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Abstract

MIMO SAR employs multiple transmit and receive channels to improve the imaging performance and to acquire novel
geoinformation products. One example is SAR tomography, where the simultaneous transmission and reception with mul-
tiple antennas can provide a large number of baselines with a small number of antennas. In the limit, an appropriately de-
signed MIMO-SAR configuration with Ny, transmitters and N, receivers can provide in total Ny, - Ng, independent
phase centers and therefore Ny, - Ng, — 1 independent baselines for SAR tomography. The other extreme is provided by
uniform linear arrays with co-located transmitters and receivers. Such configurations are characterized by a large number
of overlapping effective phase centers and are therefore regarded as highly redundant. In this paper, we will show that such
a redundancy is nevertheless well suited to resolve an inherent challenge of conventional SAR tomography, which is lim-
ited in providing unambiguous 3-D scatterer position estimates in case of multiple scattering. For this, we show that redun-
dant MIMO arrays allow not only an a posteriori beamforming on receive, but, at the same time, also a comparable a pos-
teriori (i.e. after data acquisition) beamforming on transmit. This means that one can emulate, from one and the same rec-
orded MIMO-SAR data set, different illumination scenarios on transmit and receive. By evaluating the 2-D spectrum
provided by the independent Tx and Rx beams, it becomes then possible to differentiate between single- and multiple-
bounce scattering. The separation between single- and double-bounce scattering has also been successfully demonstrated in
a ground-based radar experiment and is presented in another EUSAR paper [16].

1 Introduction

. ‘_ OO OO imaging geometry
Conventional SAR imaging implies a projection from the 04_’00 &9 with multiple
physical 3-D object space to a planar 2-D radar image d crosc ey

where the image coordinates are range and azimuth. This
means that a single image pixel contains the focused radar
echoes from all elemental scatterers that are contained with-
in a circular ring or torus centred on the platform path.' The
radius of the torus is given by the measured range and its
radial extent and width are provided by the range and azi-
muth resolutions, respectively. As a result, the elevationan- o ___
gle coordinates of the individual scatterers are lost, and a
single SAR image contains therefore only very limited in-
formation about the 3-D structure of the imaged scene.

phase centers

Figure 1: Illustration of SAR tomography. Multiple phase cen-

The objective of SAR tomography is to overcome this limi-  tres in the cross-track direction enable the formation of nar-
tation and to provide a real 3-D imaging of semi-transparent ~ row beams that can be used to separate scatterers that fall in
volume scatterers like vegetation, dry soil, sand, and ice [1],  the same range resolution cell but are located at different ele-

[2]. SAR tomography has furthermore the potential to re-  Vation angles 8,5,y
solve distortions in radar images due to layover and fore-

shortening [3], [4]. The basic idea of SAR tomography is  resolution Ah as
illustrated in Figure 1 which shows on the upper left multi-

ple phase centres that form a sparse aperture perpendicular Ah =~
to the flight direction. The phase centres may represent the m L cos 0150
positions of real antennas or they may be virtual, as in the
case of a multistatic MIMO SAR with multiple transmitters
and receivers. By combining the signals from the phase
centre positions, it becomes possible to form a set of narrow
beams that provide additional information about the scatter-
er distribution in the elevation direction. This information is
now well suited to divide the torus-shaped resolution cell
from a conventional SAR acquisition into a set of smaller
3-D resolution cells. Assuming a sufficiently fine range res-
olution, it is then straightforward to compute the vertical
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where A is the wavelength, 7, the slant range, 6;,,. the local
incident angle, m a factor that is m = 1 for a bistatic sin-
gle-pass formation and m = 2 for a monostatic repeat-pass
configuration, 6;,,, the array look angle, and L the length
of the virtual array (cf. Figure 1). Another parameter of in-
terest is the height of ambiguity. Ambiguities in the tomo-
graphic measurements arise from grating lobes of the sparse
array. Assuming a uniform arrangement of the antennas, the
spacing between the grating lobes is determined by the sep-
aration between the virtual phase centres and it is again
straightforward to compute the maximum volume height h,,

! This common view is only true for single scattering (first Born approxi- that can be imaged without vertical aliasing as
mation). In case of multiple scattering, the corresponding objects may be

located outside the torus. This will be discussed later in more detail and we h
will see that MIMO SAR offers interesting opportunities to separate single v
from multiple scattering.

_ A1y sinB,
md cos Ok

@

ISBN 978-3-8007-4228-8 / ISSN 2197-4403 91 © VDE VERLAG GMBH - Berlin - Offenbach, Germany



11th European Conference on Synthetic Aperture Radar

EUSAR 2016

h =500 km 52

.l ' IIO m
-bSO

10 m

S1%

7, = 500 km

10 Monostatic Passes

LN N N N L B BN B B

L I R B N B B |

0.8

LA S B B

0.6

T

0.4

T

Normalized Amplitude
T

0.2

L

i
-0.0010

L
-0.0005

0.0005
Steering Angle [deg]

0.0

i L L Vit
0.0000 0.0010

Normalized Amplitude

h =500 km

7, = 500 km

1 Transmitter and 10 Receivers

T T T T T T T T T T T T T

A}
]

1

08
0.6
0.4

i
1
i
i
I
1
i
!
1
I
1
1
1
1
i

02

UL L s B e B B B Sy B B
roR IR RS I I T I R

l h

! I |

- L 4 bij r N

1 1 ‘l 1 \

JT I D LR P B
-0.0005 0.0000 0.0005 0.0010

Steering Angle [deg]

M 7

;M 1
P S

-0.0010

0.0

Figure 2: Comparison of monostatic repeat-pass (left) and multi-static single-pass (right) SAR tomography. The blue curves show
the single-bounce response obtained for scatterer SO (Tx—>S0->Rx). The red curves show the double bounce response for scatter-
ers S1 and S2 (Tx>S1>S2>Rx and Tx>S2->S1>Rx). Note the striking difference between the responses for the repeat-pass
monostatic and the single-pass multistatic configurations in case of multiple scattering.

From Equation (1) it becomes clear that a large array extent
L is required to obtain a good vertical resolution. On the
other hand, Equation (2) reveals that a fine spacing between
the phase centres is required to avoid height ambiguities.
Assuming a uniformly spaced (real or virtual) antenna ar-
ray, the number of required phase centres is easily comput-
ed from the ratio of the volume height h,, that should be
imaged without ambiguities and the vertical resolution Ah
as N = h,,/Ah + 1. Hence, a large number of phase centres
is typically required.

2 Repeat- & Single-Pass Tomography

There exist three basic configurations to obtain the required
number of baselines for SAR tomography:

e multi-pass tomography with a conventional
monostatic SAR satellite,
e single-pass multistatic SAR tomography with one
transmitter and Np, receiver satellites,
e single-pass MIMO-SAR tomography with Np,
transmitters and Np, receivers.
A further option, to be discussed in more detail in Section 3,
is the combination of several repeated single-pass acquisi-
tions with varying baselines. To obtain a uniform frame-
work for the analysis of the different configurations, they
are often described in terms of their virtual phase centres
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that shall provide a direct link between equivalent mono-
and bistatic configurations [5], [6], [7], [8]. This simplified
description neglects, however, some important differences
which are analysed in more detail in Figure 2.

The upper left panel of Figure 2 illustrates a monostatic re-
peat-pass scenario where the scene is imaged by ten passes
of a conventional SAR satellite. It is, moreover, assumed
that the individual passes are uniformly separated by per-
pendicular baselines of 250 m. The upper right of Figure 2
shows, in contrast, a multistatic single-pass scenario, where
the scene is illuminated by a single transmitter and the scat-
tered signal is simultaneously recorded by 10 receivers that
are mutually separated by perpendicular cross-track base-
lines of 500 m. According to classic theory, the two config-
urations are equivalent in terms of their virtual phase centre
positions [5], [6], [7], [8].

For each of these two SAR configurations we consider now
two scattering scenarios: the first contains a single scatterer
S0 that is located on the ground (blue circle), while the sec-
ond consists of a double-bounce configuration with scatter-
er positions S1 and S2 as indicated by the red circles. The
signal path for the first scenario is simply given by
Tx—=>S0~>Rx. For the second scenario, we have, from reci-
procity, the two equivalent signal paths Tx>S1>S2->Rx
and Tx>S2->S1>Rx.
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Figure 4: Comparison of single-bounce (left) and double-bounce (right) scattering scenarios for a TanDEM-X-like mixed single-
and repeat-pass scenario. The upper row illustrates the acquisition scenario where the bistatic receiver (Rx) satellite is assumed to
remain at the same central position for each pass and the combined transmitter and receiver (Tx/Rx) satellite systematically varies
its position from pass to pass as indicated by the grey satellites. The blue dotted lines on the left indicated the ray paths from the
Tx/Rx satellite to the single scatterer SO and back to both receivers. The red dotted lines on the right illustrate the corresponding
ray paths for the double bounce scattering scenario. The lower row shows for the single-bounce (left) and double-bounce (right)
scattering scenarios the beamforming results where all available monostatic and bistatic data from 10 passes of the satellite for-
mation have been employed with uniform amplitude weights.

The bottom of Figure 2 shows the corresponding results af-  two mutually displaced beamforming lobes from double-
ter tomographic processing, where we employed a straight-  bounce-scattering may have annoying consequences for
forward beamformer in the elevation direction. It becomes  single-pass bistatic SAR tomography by disturbing the
evident from the left column of Figure 2 that the repeat-pass ~ tomographic image as illustrated in Figure 3.

monostatic configuration yields, up to an irrelevant ampli-
tude scaling, the same elevation-angle response for the sin-
gle- and double-bounce scattering scenarios. This has been
expected, as it is well known that the effective phase centre
position for the double-bounce scattering from S1 and S2 is
located at SO. The bistatic configuration, shown in the right
column of Figure 2, yields for the single scatterer, again up
to an irrelevant amplitude factor, the same response as in
the monostatic case. For the double-bounce scattering, there
are, however, striking differences between the single-pass
and repeat-pass tomographic results: while the monostatic
response is characterized by a single elevation lobe, the bi-
static response shows now two different elevation lobes.
This can be understood by the fact that the received radar
echo (or scattered wave) has its origin always at the position
of the last scatterer (i.e. S2 in case of Tx>S1->S2->Rx and
S1 in case of Tx>S2->S1>Rx), and the Rx beamformer Figure 3: Single-pass tomography misinterprets the signals

therefore focuses always to this position. The presence of from double-bounce scattering as single-bounce scatterers be-
low (blue dots) and above (green dots) the ground.
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Figure 5: Results from a generalized 2-D mono-/bistatic beamformer for single-bounce scattering (left), double bounce scattering
(middle), and a scenario with three single-bounce scatterers at the same range (right). The steering angles for the monostatic and
bistatic data subsets are indicated on the horizontal and vertical axis, respectively.

3 Combination of Single-Pass and
Repeat-Pass Acquisitions

In the previous section, we illustrated the striking differ-
ences that may arise between single-pass bistatic and re-
peat-pass monostatic tomograms in case of multiple scatter-
ing. Additional ambiguities may arise if the data from mul-
tiple passes of a bi- or multistatic satellite formation with
multiple receivers and/or transmitters are combined to ob-
tain a large number of virtual phase centres. While one can
imagine a great variety of such configurations, we consider
here for illustration a particularly simple scenario, where the
formation consists of a single transmitter and two receivers.
Such a scenario may, for example, arise in TanDEM-X or
Tandem-L, where one satellite follows always the same or-
bital tube, while the second satellite is characterized by var-
ying cross-track baselines [9], [10]. Figure 4 illustrates for
such a scenario the corresponding beamforming results for
the case of single- and double-bounce scattering. It becomes
clear that the tomographic response from the double-bounce
scattering scenario is now characterized by three ambiguous
peaks that could also result from three individual single-
bounce scatterers at different heights.

A possible approach to differentiate the two scenarios may
be a separation of the monostatic and bistatic data into two
disjoint sets. By forming for each of these sets a tomogram,
one can explore the resulting product space and look for
systematic differences between the monostatic and bistatic
tomograms in case of single- and double-bounce scattering.
One such example is illustrated in Figure 5 where we show
the results of a generalized 2-D beamformer that steers the
beams for the mono- and bistatic data to different directions
as indicated by the horizontal and vertical axes. It becomes
clear that the responses from single-bounce (left) and dou-
ble-bounce (middle) scattering occupy different locations in
the 2-D beamspace. The positions in the 2-D beamspace
are, however, not unambiguously associated with single-
and double-bounce scattering. This is illustrated in Figure 5
on the right, which shows the 2-D response for the case of
three single-bounce scatterers that all have the same range
as the scatterer SO, but slightly different elevation angles.
We will show in the following that a MIMO SAR with mul-
tiple transmitters and receivers offers additional degrees of
freedom that are well suited to unambiguously distinguish
between single and multiple bounce scattering.
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4 MIMO-SAR Tomography

It has often been emphasized that the employment of
MIMO-SAR techniques offers the potential to provide a
large number of virtual phase centres with a limited number
of transmitters and receivers [11], [12]. For example, an ap-
propriately designed MIMO-SAR satellite formation with
three transmitters and five receivers could provide, in a sin-
gle pass, a vertical resolution of Ah = 5 m for a height of
ambiguity of h, = 70 m. In case of structured scattering
environments, which may, for example, arise from distinct
vertical layers in forests or sparse scatterer densities in ur-
ban areas, the height resolution could be further improved
by employing, for example, dedicated spectral estimation or
compressive sensing techniques [13], [14].

Beyond these obvious advantages for the cost-efficient im-
plementation of a spaceborne single-pass tomographic ra-
dar system, MIMO SAR offers another and somewhat
complementary opportunity for SAR tomography. For this,
we consider a MIMO-SAR configuration that forms a uni-
form linear array of co-located Tx and Rx antennas as illus-
trated on the upper left of Figure 6. On the first sight, such
an arrangement may seem as a waste of system resources,
since it generates a large number of virtual phase centres

MIMO-SAR ‘@

Array 'g

Figure 6: MIMO SAR provides full control over the shape and
direction of the Tx and Rx beams after signal reception. Such
a posteriori beamforming can, for example, be used for the
separation of different scattering mechanisms in natural and
artificial environments.
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Figure 7: MIMO-SAR tomography with distinct Tx and Rx beams for different scattering scenarios. The upper left plot shows
the generalized 2-D Tx/Rx beamformer response for the single-bounce scatterer S0 illustrated by the blue dot in Figure 2. The
upper right plot shows the corresponding double-bounce response from S1 and S2 where the upper left response represents the
ray path Tx->S1->S2->Rx, and the lower right response represents Tx->S2->S1->Rx. The lower left plot illustrates the response
for the combined single-bounce and double-bounce scattering scenario from Figure 2. The lower right plot illustrates, for com-
parison, the response for three single-bounce scatterers that have all the same range, but different elevation angles. The results
demonstrate the capability of MIMO-SAR tomography to unambiguously differentiate between different scattering mechanisms.

that are coincident and therefore regarded as "redundant" in
almost every MIMO-SAR publication. As before, we fur-
ther assume that the echoes from the multiple transmitters
can be well separated within each receiver. This may, for
example, be achieved by simultaneously transmitting mutu-
ally short-term shift-orthogonal (STSO) waveforms from
the different transmitters and applying a set of appropriate
space-time filters to the recorded radar signals within each
receiver [15]. By this, one gets, for each receiver, Ny, inde-
pendent SAR images out of its recorded radar echoes. By
combining these Ny, image signals in a linear beamformer,
one can, from one and the same recorded data set, emulate a
wide spectrum of illumination scenarios that range from the
wide beam radiation pattern of a single transmitter to a
highly advanced Tx beamforming where sharp nulls are
formed in some desired directions. Note that this a posteri-
ori Tx beamforming is completely independent from any
Rx beamforming that would involve the combination of the
radar signals from multiple receivers.
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One interesting application scenario for the separate Tx and
Rx beamforming with a collocated MIMO-SAR array is
illustrated in Figure 6. Here, a narrow transmit beam is
formed for each receiver by a linear superposition of the
separated signals from the multiple transmitters. We next
assume that the emulated Tx beams of all receivers are
steered to the same point, which is in this example located
on the left hand side of the house. By combining the signals
from the multiple receivers, one can again form a narrow
Rx beam. The classical approach would be to steer the Rx
beam to the same direction as the Tx beam. An interesting
option arises, however, for the case where the virtual Rx
beam is steered to a direction that is different from that of
the virtual Tx beam. Assuming that the two beams have no
mutual overlap, all radar echoes from single-bounce scatter-
ing will be suppressed, since either the scatterer is outside
the Tx beam and therefore not illuminated, or the radar echo
arrives from a direction that is not covered by the Rx beam.
By this, it becomes, for example, possible to separate sin-
gle-bounce scattering from multiple-bounce scattering.
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A systematic variation of the Tx and Rx beams opens now
an (Nr, * Ng,)-dimensional observation space that can be
used for the analysis and separation of different scattering
mechanisms in both natural and artificial environments. A
simple example for such an analysis is illustrated in Figure
7, which shows the results of a generalized 2-D Tx/Rx
beamformer for different single- and double-bounce scatter-
ing scenarios. The upper left and upper right plots show the
individual responses for the single- and double-bounce scat-
tering scenarios of Figure 2, respectively, while the lower
left plot shows the response to a joint single- and double-
bounce scattering scenario. The lower right plot illustrates,
for comparison, the generalized 2-D Tx/Rx beamformer
result for the case of three single-bounce scatterers that are
all located at the same range, but at slightly different eleva-
tion angles with respect to the MIMO-SAR satellite for-
mation.

For a discussion of the results, recall that the scenario of
Figure 2 contained a single-bounce scattering from SO0, and
a double-bounce scattering from S1 and S2. The single-
bounce scattering from SO is clearly visible in the centre of
the generalized 2-D Tx/Rx beamformer results, where the
transmit and receive beams are jointly steered to 0°. On the
other hand, the double bounce response from
Tx>S1->S2->Rx is visible in the upper left by steering the
Tx beam to -0.006° and the Rx beam to +0.006°. Vice ver-
sa, the double bounce response from Tx>S2->S1>Rx is
visible in the lower right by steering the Tx beam to
+0.006° and the Rx beam to -0.006°. In contrast, the two
additional single-bounce scatterers, which are only present
in the lower right plot of Figure 7, are clearly identified by
steering the Tx and Rx beams jointly to either -0.006° or
+0.006°. From these results, it becomes evident that the 2-D
MIMO-SAR tomograms in Figure 7 preserve the difference
between single- and double-bounce scattering, and, as op-
posed to Figure 5, no mixing occurs between these two
scattering mechanisms.

5 Discussion

Conventional SAR tomography is implicitly based on the
first-order Born approximation. This neglects multiple scat-
tering and can therefore cause scatterer mislocations and/or
distortions in the tomogram, as illustrated in the simple ex-
ample of Section 2. Building up on this observation, it has
been shown that MIMO-SAR tomography offers the oppor-
tunity to gain additional information in complex scattering
scenarios and to resolve ambiguities from multiple scatter-
ing. Further information can be obtained by combining
MIMO-SAR tomography with a fully polarimetric mode
which further extends the information space and is also well
suited to separate single- from double-bounce scattering.
The combination of MIMO-SAR tomography with SAR
polarimetry promises therefore high potential for the analy-
sis of complex three-dimensional scattering scenarios.

To prove some of the ideas put forward in this paper, a ded-
icated experiment has been performed by employing a
ground-based MIMO demonstrator within an artificial envi-
ronment that contained an appropriate arrangement of both
single- and double-bounce scatterers. The preliminary re-
sults of this experiment confirm the ideas put forward in
this paper and are presented in an accompanying paper [16].
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