively (heritage 
from TanDEM-X, [32]). The relative position 
between the satellites will moreover be de-
termined by double differential GPS mea-
surements in two frequency bands. This 
approach, which already has been used oper-
ationally during the TanDEM-X mission, can 
provide precise estimates of the 3-D baseline 
vector between the two satellites with accu-
racies in the order of a few millimeters [32]. 
Table 1 provides a summary of some key 
parameters and performance figures of the 
Tandem-L space segment.

c. ForMAtion Flight
The Tandem-L acquisition plan foresees a 
systematic variation of the cross-track base-

lines to optimize forest height and vegetation profile mea-
surements in the 3-D structure mode. To provide accurate 
tree heights and vertical structure profiles in the tropical 
forests, up to six acquisitions with vertical wavenumbers 
kz  ranging from 0.05 rad/m up to 0.6 rad/m are planned 
for each season. Assuming an orbital altitude of 745 km 
and incident angles ranging from 30° to 40° in the bistatic 
quad-pol mode, the required perpendicular baselines vary 
between 800 m and 10.7 km. At the equator, this corre-
sponds to horizontal baselines between 1.1 km and 16.6 
km in case of using a helix formation [32] with no radial 
orbit separation at zero latitude. An elegant technique to 
provide this wide range of cross-track baselines exploits 
the naturally occurring differential secular variations of 
the right ascension of the ascending nodes in response to 
slightly different inclinations. Figure 8 illustrates the evolu-
tion of the horizontal baselines at the equator for different 
inclination offsets (expressed as horizontal baselines at the 
northern and southern orbit turns).

A further challenge for Tandem-L is the adjustment of large 
cross-track baselines at higher latitudes for the observation of 

PArAMeter VAlue coMMents

orbit height 745 km 231 cycles/16 days

orbital tube 500 m 3v^ h refers to master satellite

Horizontal baselines 1 km … 18 km Variable horizontal baselines for bistatic mode 
in close formation

radial baselines 0 m … 400 m radial baselines are mainly for passive safety 
in close formation (Helix concept)

Local time 6 h / 18 h dawn/dusk

inclination 98.4° sun synchronous orbit

revisit time 16 days the 350 km wide swath mode enables up to 4 
global data acquisitions from different viewing 
directions every 16 days

Frequency L-band available frequency band: 1215 … 1300 mHz

range bandwidth Up to 85 mHz split frequency modes for ionospheric correc-
tions (for reduced bandwidth modes)

azimuth resolution 7 … 10 m For swath width up to 350 km (single/dual 
pol.), for swath width up to 175 km (quad pol.)

3 m For swath width up to 175 km (quad polariza-
tion), for swath width up to 350 km (single/
dual pol.)

1 m For 50 km wide swath (all polarizations), swath 
access by mechanical steering of satellite

downlink capacity ` 8 terabytes/day Based on Ka-band downlink to a ground 
station network, extension with X-band and/
or Laser communication terminal (Lct) to be 
investigated in phase a

Look direction right & left nominal: right-looking,
left-looking by horizontal satellite rotation

reflector diameter 15 m deployable reflector with 10/15 m boom

mission lifetime 10 years resources available for at least 12 years

Polarization single/dual/quad optional use of hybrid and compact pol 
modes shall be investigated in conceptual 
design/phase-a study

tAble 1. KeY PArAMeters And PerForMAnce FiGures  
For the tAndeM-l/Alos-next sAtellites.
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temperate and boreal forests and the measurement of vertical 
ice structure in Polar Regions. One opportunity to tackle this 
challenge is the use of a large eccentricity offset to provide a 
sufficient radial orbit separation at high latitudes, but a signif-
icant vT  (amount of fuel) will be required to compensate the 
resulting motion of libration for longer time periods. A large 

vT  could, for example, be provided by an electric propul-
sion system. Another opportunity is the use of an even larger 
separation of the ascending nodes, which may then provide 
sufficient baselines for accurate forest height retrievals in the 
mid latitudes. Boreal forests at higher latitudes can moreover 
be imaged in the alternating bistatic mode which doubles the 
phase to height scaling, thereby increasing the effective base-
line by a factor of two [33]. 

During specific mission phases, the second satellite can 
also be used in a constellation mode. For this, one satellite 
is shifted along its repeat orbit until the same ground track 
is achieved an integer number of days later. The resulting 
two-satellite constellation can then effectively shorten the 
revisit times by a factor of two. This is of great advantage 
for those applications that require frequent interferometric 
observations or short average access times. A constellation 
mode may also be very useful for tailoring the data acquisi-
tion in accordance with the needs following earthquakes or 
other natural disasters.

d. dAtA downlink, processing And Archiving
The Tandem-L data acquisition not only sets new standards 
on product quality and availability, but also results in new 
challenges because of the data volume that has to be trans-
ferred to the ground. Current planning foresees that the 
two Tandem-L satellites will together acquire 8 terabytes 
of data every day. To transfer this amount of data to the 
ground the latest transmission technology in Ka-band will 
be employed together with an international network of 
ground stations.

To provide users with up-to-date products, on-line pro-
cessing will be performed keeping in step with the image 

generation. To limit the processing load, these products 
may not at first possess the highest possible accuracy, which 
can often only be achieved in combination with data from 
other acquisitions and/or auxiliary products. However, 
they still serve as useful indicators for early warning.

High-quality products will then be delivered to the us-
ers on demand. Depending on the type of user these can 
be sensor-specific products (e.g. SAR images), intermediate 
products, or even refined geo-information products, such 
as biomass maps. For a selection of products, users can re-
quest specific processing parameters. Product generation 
and distribution take place via the internet. As far as pos-
sible, only intermediate products will be archived. From 
these, the appropriate final products can be generated as 
required in accordance with the user needs.

IV. SAR INSTRUMENT
The Tandem-L science requirements are met through an 
advanced instrument with capabilities beyond that of any 
known SAR sensor. Its key feature is the combination of a 
large deployable reflector antenna with a two-dimensional 
digital feed array [2]. This allows a flexible beam shaping on 
transmit for optimum swath illumination. On receive, mul-
tiple beams follow the radar echo while it traverses the swath, 
which can be up to 350 km. For the first time, a spaceborne 
SAR sensor will utilize beamforming in the digital domain. 
This is done by quantizing the echo signal received by each 
antenna element, yielding multiple digital data streams 
which are filtered (processed) on board the satellite.

The achievable SAR performance described below is or-
ders of magnitude better than that of current SAR systems. In 
addition, Tandem-L is capable of full polarimetric operation; 
by this adding a new dimensionality to conventional SAR 
performance. The fact that the entire beamforming is done 
in the digital domain gives access to a huge variety of digital 
filtering techniques which can be applied utilizing the avail-
able hardware. For example, frequency dispersive filters, time 
varying impulse responses, angular nulling filters, or data 

compression (pre-summing) may be ap-
plied on board. The SAR image generation 
(processing) is performed on ground using 
the data of multiple azimuth channels. All 
of these novel instrument features allow 
adapting the operation mode and the per-
formance to the scientific requirements.

Mastering the instrument design op-
tions and trades is a challenge, not only 
because of the huge number of inter-de-
pendent parameters. Tandem-L represents 
an innovative concept for SAR both from 
the instrument control as well as the mis-
sion operation point of view. On the other 
hand, the (digital) instrument offers all 
control capabilities necessary for optimi-
zation. This represents a quantum leap 
forward in SAR instrument evolution.

FIgURE 8. A systematic variation of the equatorial cross-track baselines can be achieved 
by using orbits with slightly different inclinations. The inclination offset iT  causes a relative 
drift of the ascending nodes where the drift rate depends linearly on the inclination offset. 
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From an instrument point of view each mode is charac-
terized by the activated elements on transmit, and the selec-
tion of the digital data streams which are stored on receive. 
In addition, radar parameters such as pulse repetition fre-
quency, polarization channels etc. are adapted to the spe-
cific mode. The basic modes which are being considered are 
shown in Table 2.

A. AntennA concept And operAtion principle
The acquisition of very wide swaths with sufficient sensitiv-
ity requires large antennas to be deployed into space. Repre-
senting the state of the art for communication satellites, large 
mesh reflectors are recently considered for spaceborne SAR 
missions. In contrast to direct radiating planar array anten-
nas, a reflector is illuminated by an array of feed elements, 
which in turn deflects the electromagnetic wave towards the 
Earth surface. A peculiarity of such array-fed reflector anten-
nas is that each feed element receives echo signals from an es-
sentially non-overlapping angular domain. A 15-m reflector 
design for Tandem-L is shown on the left in Figure 9, where 
the feed array is almost horizontally aligned. A wide swath is 
illuminated by all elements simultaneously transmitting the 
chirp signal, as indicated by the broad blue beam. On receive a 
narrow high gain beam is generated by adopting only a small 
subset of feed elements in concordance with the direction of 
the echo signal. By this the receive beam is scanned across the 
swath from near to far range. This scanning operation, in the 

SAR literature denoted as SCORE (SCan-On-REceive) [21], 
[22] can be efficiently implemented by means of digital feed 
array hardware [24]. Such a concept is presented on the right 
side of Figure 9. Each of the 36 elevation elements consists of 
two dual-polarized microstrip patches. On receive the signal 
is routed through an individual transmit-receive (TR) mod-
ules module for horizontal (H) and for vertical (V) polariza-
tion and digitized in the corresponding DBF unit. Typically, 

Mode PArAMeters descriPtion

B1/B2 350 km swath, 10 m  
azimuth, single/dual-pol.

staggered sar, linear tx

B4 175 km swath, 10 m  
azimuth, Quad-pol.

staggered sar, circular tx

d1/d2 350 km swath, 3 m azi-
muth, single/dual-pol.

stripmap, monostatic 
image (with gaps), bistatic 
image (no gaps), linear tx

d4 175 km swath, 3 m azi-
muth, Quad-pol.

stripmap, monostatic 
image (with gaps), bistatic 
image (no gaps), circular tx

tAble 2. bAsic Modes oF oPerAtion For tAndeM-l. 
VAriAtions oF these iMAGinG Modes Are Possible,  
bY AlterinG the rAnGe And AziMuth resolution,  
corresPondinG to the chirP And  doPPler bAnd-
width, resPectiVelY. For the  hiGh-resolution Modes 
d1/d2 And d4 the oPerAtion in stAGGered sAr Mode  
is beinG inVestiGAted.

FIgURE 9. Left: Scan-On-Receive operation principle where the entire swath is illuminated with all elevation feed elements active, while on 
receive a narrow high gain beam follows the pulse on ground. For high azimuth resolution acquisitions the feed array is extended in flight 
direction by a total of three columns. Right: Receive chain of an individual feed array column, consisting of 36 dual polarized patch pairs 
(1a…36a, 1b…36b). Each polarization port signal (H, V) is routed through a transmit-receive (TR) module and digitized in the respective 
beamforming unit. ADC stands for analog-to-digital converter, Rx for receive, BF for beamforming, CTRL for control.
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a beam for a specific direction is generated by combining the 
output signals of three to seven elevation elements. This com-
bination is performed in FPGA (Field Programmable Gate Ar-
rays) units using complex weights, read from a look-up table.

B. operAtion And sAr perForMAnce For 3-M 
AziMuth resolution
This mode is intended to be used for agricultural maps and 
the emergency mode. Due to the relatively fine azimuth 
resolution of 3 m three elevation columns are necessary to 

cover the required Doppler spectrum (see 
Figure  10). Each column represents an 
individual azimuth channel to be trans-
ferred to ground, where the total Doppler 
spectrum is recovered by azimuth beam-
forming techniques [23], [24]. 

The performance for the 3-m quad-
pol mode is summarized in Figure 11. 
In order to cover the swath of 175 km 
three elevation beams need to be record-
ed simultaneously, as can be seen from 
the timing diagram in the top left. The 
sensitivity of the system is improved by 
transmitting circular polarization, ef-
fectively doubling the transmit power. 
This results in a noise equivalent sigma 
zero (NESZ) better than -31.5 dB (top 

right). Without any sophisticated beamforming techniques 
the azimuth ambiguity-to-signal ratio (AASR) is lower than 
-24 dB (lower left). This might even be improved by null-
steering techniques [23], especially in the center region of 
the swath. The circular transmit polarization helps to bal-
ance the range ambiguity levels. In the lower right of Figure 
11 an example for RV polarization (i.e., right polarization 
on transmit, vertical polarization on receive) is shown. The 
range ambiguity-to-signal ratio (RASR) in the other three 
polarization combinations is in the same order or better.

FIgURE 10. Tandem-L reflector and three feed arrays in azimuth required to increase the 
Doppler spectrum for the fine azimuth resolution mode (3 meter resolution). 
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FIgURE 11. SAR performance for the 3-m quad-pol mode (see mode D4 in Table 2). Top left: Timing diagram. Top right: Noise equivalent 
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c. stAggered sAr operAtion And perForMAnce
Staggered SAR is an innovative concept, based on the con-
tinuous variation of the pulse repetition interval (PRI) [25], 
[26]. DBF on receive allows simultaneous imaging of mul-
tiple sub-swaths through multiple elevation beams, but 
“blind ranges” are present between adjacent sub-swaths, 
as the radar cannot receive, while it is transmitting (left 
panel of Figure 12) [27]. If the PRI is continuously varied, 
the position of the blind ranges will be different for each 
transmitted pulse (right panel of Figure 12). A method has 
been developed to select the PRIs of the sequence such that 
two consecutive samples in the azimuth direction are never 
missed [25]. In this way, if the signal is averagely oversam-
pled in azimuth, it is possible to accurately interpolate the 
data on a uniform grid and obtain a high resolution SAR 
image over a wide continuous swath. The oversampling in 
azimuth determines an increase of the data volume to be 
downlinked, which can, however, be significantly reduced 
by filtering and decimating the data on-board [28]. If such 
sequences of PRIs are used, and data are resampled using 
best linear unbiased (BLU) interpolation, it can be shown 
that the aforementioned system is able to image a 350 km 
continuous swath with noise equivalent sigma zero and 
ambiguity performance shown in Figure 13.

V. OBSERVATION CONCEPT
Tandem-L combines unprecedented imaging capabilities 
with equally ambitious observation requirements. This sec-
tion provides an outline of how the different science objec-
tives can be optimally served with the mission. The overall 
mission concept includes two alternating phases: a bistatic 
phase with both spacecraft flying in close formation in or-
der to allow single-pass interferometric acquisitions, and 
a monostatic phase, with both spacecraft flying indepen-
dently in order to halve the revisit time. This section will 
focus on the bistatic phase, since it is the most challenging 
from a mission design point of view.

Aside from the nominal imaging capabilities of the SAR 
system, the observation concept is mainly constrained by 
the scarcity of two resources:
1) The total available delta-v budget, or, in physical terms, 

the amount of propellant available for maneuvers. This 
sets a constraint on what is possible in terms of forma-
tion flying and, consequently, the temporal evolution 
of the cross-track baseline (or, equivalently, the vertical 
wavenumber, kz). For example, large vertical baselines, 
achieved through a relative eccentricity vector, would 
imply costly maneuvers to maintain the relative argu-
ment of perigee.

FIgURE 12. Top: Transmitted pulses and corresponding received echoes (same colors as the transmitted pulses) with blind ranges (samples 
in black, where the echo cannot be recorded, as the radar is transmitting). Middle: Raw data obtained by arranging side by side the received 
echoes. Bottom: Focused data for a SAR with constant Pulse Repetition Interval – PRI (left) and for a staggered SAR (right). 
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2) The data volume that can be transferred to ground in a 
given time period (typically expressed in terms of dai-
ly down-link capability). Under full exploitation of its 
multiple receive channels, Tandem-L can produce data 
at rates that exceed the feasible down-link capacity in 
the foreseeable future.
As discussed in Section III, the temporal evolution of 

the vertical wavenumber is achieved by slightly varying 
the inclination of one of the spacecraft. Rather than a lin-
ear variation of the baseline, the retrieval of forest structure 
requires a given combination of smaller and larger values 
kz . To achieve the required profile, a bistatic phase would 
start with a small delta-inclination ( iT ), resulting in a slow 
growth of the horizontal baseline at the Equator, which 
would be accelerated by successive increases of iT  during 

a bistatic phase. This is illustrated in the left panel of Fig-
ure 14, which shows the evolution of the Equatorial hori-
zontal separation during a 176-day bistatic cycle. The right 
panel in the figure shows the resulting vertical wavenumber 
as a function of time and latitude and for ascending passes. 
The North-South asymmetry is caused, mainly, by the right-
looking geometry. It should be noted that the proposed 
mechanism to control the baseline evolution, fails to pro-
vide adequate vertical wavenumbers at very high latitudes, 
for which a complementary approach may be needed.

The primary way to limit the data volume is by careful-
ly analyzing the observation requirements and translating 
them into the minimum mode (in terms of data rate) needed 
to meet them. Once this is done, an observation scenario has 
to be crafted that fulfills the scientific requirements while 
addressing potential conflicts between applications and 
considering the mission constraints. Since forest structure 
acquisitions are tied to the occurrence of particular vertical 
wavenumbers at the latitudes of interest, they have to be in-
serted first in the timeline. Forest acquisitions require 3 to 

FIgURE 13. Noise equivalent sigma zero (NESZ), azimuth ambi-
guity-to-signal ratio (AASR) and range ambiguity-to-signal ratio 
(RASR) for the B1/B2 imaging modes (cf. Table 2) of Tandem-L.
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equator during a bistatic cycle. Right: vertical wavenumber as func-
tion of time and latitude for ascending tracks (incidence angle: 36°).
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5 acquisitions per bistatic cycle. This can be 
obtained scheduling acquisitions every other 
cycle (32 days) or, every three cycles (48 days). 
The acquisitions are grouped by latitude, re-
flecting the latitude dependence of the effec-
tive baselines. Forest and other acquisitions 
requiring quad-pol modes use a 175 km swath 
mode, while applications requiring only single 
or dual-pol acquisitions benefit from wider, 
350 km, swath modes. This doubles the num-
ber of potential acquisitions and, consequent-
ly, relaxes the scheduling.

Table 3 provides a very high level and sim-
plified overview of the basic observation sce-
nario foreseen during a bistatic phase. Here, 
different applications have been grouped, exploiting obser-
vation synergies between them. For example, forest acqui-
sitions are partially covered by the acquisitions required to 
provide the global reference maps. The table also hints at the 
acquisition timeline optimization that can be achieved by 
distributing the observation requirements between ascend-
ing and descending passes. Figure 15 shows how this schedul-
ing translates into daily duty-cycles, segregated by operating 
modes. The baseline timeline drives the number of bistatic 
quad-pol (B4) acquisitions, while seasons can be recognized 
in the acquisition timeline for agriculture related (monostatic 
B4) and ice related modes. In contrast, modes associated to 
the geosphere (deformations) show an almost constant pro-
file (with variations obeying to acquisition conflicts).

VI. CONCLUSIONS AND OUTLOOK
This paper provides an overview of the Tandem-L mission 
including the science requirements, mission concept, obser-
vation scenario and instrument design. Beside the scientific 
component, the distinguishing feature of Tandem-L is the 
high degree of innovation with respect 
to the methodology and technology. 
Examples are polarimetric SAR inter-
ferometry for measuring forest height, 
multiple-pass coherence tomography for 
determining the vertical structure of veg-
etation and ice, utilization of the latest 
beamforming techniques for increasing 
the swath width and imaging resolution 
and close formation flying of two coop-
erative radar satellites with adjustable 
spacing. Tandem-L is characterized by 
three major innovations:

 ◗ systematic global data acquisition 
with unprecedented spatial and tem-
poral resolution using novel SAR im-
aging modes

 ◗ formation flight of two radar satel-
lites with variable cross-track base-
lines for single-pass interferometry 
and tomography 

 ◗ extensive data processing for the provision of highly ag-
gregated information products 

While each of these innovations may justify a new satel-
lite mission by itself, their combination makes Tandem-L 
a more than unique mission that has the potential to ini-
tiate a new era in the geosciences. The integration of the 
Tandem-L data products in ecological, environmental and 
geophysical models will moreover enable a new global 
view of the Earth system and its dynamics, triggering a 
performance leap in ecosystem, climate change and solid 
Earth modelling. In this sense, Tandem-L has the potential 
to change the way ecosystem dynamics and geo-hazards 
are addressed today.

The scientific importance and uniqueness of Tandem-L 
can also be assessed by comparing the spectrum and quality 
of the Tandem-L information products with those available 
today or aimed at by future remote sensing missions. Table 
4 illustrates the uniqueness of Tandem-L in the context of 
some exemplary applications and products. Note that this 
list is by no means meant to be complete and exhaustive.

APPlicAtion AscendinG descendinG MAxiMuM FrequencY

Forest + “Global” Bistatic, quad pol,  
80 mHz, 175 km (B4)

- every 2-3 cycles

agriculture monostatic, quad pol,  
80 mHz, 175 km (B4)

- every cycle

deformation monostatic, single pol, 
80 mHz, 175 km (B1)

monostatic, single 
pol, 25 mHz, 350 km

every cycle

ice sheets monostatic, quad pol, 
80 mHz, 175 km (B4)

- 8 cycles/year

ship routing monostatic, dual pol, 80 mHz, 350 km (B2) every cycle

Wind speed/
ocean monitoring

monostatic, dual pol, 25 mHz, 350 km, 50 m every opportunity

tAble 3. siMPliFied hiGh-leVel schedulinG durinG bistAtic PhAses.

FIgURE 15. Daily duty cycles segregated by observation mode during one year of 
bistatic observations. Imaging modes B1 and B4 are described in Table 2. Imaging modes 
A1/A2 are similar to B1/B2, but with 20+5 MHz split bandwidth. Mode E2 is a dual-pol 
imaging mode with 20 MHz bandwidth and 50 m azimuth resolution.
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Presently, Tandem-L is undergoing a phase A study by 
DLR. Figure 16 shows the artist’s view of the satellite design 
under investigation by the German space industries. The 
goal is a launch by 2021. Due to the innovations in science, 
methodology and technology, Tandem-L is predestined to 
lay the foundation for future SAR missions towards a unique 

spaceborne Earth observatory for continuous monitoring of 
the Earth and its environment, analogous to the existing 
network of weather satellites. Further studies include the in-
vestigation of a Tandem-L-based mission concept for daily 
monitoring of geo/bio-environmental phenomena as well 
as tectonic hazards prevalent within the inner tropical belt 
by means of equator-orbiting satellites [34], [35].
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