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Abstract—This paper discusses the capabilities of multistatic SAR
satellite configurations for different applications like high
resolution DEM generation using multibaseline single-pass crosstrack interferometry, 3-D vegetation mapping and layover
solution with spaceborne SAR tomography, high resolution wide
swath SAR imaging with sparse satellite arrays, multibaseline
velocity estimation of moving objects and scatterer fields, spatial
and radiometric resolution enhancement in SAR images, and
multistatic imaging for improved detection and classification.
Furthermore, some major challenges like phase and time
synchronisation, multistatic SAR processing, satellite orbit
selection, and relative position sensing will be addressed.

I.

INTRODUCTION

Multistatic synthetic aperture radar operates with multiple
receive antennas which are distributed among different
platforms. Such a spatial separation has several operational
advantages which will increase the capability, reliability and
flexibility of future SAR missions [1]. Potential application areas
of multistatic SAR systems include single-pass cross-track and
along-track interferometry, spaceborne tomography, wide swath
imaging, resolution enhancement, interference suppression,
ground moving target indication, and multistatic SAR imaging.
The simultaneous data acquisition with multiple satellites avoids
temporal and atmospheric disturbances, improves the
performance, and enables the detection of fast changes.
Multistatic SAR systems may be divided into semi-active
and fully-active configurations. Semi-active configurations
combine an active illuminator with one or more passive
receivers as shown in Fig. 1 on the left. This allows for the use
of low-cost receive-only microsatellites, thereby enabling a
cost-efficient implementation of single-pass SAR systems with
multiple baselines. Examples for semi-active configurations are
the Interferometric Cartwheel [2] and Bissat [3]. In a fully
active configuration, each radar has both transmit and receive
capabilities as illustrated in Figure 1 on the right. Fully active
systems can be operated in many different modes, thereby
providing increased flexibility, easy phase synchronization, and
higher redundancy. Examples for fully-active systems are
TechSAT 21 [4] and TanDEM-X [5]. The following sections
discuss the potentials and challenges of such systems.

II.

MULTI-BASELINE CROSS-TRACK INTERFEROMETRY

The increased bandwidth of future spaceborne SAR systems
enables coherent interferometric data acquisitions with large
cross-track baselines. Such baselines are well suited to reduce
the impact of system induced errors due to limited SNR or
limited baseline knowledge. However, large baselines are also
associated with an increased susceptibility to height ambiguities
in case of DEM generation. The classical technique to resolve
such ambiguities is phase unwrapping, which exploits the
correlated structure of natural topography caused by
gravitational forces and erosion. While it may be expected that
such techniques profit from the improved spatial resolution of
future SAR sensors, it is also clear that classical phase
unwrapping runs into its limits in case of large baseline
acquisitions of e.g. rough topography [6]. For example, the
currently planned TanDEM-X mission will make use of only ca.
2% of the critical baseline for operational DEM generation [7],
thereby neglecting the great potential to increase the height
accuracy by one order of magnitude down to the decimeter or
even centimeter level.
Recently, several innovative techniques have been suggested
to resolve phase ambiguities in large baseline interferograms.
One approach is based on the determination of the absolute
phase by estimating the mutual range shift between
corresponding pixels of two complex SAR images [8][9]. The
left hand side of Fig. 2 shows predictions of the resulting height
accuracy for TerraSAR-L, TerraSAR-X, and ERS/Envisat. In
this example, we assumed a perpendicular baseline
corresponding to 10% of the critical baseline, a coherence of 0.8
which is an optimistic value for a repeat pass scenario but a
good approximation for e.g. a TerraSAR-L cartwheel-like
configuration [10], and an independent post-spacing of 10m for
TerraSAR-L and TerraSAR-X (30m for Envisat/ERS).

Figure 2. Height accuracy predicted from Cramer-Rao bound for differential
shift esimtation (cf. [9]) for 10% of the critical baseline (left) and ratio
between absolute height accuracy and height of ambiguity (right). Solid:
TerraSAR-X (150MHz, 10m posting). Dashed: TerraSAR-L (85MHz, 10m
posting). Dotted: ERS1/2 viz. ASAR/Envisat (16MHz, 30m posting).

Figure 1. Semi-active (left) and fully-active (right) multistatic SAR systems.

The right hand side of Fig. 2 compares the absolute height
accuracy with the corresponding height of ambiguity resulting
from an interferometric combination of the SAR images. It
becomes clear, that the resulting accuracy is not sufficient to
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resolve the interferometric phase ambiguities which would
require a ratio ∆habs/hamb << 1.
Several other techniques have been suggested to resolve
phase ambiguities by a combination of multiple SAR images
acquired with different baselines [11]-[15]. Some of these
techniques evaluate the phase increments between adjacent
pixels in multiple co-registered interferograms, thereby taking
advantage of the deterministic relation between the baseline
length and the phase gradient [11]. Other techniques resolve
height ambiguities independently for each pixel [12], e.g. in an
Earth based coordinate system by using a maximum likelihood
approach [13]. This offers the opportunity to fuse multiple
height estimates acquired in completely different imaging
geometries, but requires also a precise knowledge of the
remainder phase (more precisely: remainder topographic height)
for each interferometric image pair. Still other techniques regard
height determination as a direction of arrival (DOA) estimation
in a sparse array and apply e.g. model based spectral estimation
techniques to fuse the information from multiple SAR images in
an unambiguous height estimate [14]. Interferometric
acquisitions with large baselines may also use a joint multichannel processing to minimize deteriorations from slope
dependent baseline decorrelation [15].
These multibaseline techniques can also be combined with
the differential ranging approach mentioned before. By this, it
becomes possible to bridge the ‘performance’ gap between the
height accuracy achievable from differential ranging and the
height of ambiguity associated with interferometric signal
evaluation. This is illustrated in Fig. 3 for a semi-active
TerraSAR-L formation which provides multiple cross-track
baselines at a selectable baseline ratio in one single pass [10].
The performance example on the right shows that it is possible
to increase the height of ambiguity by a factor of 10 if the
signals from two interferometric baselines are combined. A
combination of these two interferograms with the absolute
phase from differential ranging is hence sufficient to recover the
absolute phase in the large baseline interferogram. Using an
even larger (additional) baseline could then push the
performance up to the limits imposed by the critical baseline.
The multistatic SAR in Fig. 3 acquires all interferometric data in
a single pass using the same imaging geometry, thereby
enabling an efficient fusion of the SAR image stack in radar
slant range geometry. Further opportunities arise from a joint
evaluation of multibaseline coherence, which reflects important
characteristica of both volume and surface scatterers.
Multibaseline data acquisitions are also of great advantage
for Polarimetric SAR Interferometry (PolInSAR) [16][17]. For
example, the analyses in [18] demonstrate the intricate
connection of the PolInSAR performance with radar instrument
settings, baseline length, and volume height. The availability of
multiple baselines would hence allow a space variant selection
of those baselines which provide an optimum separation
between the vertical phase centers, thereby improving the
PolInSAR performance and avoiding phase ambiguities. Further
improvements are expected by a joint evaluation of all
multibaseline SAR signals [19][20], but optimized techniques
have still to be developed for the great variety of potential
scatterer and application scenarios. PolInSAR is furthermore
well suited for DEM generation since it enables a distinction
between digital terrain models (DTM) and digital surface
models (DSM) which are both of high interest for a broad
spectrum of scientific and commercial applications.

differential ranging with large baseline

small baseline interferometry (hamb=100m)

large baseline interferometry (hamb=10m)

Figure 3. Multibaseline single-pass data acquisition in Pendulum configuration
(left) and predicted DEM performance (right). The interferometric height
accuracy is shown for two baselines corresponding to a height of ambiguity of 100
m (dashed) and 10 m (solid). The dotted line is the predicted height accuracy for
differential ranging.

III.

SAR TOMOGRAPHY

A constellation of multiple radar satellites recording the
scattered signals from a common illuminated footprint can
also be regarded as a large aperture system with sparsely
distributed subaperture elements. The combination of multiple
receiver signals can hence be treated in the framework of array
processing. A prominent example is SAR tomography, which
combines the signals from several receivers to form a sparse
aperture perpendicular to the flight direction [21]-[25]. This
enables a real 3-D imaging of semitransparent volume
scatterers like e.g. vegetation, dry soil, sand, or ice. SAR
tomography has furthermore the potential to resolve SAR
image distortions due to layover and foreshortening [23][25].
Besides some laboratory experiments, SAR tomography has
up to now only been demonstrated by using multiple passes
either in an airborne [22] or a spaceborne configuration [24].
In these scenarios, major problems arise from temporal
decorrelation and unevenly spaced passes, which both limit
the achievable performance and require a sophisticated
processing to avoid high sidelobes in the tomographic
response. Pendulum-like satellite formations as shown in Fig.
3 are well suited to overcome such limitations by providing
multiple baselines at a precisely adjustable baseline ratio in a
single pass. Further advantages of single-pass multistatic data
acquisitions are significantly improved baseline knowledge,
no distortions due to systematic scatterer movements, the
cancellation of atmospheric disturbances, and better
predictability of the noise level within each channel, thereby
improving the inversion performance significantly. The
minimization of such disturbances becomes even more
important, as advanced SAR tomography techniques try to
incorporate more and more a priori information in the
multibaseline inversion process to e.g. increase the resolution
beyond the Rayleigh limit given by the maximum baseline
length (an extreme example is conventional DEM generation,
which assumes exactly one vertical layer within each
resolution cell).
Tomographic techniques can also be combined with
applications from cross-track interferometry. One example is
layover resolution in conjunction with multibaseline DEM
generation. This enables data takes with steep incident angles,
thereby increasing the SNR and avoiding DEM voids due to

shadows. Steep incident angle imaging is also of high interest
for urban environments and deep valleys. First steps in this
direction have already been made in [25], but further work is
required to apply such techniques to a real world environment
with e.g. multipass effects in urban areas, uneven satellite orbit
spacing, unknown number of layover layers, etc. Additional
baselines for layover solution can also be acquired with
multiple passes, but the spatiotemporal processing should then
clearly differentiate between the errors from the highly
coherent single pass acquisitions and the less coherent repeat
pass acquisitions to optimize the performance.
IV.

SUPPRESSION OF RANGE AND AZIMUTH AMBIGUITIES
AND RESOLUTION ENHANCEMENT

Another opportunity of a sparse satellite array is the
formation of very narrow antenna beams to suppress range and
azimuth ambiguities during the SAR image generation [26][30]. This will in turn lead to a reduction of the required
antenna size for each receiver, thereby enabling cost-effective
and powerful SAR missions with broad coverage and high
resolution. The opportunity for high resolution wide swath
SAR imaging avoids conflicts from operating SAR systems in
mutually exclusive imaging modes like ScanSAR, Stripmap,
and Spotlight. This enables regular observations of large areas,
satisfies a wider user community, and facilitates mission
planning. A further potential is efficient interference
suppression, which will become more and more important as
the congestion of the frequency spectrum by an ever rising
number of different users increases continuously. Sparse array
beamforming could also be combined with digital
beamforming within each receiver (cf. Fig. 4). This
combination of small and large array beamforming is well
suited to improve the performance [1][27].
passive receivers with
digital beamforming
on receive
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A coherent combination of multiple SAR images acquired
from different incident angles can also enhance the geometric
resolution [31][2]. This super-resolution technique may again
be regarded as the formation of narrow beams which divide
each resolution cell into multiple sub-cells. Multiple SAR
images can furthermore be combined incoherently to reduce
speckle and to improve the radiometric resolution without any
loss of spatial resolution. Such techniques are of high interest
to alleviate the bandwidth limitations for spaceborne SAR
sensors posed by international frequency regulations.
Range and azimuth ambiguity suppression can also be
combined with multibaseline SAR interferometry or
tomography [1]. For this, it becomes necessary to consider the

MULTISTATIC SAR IMAGING

Multistatic SAR can simultaneously provide multiple SAR
images with different viewing geometries, thereby increasing
the observation space considerably. This facilitates the
detection, classification, and recognition of both natural and
artificial objects [32][33]. Multistatic observations are
furthermore of great interest for measurements of surface and
vegetation parameters [34][35]. The ONERA-DLR bistatic
SAR experiment revealed that even small bistatic angles may
already cause a notable change of the scattering behavior [36].
A joint evaluation of mono- and bistatic SAR images could
also be used to isolate different scattering mechanisms, like e.g.
a distinction between highly directive dihedral returns from
more isotropic volume scattering. Such bi- and multistatic
scattering profiles could further be augmented with
interferometric information. The evaluation of multistatic SAR
images can furthermore use indirect information, e.g.
systematic variations of the shadow pairs seen by each receiver
[37]. Additional potentials arise for and from radargrammetry
[38]. Multistatic SAR imaging enables also a precise
localization and tracking of small objects in 3-D space [39].
High resolution bi- and multistatic SAR data can also be
acquired with nadir-looking receivers [1]. This enables a
simultaneous data acquisition of the same area with other
remote sensing instruments like altimeters, lidars, or
optical/hyperspectral sensors. The data from the different
sensors may then be combined for such different purposes as
DEM calibration, orthorectification, or multi sensor object and
scene classification.
VI.

transmitter
with high
efficiency

Figure 4.

complete 3-D signal focusing from raw data, and not, as
usually done in SAR interferometry and tomography, only the
1-D operator applied to the stack of range and azimuth focused
SAR images.

ALONG-TRACK INTERFEROMETRY AND MOVING
OBJECT INDICATION

Multistatic SAR satellite formations are predestinated for
large baseline along-track interferometry (ATI), which
compares the phase of two or more complex SAR images
acquired in identical geometries but separated by short time
intervals [40]-[45]. This technique is hence well suited for the
monitoring of dynamic processes. A prominent ATI application
is the measurement of ocean and tidal currents. Large alongtrack baselines are required for accurate measurements of slow
movements, while short baselines are required to avoid
ambiguities in case of higher velocities. Hence, an acquisition
with multiple along-track baselines would be of great help to
resolve ambiguities, thereby enabling improved and more
accurate measurements over a wide spectrum of potential
scatterer velocities [44][45]. Multistatic formations with three
or more receivers allow furthermore for the reliable detection,
localization, and velocity estimation of even slowly moving
objects on the ground [46]-[49]. Due to the large separation
between the individual receiver satellites, efficient clutter
suppression may be achieved, thereby enabling the detection
and localization of weak scatterers with low signal to clutter
ratio. The large receiver separation allows also for highly
accurate velocity estimates and mitigates the problem of
blindness against certain directions of scatterer movement. This
is e.g. of high importance for future spaceborne traffic
monitoring systems [50].

VII. REPEAT-PASS SPARSE ARRAY SAR
Further opportunities arise from a comparison of several
multistatic data sets acquired during different passes of the
satellite formation. For example, the combination of single pass
and repeat pass interferograms will have great potential for such
different applications as the detection of the grounding line which
separates the shelf from the inland ice, monitoring of vegetation
growth, mapping of atmospheric water vapor with high spatial
resolution, measurement of snow accumulation or detection of
anthropogenic changes of the environment, e.g. due to
deforestation. Note that most of these combinations rely on a
comparison of two or more single-pass cross-track interferograms
and do hence not necessarily require coherence between the
different passes. Further information may be gained from an
evaluation of coherence changes between different passes,
potentially augmented by polarimetric information. This may e.g.
reveal even slight changes in the soil and vegetation structure.
The information space of a multi-pass sparse aperture SAR
may further be increased by varying some system parameters
between different passes. One example is a PolInSAR system
which acquires the interferometric data in a single pass and the
different polarizations in subsequent passes. This ensures high
coherence within the interferometric channels, while simplifying
the mission design [18]. Another example is a systematic change
of the viewing geometry between different passes. This is e.g.
well suited to resolve errors during DEM generation in
mountainous terrain where steep slopes cause foreshortening,
layover, and shadows [6]. SAR interferograms from different
passes can furthermore be used to calibrate interferometric data
acquisitions, e.g. by block adjustment from crossing orbits.
Bi- and multistatic data acquisitions are also well suited to
separate the topographic (and in some cases also the atmospheric)
phase from scatterer movements between different passes,
thereby facilitating highly accurate measurements of even small
terrain and object displacements [51]-[53]. Further potentials arise
from differential tomography [54].
VIII. DISCUSSION
The previous sections revealed the great potential of
multistatic SAR satellite formations for a wealth of powerful
remote sensing applications. Most of these applications require
close satellite formations. Hence, orbit selection and collision
avoidance may become a major design driver. For example, the
Pendulum formation in Fig. 3 requires a sufficient along-track
separation between the satellites to exclude any collision risk at
the northern and southern turns. This may be achieved by
autonomous control [43]. An alternative is a slight modification
of the satellite formation such that the orbits have a small
vertical separation at the intersection of the orbital planes. This
results in a HELIX like movement without orbit crossing
[55][56]. The satellites may now be shifted arbitrarily along
their individual orbits. This enables almost vanishing alongtrack baselines for a given latitude range. Very short along-track
baselines are e.g. desired in case of DEM generation to avoid
residual temporal decorrelation for some types of vegetation, or
for interferometric data acquisitions of the ocean surface. The
opportunity for safe satellite operation using the HELIX concept
allows also for a closer distance between the transmitter and the
passive receivers in cartwheel-like satellite formations, thereby
enabling a potential increase of the coherent data space with
monostatic SAR images from the transmitter.

Close satellite formations enable also a highly accurate
measurement of the relative satellite positions by evaluating
GPS differential carrier phase signals. This improves the
baseline knowledge by at least one order of magnitude if
compared with the difference of independently estimated orbit
state vectors used in conventional repeat pass interferometry.
Since formation flying satellites are also exposed to highly
correlated orbit perturbations, it becomes possible to further
reduce the impact of residual baseline estimation errors [7].
Close formations allow also for a precise adjustment of the
inter-satellite baselines as required by several interferometric
and tomographic applications. Such a baseline adjustment is
orders of magnitude less sensitive to slight changes of
gravitational forces than the fuel consuming baseline control in
repeat orbits.
A further challenge is phase and time synchronization.
Oscillator stability is of special concern in bi- and multistatic
SAR systems, since there is no cancellation of low frequency
phase errors as in a monostatic SAR where the same oscillator
signal is used for modulation and demodulation. As discussed in
[1][57], phase errors may cause a time variant shift, spurious
sidelobes and a broadening of the bistatic SAR impulse
response, as well as phase errors in the focused signal. Hence,
appropriate calibration strategies are required to avoid such
errors, especially in case of interferometric data acquisitions.
One solution is a bidirectional phase synchronization link
between each receiver pair, e.g., by radiating the USO signal
[58] or by transmitting dedicated RF pulses as implemented in
the TanDEM-X mission [5]. The use of higher synchronization
frequencies has the advantage to minimize potential errors from
the ionosphere [59]. Fully active systems may also evaluate the
scattered signals from the common illuminated footprint, either
by switching the transmitter from pulse to pulse [60], or by a
simultaneous transmission of orthogonal waveforms (e.g.
different RF subbands), thereby avoiding the necessity of
dedicated antennas for phase referencing. An alternative is the
use of oscillators with significantly improved long-term stability
[61] in combination with a sparse net of calibration targets.
Phase errors in multistatic SAR could in principle also be
reduced by comparing the signals from multiple baselines,
analyzing multiple azimuth looks, comparing the azimuth shift
between monostatic and bistatic SAR images, and evaluating
the signals from multiple passes. Absolute DEM calibration
could furthermore take advantage from large baseline
stereogrammetric radar data acquired in repeat passes (e.g. by
evaluating monostatic data with large incident angle
differences). Such data are then well suited to eliminate low
frequency height errors caused by both insufficient oscillator
synchronisation and limited baseline estimation accuracy.
Further challenges arise from bi- and multistatic SAR
processing [1]. The previous sections exemplified a wealth of
different remote sensing applications, each relying on a different
processing of the information in the single-pass 3-D (or multipass 4-D) data cube acquired with a multistatic SAR. In the
future, many of these applications can be combined, like e.g.
high resolution wide swath imaging with SAR interferometry or
tomography, thereby mutually improving the performance.
Such combinations enable an extremely versatile SAR satellite
formation with compact antennas serving a broad spectrum of
powerful remote sensing applications.
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