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Abstract—TanDEM-X is a formation flying interferometer con-
sisting of two SAR satellites. Together they acquire bistatic SAR
data of the earth in order to generate a global digital elevation
model as well as individual scientific interferometric datasets on
user request. This article gives an overview about ten years of
acquisition and formation planning for the TanDEM-X mission.
This planning on the one hand includes the derivation of the
formation, i.e., the 3-D distance between both satellites in orbit. On
the other hand, it needs to consider the regions of interest and the
mission, satellite, and instrument constraints in order to effectively
plan the bistatic acquisitions. During the ten years in operation
TanDEM-X successfully completed various mission goals during
dedicated mission phases. All these phases, their characteristics
as well as the scientific and commercial outcome are described in
detail.

Index Terms—Acquisition planning, digital elevation model
(DEM), formation, global DEM, mission phases, TanDEM-X.

I. INTRODUCTION

T
HE TanDEM-X mission is the first bistatic SAR mission

with two satellites flying in a close controlled orbit forma-

tion [1]. Its primary goal was to deliver a global digital elevation

model (DEM) at a 12 m posting with a relative vertical accuracy

of 2 m for terrain slopes less than 20% and 4 m for slopes steeper

than 20% [2]. The global coverage was acquired between 2010

and 2014 and the final global DEM generation was completed

in 2016 [3], [4].

Beyond the global DEM, TanDEM-X offers great scientific

potential for both cross-track and along-track interferometry as

well as for new radar imaging techniques and applications [5],

[6]. Thus, the global DEM phase was followed by a dedicated

science phase from 2014 to 2016. In 2016, also acquisitions

to prepare the generation of high-resolution DEMs were per-

formed. Between 2017 and 2020, the so-called change DEM,

indicating the changes compared to the first global DEM, was

acquired. Finally, since mid-2020 an additional science phase

has been initiated, which will last until 2022.
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The rest of this article is structured as follows. Section II

introduces the relevant theoretical basics in terms of formation

flying and DEM accuracy. This is followed by the description of

the acquisition planning constraints in Section III. Afterwards,

the two TanDEM-X planning systems for planning global cover-

ages as well as individual experimental science acquisitions are

described in detail in Section IV. Finally, the Section V provides

an exhaustive overview of the different mission phases, their

characteristics and results.

II. MISSION OVERVIEW

This chapter gives a fundamental introduction on the mission

and the parameters relevant for the formation and acquisition

planning.

The TanDEM-X mission comprises the TerraSAR-X satellite

(launched on June 15, 2007) and the almost identical TanDEM-X

satellite (launched on June 21, 2010) [2]. Since December 2010,

both satellites are flying (with a few exceptional periods only)

as a large single-pass bistatic SAR interferometer in a close

helix formation at about 514 km of altitude (mean value across

the equator). The satellites fly in a sun-synchronous dusk-dawn

orbit with 97° inclination and a repeat cycle of eleven days.

A. Formation Flying

The orbit of the TerraSAR-X satellite is maintained for the

entire mission within a 250 m toroidal tube around a predefined

reference trajectory [7]. The TanDEM-X satellite orbits on its

path around the earth in a helix-like formation relative to the

TerraSAR-X satellite with a distance of a few 100 m only, as

shown in Fig. 1. This helix formation is realized by carefully

maintaining the orbit inclination and eccentricity vectors re-

sulting in a vertical separation at the poles and a horizontal

one at the equator [8]. This minimizes the risk of a collision

between both satellites even in case of possible system failures

and at same time provides suitable baselines for accurate DEM

acquisition. The different formations in terms of horizontal and

vertical baseline for the whole mission duration are plotted in

Fig. 2. The phase of libration is defined as the difference between

the relative ascending node and the relative perigee [9]. This

means, it determines the rotation direction of the TanDEM-X

satellite around the TerraSAR-X satellite as well as the satellite

of both, which is crossing the equator first, i.e., the one which

has the smaller right ascension of the ascending node. With a
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Fig. 1. Illustration of the helix-like formation of the TerraSAR-X and the
TanDEM-X satellite over one orbit revolution

phase of libration of about 0° the TanDEM-X satellite seen from

behind rotates in clockwise direction around the TerraSAR-X

within one orbit; for a phase of libration of 180° the rotation is

counter clockwise. The required formation mainly depends on

the characteristics of the regions that need to be acquired, the

desired incidence angles and the required DEM height accuracy.

In Chapter IV, a detailed explanation is given on how these

constraints are connected to a consistent acquisition plan.

B. Height of Ambiguity and DEM Accuracy

The formation is determined by the desired height of ambigu-

ity (HoA), which itself influences the final height accuracy of the

DEM. The HoA is defined as the height difference equivalent to

a complete 2π phase cycle in the interferogram scaled with the

perpendicular baseline between both satellites. For the bistatic

case, it can be expressed as

HoA = λ · r · sin (θi) /B⊥ (1)

where λ is the radar wavelength, r the slant range, θi the

incidence angle, and B┴ the perpendicular baseline. The relative

vertical accuracy can, then, be written as

∆h = HoA ·∆ϕ/(2 · π) (2)

defining ∆ϕ as the point-to-point phase error, normally calcu-

lated at the 90% confidence interval [10]. According to (2), a

lower HoA results in a better relative height accuracy. In contrast

to that, DEMs acquired with a low HoA suffer from phase

unwrapping problems over terrain with steep slopes, like moun-

tainous regions or degraded coherence over forests, because of

volume decorrelation [11]. In order to solve phase unwrapping

difficulties, multiple acquisitions with different baselines are

combined. In this way, the so-called dual baseline phase unwrap-

ping technique can be used to resolve phase unwrapping errors in

the DEM [12]. The approach evaluates the height differences in

the phase of two acquisitions over the same terrain and corrects

the wrongly unwrapped parts of the scene.

In addition, the two acquisitions can be combined to improve

the height performance by reducing the noise like decorrelation

[13]. For this purpose, the acquisitions of the second coverage are

shifted by half a swath width compared to the first coverage. In

this way, the pattern regions with higher antenna gain, i.e., better

SNR and, thus, better height accuracy, are combined with lower

gain regions at the edges of the pattern main lobe from the other

coverage. This results in a rather flat height accuracy distribution

across the whole access range, which is not achievable with only

one acquisition coverage [14].

Fig. 2, furthermore, shows the resulting height of ambiguity

for the acquisitions (yellow diamonds). The dedicated mission

phases indicated on the top of the plot are explained in detail

in Chapter V as well as the need for the different height of

ambiguity values shown here.

III. PLANNING CONSTRAINTS

A. Instrument and Satellites Constraints

The TerraSAR-X satellite was originally designed to acquire

monostatic SAR acquisitions over dedicated, isolated areas with

a multitude of different imaging modes. In contrast to this

design, the TanDEM-X mission needs to acquire all land masses

of the Earth, i.e., a large area and, hence, a large amount of

data. However, due to the initial design goals of the monostatic

mission, the bistatic mission is limited by a number of instrument

constraints and limited satellite resources imposing challenges

to the global acquisition approach.

1) Limited Downlink Capacity

One main restricting factor in each spaceborne SAR system

especially for low-earth orbit satellites is the limited downlink

capacity. Satellites can only dump data within the visibility

range of a ground station unless they are equipped with an

optical data link to a geostationary relay satellite [15]. Such

relay satellites though were not operationally available at the

launch of TanDEM-X. DLR established two own and contracted

one external ground station at northern/southern latitudes in

Inuvik (Canada), O’Higgins (Antarctica), and Kiruna (Sweden)

for dumping the vast amount of TanDEM-X data [16]. In this

way, a mean orbit usage, i.e., the mean acquisition time per

orbit of 180 s could be realized. However, this equals to only

three minutes of acquisition time during one orbit revolution of

95 min. One main goal of the acquisition planning explained

in the following chapter is to maximize and homogenize the

utilization of the downlink resource as much as possible.

2) Degradation of the Battery

Also, the SAR system itself limits the length of the acquisi-

tions. Even when the solar array of the satellite is completely

illuminated by the sun a small portion of battery power is

utilized. Moreover, during eclipse times, i.e., when the satellites

are in the earth shadow due to their orbit inclination, the power

for transmitting the SAR signal is taken from the battery.

This limited the maximal length of data takes at begin of life to

about 340 s, depending on the mode and acquisition parameters



3506 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 14, 2021

Fig. 2. Formation parameters, i.e., the horizontal and vertical baseline and the phase of libration on the left axis (blue, cyan, and green lines/dots) and the resulting
height of ambiguity of the acquisitions on the right axis (golden diamonds). Note, that the formation parameters axis is cut at 1200 m for visual reasons while the
mximal values of the horzontal distance increase up to 4.9 km and 3.6 km, respectively, in 2014/2015.

and both due to battery and to respect the thermal limits of the

instrument. With the increasing age of the satellites also the

battery degradation is progressing. Although the batteries on

both satellites are still much fitter than predicted, especially for

long data takes their voltages drop more rapidly and to lower

values than at begin of life [17], [18]. Hence, since around 2017,

the battery is considered as the dominant factor for limiting the

acquisition duration restricting the maximal length of data takes.

3) Limited Amount of Propellant

Both satellites host a tank retaining 74 kg of hydrazine. In

addition, the TanDEM-X satellite also accommodates a cold-

gas system for formation keeping. Orbit keeping and formation

changes and maintenance continuously consume propellant and

limit the lifetime of the satellites. Cold gas is already almost

emptied since 2016. In order to ensure a long mission duration,

measures to efficiently utilize the propellant while at the same

time ensuring appropriate baselines need to be considered in

the planning process. This is mainly considered by only slowly

changing the satellite formation or by utilizing orbit inclinations

slightly different for each satellite to establish a continuously

drifting formation change.

B. Mission Constraints

1) Joint TerraSAR-X/TanDEM-X Mission: The main pur-

pose of the TerraSAR-X mission is to deliver monostatic SAR

images for scientific and commercial customers [19]. With the

TanDEM-X satellite launched in 2010, both satellites share the

acquisition of monostatic TerraSAR-X data takes. In addition,

the TanDEM-X mission exploits the bistatic capabilities of the

system. As the TanDEM-X mission was designed as an add-on

to the TerraSAR-X mission, also a joint mission concept was

developed for satellite resource sharing. This joint mission ap-

proach foresees a coexistence of both missions. One important

aspect in this approach is the TanDEM-X acquisition plan.

This acquisition plan is derived well in advance before the

first acquisition is carried out and for a long time frame. It is

published and made available to the scientific and commercial

user coordinators. This allows the TerraSAR-X users to detect

conflicts in advance and preferably plan around the TanDEM-X

acquisitions. The TanDEM-X acquisition planning also tries

to avoid acquisitions in consecutive cycles at the same orbit

position, thus allowing the TerraSAR-X mission to acquire at

least every second cycle [20].

2) Commercial User Conflicts: The TanDEM-X mission

(and also the TerraSAR-X mission) is realized in a public-private

partnership between the German Aerospace Center (DLR) and

Airbus Defence and Space (Airbus D&S). While DLR is respon-

sible for the scientific utilization of the system, Airbus exploits

the commercial potentials of the mission serving external cus-

tomers with SAR and DEM data.

One important commercial field for the exploitation of SAR

images are stacks for urban or economic planning. As the

TanDEM-X mission needs to cover all land masses of the

earth, conflicts between commercial customers and TanDEM-X

acquisitions are inevitable. A priority system was established in

order to manage these conflicts. Each TanDEM-X acquisition

needs to be acquired within a certain height of ambiguity range.

The formation is rather stable or only slowly changing. Hence,

during acquisition calculation an estimation is provided for how

many cycles an acquisition can be postponed until the height of

ambiguity becomes unsuitable. In this way, most of the potential

conflicts can be solved by shifting the conflicting TanDEM-X
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Fig. 3. Block diagram of the TAP containing the main modules TTG, APO,
APC, and HEP.

data takes automatically for one cycle. Finally, due to a flexible

replanning tool, it is even possible to solve almost all residual

conflicts by shifting the TanDEM-X data takes manually.

Hence, an intelligent planning concept is needed to optimally

exploit the satellite resources and mission constraints.

IV. TANDEM-X ACQUISITION PLANNING SYSTEM

The nominal monostatic SAR image acquisition (TerraSAR-

X mission) as well as the derivation of the global DEM

(TanDEM-X mission) share the same satellite resources. There-

fore, a joint acquisition concept has been elaborated in order

to ensure both missions goals. TanDEM-X DEM data takes are

planned in the so-called DEM acquisition timeline. In order to

fulfill the requirements of the height accuracy of the DEM, the

formation is optimized accordingly with respect to each region

that has to be mapped, since the HoA is changing with beam and

latitude.

The planning system described below is a set of software tools

particularly developed for the TanDEM-X mission. Thus, all the

characteristics of the mission could be thoroughly considered

to allow a reliable planning and an efficient utilization of the

resources of the satellites and the mission. The planning system

consists of two main components. The TanDEM-X acquisition

planner (TAP) on the one hand is used to plan the large global

coverages. The system command generator framework on the

other side plans scientific and experimental acquisitions and data

stacks.

A. Coverages: TAP

The TAP [21] system is divided into four modules, which are

shown in the diagram in Fig. 3. The functions and outputs of the

modules are described as follows.

1) Coarse planning with iterative formation and orbit usage

optimization

The first step of the planning is a coarse derivation of an

acquisition timeline for a given time frame, e.g., for one year.

Its goal is to find a formation, which optimally distributes the

required acquisitions, i.e., which maximizes the orbit usage

while at the same reduces the required formation changes.

This step is performed by the TanDEM-X timeline genera-

tor (TTG). The acquisition timeline derivation starts with the

evaluation of the area to be acquired. It calculates from which

orbital position and with which beam an area of interest has to

be mapped. The main inputs are a mask of the area, which needs

to be acquired (LandMask), the available elevation beams, and

the target HoA. The acquisition strategy is constrained by the

following factors.

1) Radar geometry with look angles and beam information

(each beam overlaps with the adjacent one by 4 km).

2) Mapping strategy: the nominal strategy is to record data

during ascending orbits in the northern hemisphere and

during descending orbits in the southern one. The reason

for this strategy is the helix formation with orbit regions

(quarters) with large baselines suitable for interferometric

imaging and orbits pieces with small baselines degrading

the height accuracy [20].

Due to the fact that the distance between two adjacent ground

projected tracks is decreasing with increasing latitude, a smaller

number of swaths is required with increasing latitude to cover a

similar area on ground.

1) Target HoA: it is derived to reach a compromise between

small height errors and robust phase unwrapping.

2) Satellite resources: power and thermal resources of the

satellites limit the acquisitions. A mean acquisition time

of 180 s per orbit is considered at begin of life.

3) Ground station network and downlink capacity: the net-

work used for the downlink of the TanDEM-X mission

includes the ground stations in Inuvik, O’Higgins, and

Kiruna [16].

4) Formation flying limitations: The vertical and horizontal

baselines need to stay within a certain limit. The lower

limit is given by safety reasons, the upper one by in-

strument reasons like satellite synchronization [22]. In

addition, the increase of baselines per cycle needs to

be minimized in order to conserve the limited resource

propellant.

Once the area to be acquired is determined, the calculation of

formation parameters that define the helix, i.e., the vertical and

horizontal distance, is performed for each repeat cycle of eleven

days. Based on these assumptions and constraints, the timeline is

derived iteratively. This iterative process changes the formation

parameters and optimized the distribution of the acquisitions

and the orbit usage as explained previously. The process can run

automatically for homogeneous acquisition scenarios as applied

in the first global DEM acquisition phase (cf., Section V-B). Or it

can be executed semimanually in case of many different regions

like for the change DEM (cf., Section V-F).

The resulting timeline includes all the bistatic data takes

(TAPTakes) to be acquired with their start/stop times.

2) Detailed planning

After the coarse timeline planning the exact parameters of

the each resulting data take is calculated. Only in this way, it is

possible to precisely determine the satellite resources consumed

by each data take. One of these resources is the payload data

volume, which is different for each data take. It depends on

instrument parameters like pulse repetition frequency (PRF), the

used bandwidth and the rate of the block adaptive quantization

(BAQ), which are set based on, e.g., the underlying terrain or the
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backscatter of the scene on ground. With these exact parameters a

further optimization is performed in order to utilize the downlink

capacity as optimal as possible.

The determined TAPTake start and stop times, together with

the elevation beam for each data take are, thus, forwarded to

the acquisition parameter optimizer (APO), which extends these

times by adding margins for warm-up and calibration sequences

of the instrument.

From these extended start and stop times, the acquisition

parameter calculator (APC) derives a detailed set of acquisi-

tion parameters (APSets) representing the relevant instrument

parameters. The set includes information like the echo window

position and length, the PRF, and the receiver gain setting. In

addition, it contains data concerning the active and the passive

satellite and their memory and energy consumption. Further-

more, also alternative parameters for the transmit duty cycle,

the data rate compression factors and the receive bandwidths

are stored in form of different proposals. Consequently, these

proposals have different memory and energy consumptions.

The best proposal will be selected by the APO later on while

scheduling the available satellite resources.

For each single proposal in the APSet, the height error

predictor (HEP) estimates the height performance. First, the

total coherence and ambiguity values are evaluated. From these

results, the relative height error is derived according to (2). These

quantities give an estimation of the expected interferometric

performance.

In the last step of the acquisition timeline generation, these

sets of parameters are optimized by the APO. The APO selects

the best acquisition parameters and height error sets for each

TAPTake in order to obtain a timeline with a homogeneous and

high height accuracy.

During most of the TanDEM-X mission phases, the available

downlink capacity was the major limiting factor. The on-board

solid-state mass memory keeps already acquired acquisitions in

memory until the next ground station is in visibility. The storage

capacity of TanDEM-X is 768 GBit since begin of life, while

that of TerraSAR-X is 384 GBit. Therefore, the mass memory of

the latter must be dumped first. Further details can be found in

[20] and [21]. Also, this constraint is reflected in the operational

acquisition planning in order to facilitate an optimized usage of

all available resources.

Finally, several further products are derived from the final

formation and acquisitions: From the formation parameters,

the TanDEM-X satellite’s reference orbits are generated. In

addition, the exclusion zones are calculated in order to ensure

safe formation flight [2]. The planned acquisitions are forwarded

in form of TanDEM-X orders to the TerraSAR-X/TanDEM-X

mission planning system [23]. The mission planning system

combines the TanDEM-X acquisitions with the TerraSAR-X

data takes into a consistent mission timeline and performs its

uplink for execution on the satellite.

B. Time Series, Stacks, and Special Data Takes: System

Command Generator

The TAP as explained previously is the tool of choice to

plan of large coverages. For planning of individual scientific

acquisitions with special modes or commanding parameters or

for planning acquisition time series (data stacks) the so-called

system command generator (SCG) is used. The main interface

for the SCG is a table with the desired acquisition geometry and

dedicated parameters like the imaging mode and the polarization

settings. These parameters are provided by the TanDEM-X sci-

ence coordinators derived from the requests of scientific users,

which they submitted via the TanDEM-X science server [24].

The input parameters can be manually adapted for experimental

and scientific data takes with special demands on modes or

instrument commanding (see below and Section V-C).

The SCG also utilizes tools from the TAP like the APC. Hence,

all data takes are generated from a common, verified system,

which ensures identical acquisition results.

The SCG is used to regularly plan the following acquisitions.

1) Long-term system monitoring data takes

The TanDEM-X mission runs very reliable and stable. In

order to ensure this stability of the mission, it is necessary

to continuously monitor the system. Therefore, dedicated data

takes are planned, acquired, and evaluated on a regular base,

e.g., every first, second, or third cycle. One example for these

data takes are the baseline calibration data takes used to monitor

the stability of the baseline between the satellites [25].

1) Super test sites

More than 60 super test sites are continuously acquired and

monitored. These super test sites include among others glaciers,

volcanoes, and forest areas. The super test sites are of big interest

for the science community. Thus, sometimes the acquisitions

over these sites stand in conflict to other scientific acquisitions.

In this case, a semimanual approach is performed in order to

achieve an optimal utilization of the system in these areas.

2) Special commanding

The SAR instruments on both satellites host a very flexible

commanding system, which makes possible to command exper-

imental acquisitions with high demanding time or instrument

constraints. Hence, very exotic data takes can be planned on

special user request. Therefore, the command set, which is

used to set the individual instrument parameters on board the

satellite can be adapted by hand. This was used for experiments

like, e.g. Staring spotlight acquisitions (before their operational

implementation) [26], for bidirectional acquisitions [27] or for

so-called aperture switching data takes for ocean current mea-

surements [28].

After the planning process, the data are acquired and dumped

via the ground station network. It is then sent to the processing

facility at the earth observation center, Oberpfaffenhofen, Ger-

many. Being processed by the operational Integrated TanDEM-

X Processor [29], the data are finally available and can be

accessed via the EOWEB GeoPortal [30] for scientific use.

V. MISSION PHASES

This Section explains different phases of the TanDEM-X

mission, which are summarized in Fig. 4.

A. Commissioning Phase

The commissioning phase of TanDEM-X lasted for about six

months [31]. With the launch of the TanDEM-X satellite on June
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Fig. 4. TanDEM-X mission phases timeline

21, 2010, the launch and early orbit phase started for checking

out the satellite systems and activating the SAR instrument.

Within one month the TanDEM-X satellite was flown towards

the TerraSAR-X satellite and stopped in a distance of 20 km be-

hind TerraSAR-X. During the next three months, the TanDEM-X

satellite was monostatically calibrated and prepared for the

formation flight [32], [33]. On October 14, 2010, the TanDEM-X

satellite entered the close formation with TerraSAR-X with a

horizontal baseline of about 360 m. Until December 12, 2010,

the bistatic capabilities of the system were checked out, verified,

and calibrated in order to start the acquisition of the global DEM

[34]. Finally, even during the next two years the processing

system was adjusted and calibrated while already acquiring the

global DEM [35], [36], [37].

B. Global DEM Acquisition Phase

In the first two years of operations two global coverages of

the complete earth’s land masses, excluding Antarctica, were

acquired. All the acquisitions were carried out in nominal right-

looking observation mode. In order to perform the acquisitions

with suitable baselines the orbit parts in which the acquisitions

were executed are ascending orbits in the northern hemisphere

and descending orbits in the southern hemisphere. The nominal

acquisition mode for the DEM generation is the stripmap mode

in single (horizontal) polarization. This mode is a good compro-

mise between achievable resolution in the order of 3 m for SAR

products and a swath width in the order of 30 km that allows us a

coverage at the equator with nine consecutive beams and, hence,

in a defined time. The used receive bandwidth is 100 MHz or

150 MHz acquired with a BAQ of 8:4 or 8:3 in order to restrict

the amount of data acquired

The acquisition of the first global coverage was finished in

March 2012. In this first year, the target HoA was set to 50 m or

60 m, respectively (compare Fig. 2). Since the HoA depends on

the incidence angle and the helix (changing with the latitude), the

formation, in terms of horizontal and vertical distance between

the satellites, was changed accordingly to keep a stable HoA,

as close as possible to the target HoA. This can be observed in

Fig. 2, where the formation parameters are adapted along the

mission time; the vertical and the horizontal distances decrease

progressively during the two global acquisitions for first and

second year, respectively. It can be recognized that within the two

main acquisition phases, the helix has been slightly reconfigured

several times in order to achieve different target HoAs [38]. An

explicit example can be seen in April 2011, where the minimal

HoA was reset from 40 m to 45 m in order to deal with the strong

volume decorrelation over tropical forests.

In order to allow reliable phase unwrapping, additional acqui-

sitions were performed over the rain forest in south eastern Asia

and over mountainous regions. This included acquisitions with

even higher HoA in the order of 60 m to 80 m, which require very

small baselines. This is visible in Fig. 2, starting from October

2011, when the variation of the HoA increases.

In March 2012, the acquisitions of the second global coverage

started lasting until April 2013. According to the acquisition

strategy the target for the HoA was reduced from 50 m to

35 m in this second coverage [1]. The decrease of the HoA

by a factor of 0.7 has been found to be optimal in order to

combine the two coverages to resolve phase unwrapping errors

and to improve the relative height error [39]. In Fig. 2, the

transition from the first to the second year is clearly visible as the

sudden jump of the formation and a consequent decrease of the

HoA.

The third and fourth acquisition year in 2013 and early 2014

was dedicated to difficult terrain and Antarctica.

Difficult terrain in form of mountainous regions suffers from

shadow and layover effects due to the side-looking geometry of

the SAR system. In order to mitigate these effects, mountains

were additionally acquired from the opposite viewing geometry,

i.e., on the northern hemisphere in descending orbits instead the

nominal ascending orbits. Therefore, the rotation direction of

the TanDEM-X satellite in the helix was swapped in order to

obtain appropriate baselines [40]. This can be seen in Fig. 2,

where the phase of libration (cyan) changes from about 180° to

0°.

Also, sandy deserts are considered as difficult terrain for SAR

systems as dry sand has a very low backscatter under nominal

incidence angles. In order to increase the signal-to-noise ratio

all sandy deserts have been reacquired with very steep incidence

angles. Due to the shorter distance to earth and the reduced

incidence angle, leading to stronger backscatter characteristics,
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Fig. 5. Acquired number of coverages for the global DEM acquisition between 2010 and 2014. In general, at least two coverages have been acquired. In regions
with difficult mountainous terrain even up to eight acquisitions have been performed.

a higher receive signal level is achieved and hence the height

performance is improved significantly [41].

Finally, Antarctica was acquired during local winter times as

the backscatter of ice areas during melting periods contradicts a

good DEM accuracy. Especially for the inner regions of Antarc-

tica, left-looking acquisitions had to be exploited and a very flat

beam with 60° of incidence angle was used to reach the South

Pole. This acquisition of Antarctica is one of the main advantages

compared to the widely known shuttle radar topography mission

DEM [42], which is limited to areas within ±60° latitude.

In total, 68 500 global DEM acquisitions have been performed

during the first seven years of TanDEM-X mission. Fig. 5 shows

the number of coverages acquired for the global DEM. At least

two coverages have been acquired over all land masses on

earth. In some regions, especially over difficult terrain like in

mountainous areas, the performed acquisitions sum up to even

seven coverages.

The resulting global DEM product shows an unprecedented

accuracy for a global product. The main parameters describing

the DEM accuracy are the relative and the absolute vertical

accuracy.

The absolute vertical accuracy represents the uncertainty in

the height of a point with respect to the WGS84 ellipsoid caused

by uncorrected, slow-changing systematic error. It was assessed

using ICES at measurement data as reference values [43]. All

19 389 DEM tiles (1°× 1° DEM cell) were evaluated. The evalu-

ation shows an absolute height accuracy at 90% confidence level

of 3.49 m [44]. This is well below the 10 m mission specification

[1], [4]. Highly vegetated areas and ice or snow-covered regions

drive this error due to their strong volume decorrelation effects.

The corresponding absolute height accuracy over forest tiles

hence is only 2.33 m. Over ice, also due to different penetration

depths between the TanDEM-X radar and the ICESat Lidar

sensor, it is 6.37 m. Excluding these areas results in an improved

absolute height accuracy of only 0.88 m for the remaining 12 257

tiles.

The vertical height accuracy describes the accuracy of the

DEM in terms of local height differences and accounts for ran-

dom errors [45]. The mission specification states a relative height

error of 2 m for flat and 4 m for steep terrain with slopes larger

than 20% at 90% confidence level. This specification is met

for 97.76% of all tiles again excluding tiles, which are mainly

covered by ice/snow or densely vegetated forest affected by

strong volume decorrelation phenomena [46]. A more detailed

description of the results can also be found in [4].

C. Phase-Independent Scientific Planning

During the whole TanDEM-X mission duration, science data

takes have been acquired over super test sites or on scientists’

request. An overview of these acquisitions is shown in Fig. 6.

Although the amount of acquisition sites seems rather small

compared to the global DEM coverages, about 60 800 science ac-

quisitions have successfully been planned and acquired through-

out the mission duration. This is almost the same number than for

global DEM acquisition, though most of the science acquisitions

are much shorter than the long global DEM acquisition stripes.

The global DEM was only acquired in single polarization

stripmap mode. In contrast to that, the scientific acquisitions

use almost the full spectrum of modes and beams (except the

ScanSAR mode). This spectrum includes, e.g., acquisitions in

stripmap and spotlight mode, in nominal and extended perfor-

mance incidence angle range, right and left looking, and single

and dual pol mode [47].
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Fig. 6. Map of science acquisitions on super test sites and with dedicatedly commanded data takes for scientific purposes in the time frame from 2010 to 2020
but excluding the dedicated large scientific coverages explained in Sections V-C–V-G.

Besides the nominal requests that are considered in the

mission timeline, even dedicated special campaigns could be

performed. Some examples of these campaigns are as follows.

1) The measurement of sea surface currents is only possible

if the satellites are less than about 50 m apart in flight

direction. In the nominal geometry, this is only the case

near the poles, when one satellite overtakes the other.

For dedicated ocean current measurement campaigns, an

along-track shift was established such that short along-

track baselines were realized at mid-latitudes [48].

2) For a campaign to measure the sea-ice drift in Antarctica,

a joint airborne, and TanDEM-X measurement campaign

was carried out. Coordinated acquisitions allowed the

quasi simultaneous space and airborne measurements of

large areas in the Weddell sea [49].

3) The measurement of ocean and atmospheric parameters

was enabled by a joint acquisitions campaign between

TanDEM-X and aircrafts in the Caribbean sea within

the context of the Harmony proposal for ESA’s earth

explorer 10 call [50].

D. Science Phase 2014–2016

Since 2014, dedicated phases concentrating on formations for

the scientific purpose have been flown. The science phase from

2014 to 2016 can be separated into three subphases, as shown

in Fig. 7. The pursuit monostatic phase, which lasted for seven

months; the large horizontal baseline phase with a duration of

about six months; and the forest phase of another six months.

1) Pursuit Monostatic Phase: The main purpose of the pur-

suit monostatic phase was to enable acquisitions with larger

baselines of approximately 1 km for areas at northern latitudes.

Fig. 7. Science phase timeline.

During the nominal DEM acquisition, the vertical baseline at

the poles is in the order of 250 m. A very large vertical baseline

would require a very higher amount of propellant for maintaining

the helix formation. In addition, the along-track baseline in the

helix is twice the vertical baseline and, thus, would also be

very large. Such large along-track distances would lead to a

loss of correlation for the bistatic acquisitions. Thus, the pursuit

monostatic phase was designed to mitigate these constraints. By

releasing the close formation, it is possible to disable the com-

pensation of the eccentricity drift. This leads to a drifting helix

and, hence, to large horizontal baselines also at high latitudes.

This, however, allows us to perform monostatic acquisitions

only. As they were coordinated to ensure the same instrument
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Fig. 8. Azimuth ambiguity reduction by exploiting the multiple phase centers
demonstrated over a glacier in Antarctica. The left image shows the ambiguity
of the ice shelf in water. In the right image, the ambiguity is almost no longer
visible.

parameters, they can be processed like repeat-pass acquisition

with a very small temporal gap. For areas with stable ground

and low temporal changes DEMs could be generated.

An along-track distance of 76 km (which equals ten seconds)

is the minimal distance to avoid SAR interferences in case of

staring spotlight acquisitions. In starring spotlight both satellites

illuminate the same point on ground and the data takes last

for up to ten seconds. A larger distance, however, is critical

as a horizontal distance needs to be established in order to

compensate the earth rotation allowing acquisitions with the

same ground track. For an along-track distance of ten seconds a

horizontal baseline of already 4.9 km is required. A large amount

of propellant is required to establish this large baseline. The

pursuit monostatic formation was entered in September 2014.

Close formation was re-established in February 2015 with the

start of the large horizontal baseline phase.

Prominent examples for the exploitation of the pursuit mono-

static formation are the mapping of sea ice drifts [51] or oil spill

detection [52]. A general examination can be found in [53].

2) DRA Mode: Another feature of the TerraSAR-X and

TanDEM-X satellites is the dual receive antenna (DRA) mode,

which allows the acquisition of quad-polarization and pairs of

along-track interferometry data takes. In this mode, the antenna

is split into two parts in flight direction. The redundant receiving

chain is activated in order to receive radar data via a second

independent channel, which allows us to acquire with two phase

centers separated in azimuth. As both, the primary and the

redundant chain are used, this mode is only enabled during

dedicated campaigns to minimize the risk of losing one or both

chains.

The DRA mode is especially interesting for ocean or sea

surface measurements, as described in [54]. The combination

between DRA mode and pursuit monostatic formation can also

be used for ship velocity estimation [55]. An overview on the

performance of the DRA mode is given in [56]. Also, instrument-

related experiments with the DRA mode have been performed,

for example to reduce azimuth ambiguities [57], [58]. This

Fig. 9. Test areas that have been acquired during the large horizontal baseline
phase over permafrost areas and to assess DEMs acquired with very large
baselines. The different color indicate different acquisition periods between
during 2015.

example can be seen in Fig. 8, where a reconstruction algo-

rithm uses two or even four (DRA on both satellites) channels

and, hence, phase centers in order to reduce ambiguities and

consequently increase timing flexibility.

3) Large Horizontal Baselines Phase: One main purpose for

a large horizontal baseline phase in 2015 was the acquisition of a

full growing cycle of crops and other agricultural vegetation on

the northern hemisphere. Therefore, the phase lasted from April,

when the vegetation starts to grow until late September, when

the harvest is taken. The horizontal baseline in this phase was

increased to 3.6 km at the equator. For mid-latitudes the baseline

was still in the order of 1.5 to 2 km. Even short vegetation like

rice could be accurately monitored with this formation [59] as

well as it enabled the determination of different crop parameters

[60].

In addition to the acquisition on scientific user request larger

areas over permafrost and sites to demonstrate DEMs with

very high height accuracy were acquired. Finally, also the outer

regions of Antarctica were acquired in local winter season. These

larger test areas are shown in Fig. 9.

4) Forest and Arctic Phase: The large horizontal phase was

followed by a phase with formations in the nominal range of a

few hundred meters but with emphasis on forest areas. As the

DRA mode was still activated, full-polarimetric interferometric

images of forest areas, especially boreal forest and tropical forest

were acquired with different baselines.

This first Forest and Arctic Phase was followed by the high-

resolution DEM (HDEM) preparation phase (see following sec-

tion). After this phase, a second Forest and Arctic Phase was

executed between September 2016 and September 2017. During

this period, again forests, permafrost areas, and the outer regions

of Antarctica and Greenland were acquired to monitor temporal

changes.

E. HDEM Preparation Phase 2016

One of the secondary goals of the TanDEM-X mission was

the derivation of so-called high-resolution DEMs. These DEMs

are specified with much more stringent height requirements

and were originally derived from the HRTI-4 specification. The
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Fig. 10. Areas that have been acquired in 2016 for the demonstration and
preparation of HDEMs.

horizontal resolution requirement was 6 m × 6 m with a relative

height accuracy better than 0.8 m [61].

To achieve such high accuracies, the height of ambiguity has

to be small, which requires large baselines. However, with small

heights of ambiguity, it is not suitable to acquire areas with high

vegetation like forests which would suffer from decorrelation in

X-band [11]. In addition, a combination of three to four acquisi-

tions is necessary to achieve the height accuracy. Also mountains

cannot be acquired properly due to large phase unwrapping

problems. Mostly rather flat areas with lower vegetation were

selected for the demonstration of HDEMs, which is shown by

the blue areas in Fig. 10. These were acquired several times to

learn about HDEM acquisition and processing. The acquisitions

shown in orange were acquired once in order to prepare for

larger HDEM coverages. However, both the commercial as well

as the scientific interest was not as expected and finally the

acquisition of large HDEM coverages was dropped. Instead the

so-called change DEM, a new mission product on global scale

was introduced.

F. Change DEM Phase 2017–2020

The global DEM generated until 2016 was successfully uti-

lized by the commercial partner (Airbus D&S). Great scientific

interest was raised with the scientific release of the DEM data

in late 2017 as well. However, a part of the data used for DEM

generation was already more than seven years old when the DEM

was released. A lot of changes in the topography of the earth took

place during this time. Additionally, the satellites were still in

good shape and there were sufficient consumables for several

more years of operation left [62]. Thus, the mission decided

to acquire a further global coverage in order to update the first

global DEM in form of a self-contained change DEM product.

1) Lessons Learned: During the processing of the global

TanDEM-X DEM, the team gained much experience with the

acquisition of different types of land cover and terrain and the

exploitation of the system. Also, a number of disadvantages of

the used acquisition strategy were faced. Many of these disad-

vantages could be reverted by dedicated additional acquisitions.

The following list shows some of the lessons learned.

1) Data for DEMs over glaciers or snow-rich mountains ex-

plicitly need to be acquired during local winter time, as

melting ice or snow shows a very bad SNR performance

during summer time.

Fig. 11. Different land types for the change DEM acquisition between 2017
and 2020 with the colors describing the dominant land types given as follows:
blue: glaciers, green: forests, red: mountainous forested areas, yellow, and
orange: deserts, brown: rest of the world. A more detailed explanation including
the acquisition constraints is given in Table I.

2) The baseline and the corresponding height of ambiguity

(HoA) needs to be different for different land cover types

and should be in a well-defined range.

• Glaciers, mountains, or mountainous forests need be ac-

quired with HoAs between 45 m and 90 m.

• Tropical forests can be acquired year-round. However, due

to high but varying trees, the HoA needs to be larger than

50 m.

• Sandy deserts need to be acquired with very steep incidence

angles to overcome the low backscatter of sand and hence

to increase the low signal-to-noise ratio.

• Urban areas would profit from the acquisition with different

multiple baseline and opposite view geometries. The acqui-

sition of cities with multiple baseline is one main topic of

the Science Phase 2020–2022 (see Section V-F).

• The remaining areas of the world show mainly bare soil and

rock or short vegetation. They can be acquired with a lower

height of ambiguity in the order of 30 m to 35 m. Thus, only

one coverage is sufficient to achieve a fair height accuracy.

For this purpose and considering the lessons learned men-

tioned above, the earth was separated into dedicated large-scale

acquisition areas for the change DEM acquisition plan according

to the dominant land classes and terrain types, as shown in

Fig. 11. For each acquisition area certain acquisition constraints

listed in Table I and indicated by the same color as in Fig. 11

need to be observed.

In addition, several aspects have been identified, which could

be considered for follow-on missions, such like Tandem-L [63].
� The low orbit usage of the TanDEM-X system leads to a

long duration of about one year to acquired one global

coverage. Future systems with longer acquisition time

per orbit could realize a higher temporal coverage in the

order of month or weeks in order to improve the temporal

sampling of the data.
� The optimal spatial resolution depends on the main pur-

pose of the measurement or image. For forest studies, a

reduced spatial resolution seems acceptable. For accurate

DEMs over urban areas, the spatial resolution should be

at least in the order of the TanDEM-X DEM in order to

resolve fine structures or changes.
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Fig. 12. Acquisitions over Europe (Blue: one acquisition, cyan: two acquisi-
tions, green/yellow/orange: three or more acquisitions).

Fig. 13. Example of the change DEM comparing the changes in a mining area
in eastern Australia from 2012 to 2018.

TABLE I
ACQUISITION PARAMETERS FOR THE CHANGE DEM PRODUCT

Fig. 14. Areas acquired during the science phase 2020–2022. The main focus
of this science phase is on forested areas, on permafrost regions and on urban
areas.

� The wave length in X-band measures mainly the canopy of

trees in forests. In order to resolve the structure and internal

layers of trees / forests, a larger wave length such as L-band

seems more suitable as it penetrates vegetation.
� Finally, a full-polarimetric system would improve the

information content and expressiveness of measurements

especially over, e.g., vegetation or soil- and moisture.

2) Constraints: In addition, several new constraints were

considered for the acquisition planning.
� The maximal duration of a data take was limited to slow

down the degradation of the battery.
� A reduction of the number of ground stations significantly

reduced the contact time per orbit and, thus, the amount of

data that can be acquired.
� Additional margins and a potential replanning of acquisi-

tions needed to be foreseen in the planning to be able to

react on delays caused by outages due to satellite ageing.
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3) Acquisitions: With this input the planning process was

executed. An acquisition timeline was derived using the TAP

[21]. The resulting acquisitions were started in September 2017

and lasted until June 2020. This is half a year longer than planned

due to conflicts with commercial customers over hot spots or

high priority sites especially in Europe or over mining areas. In

addition, an outage in the SAR instrument on the TanDEM-X

satellite in 2019 led to a delay of about two months. Currently,

the data are being processed and mosaicked into the change

DEM product, which is planned to be completed around 2023.

In total 18 200 change DEM acquisitions have been acquired

during the three years acquisition phase. Fig. 12 shows the

coverage of the Change DEM acquisition over Europe. The blue

acquisitions indicate one single coverage, while cyan, green,

or orange indicate two or more acquisitions. An example of a

Change DEM is given in Fig. 13. It clearly shows the changes

in a mining area in eastern Australia from 2012 to 2018 and

underlines the great value of such a globally available product.

G. Science Phase 2020–2022

The acquisition of the Change DEM coverage was complete

in June 2020. With this, TanDEM-X entered into another science

phase. Based on the experience and results gained from the con-

tinuous science acquisitions and the science phase 2014–2016,

the focus of this phase is put on the permafrosted arctic regions

[64] and on forested areas. In addition, the largest cities of the

world are mapped with different baselines in order to allow 3-D

city monitoring [65] and a possible update of the global urban

footprint [66]. The designated regions are shown in Fig. 14.

VI. CONCLUSION

The TanDEM-X mission is a great success both in terms

of DEM products for scientific use and as a provider of a

commercial global DEM product by the partner Airbus D&S.

The mission has been successfully running through different

mission phases. Two global DEM products were acquired with

the first one being available since 2016 and the second one being

processed at the moment. Different scientific phases served

the scientific community with a great variety of TanDEM-X

products ranging from nominal stripmap and spotlight products

to various experimental data takes or acquisitions with very large

horizontal or very short along-track baselines over dedicated

regions. In total, more than 160 000 interferometric acquisitions

have successfully been performed and can be accessed by the

users of the system. With its success and this great amount of

data TanDEM-X is also a forerunner for future bistatic systems

with much higher imaging capabilities like Tandem-L.
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