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Abstract— The interest in bistatic synthetic aperture radar,
using separated transmitter and receiver flying on different
platforms, has been increasing rapidly over the last years.
The reason for this are specific advantages, like the reduced
vulnerability in military systems, forward looking SAR imaging,
additional information about the target, or increased RCS (see
e.g. [1]). Nevertheless, besides technical problems (see [2]) - like
the synchronisation of the oscillators, the involved adjustment
of transmit pulse versus receive gate timing, antenna pointing,
flight coordination, double trajectory measurement and motion
compensation - the processing of bistatic radar data is still not
sufficiently solved. Some of the possibilities and problems will
be discussed. The second part of this paper deals with a bistatic
experiment performed in November 2003: Two SAR systems of
FGAN have been flown on two different airplanes, the AER-II
system has been used as a transmitter and the PAMIR system
as a receiver. Different spatially invariant flight geometries have
been tested. High resolution bistatic SAR images were generated
successfully.

I. INTRODUCTION TO BISTATIC SAR PROCESSING

There are different approaches to bistatic SAR processing
based on well-known classes of monostatic processors with
either high numerical effort or more or less tolerable approxi-
mations ([3] - [6]). Recently, in [7] a technique was introduced,
how bistatic raw data can be transformed in such a way that
a monostatic SAR processor can be applied. The key to this
approach, the so called "Rocca’s smile operator”, has been
further discussed in [8].

Bistatic SAR processing can be ordered on the one hand by
the type of processor, on the other hand according to the flight
situation. First, we recall the principle types of processors. The
matched filter processor (MFP) optimises the signal-to-noise-
ratio and offers an optimum but computationally inefficient
solution. For each pixel of the image, the signal expected
from a scatterer at this place is complex conjugated, multiplied
by the measured data and summed up. The local aperture
optimum processor (LAP) approximates the MFP for short
apertures yielding an image of in principle non limited size, but
with a coarse azimuth resolution. It tends to a simple range-
Doppler processor without range migration correction, which
starts with a range compression and then works along the range
bins separately.
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The idea of the range-Doppler processor including range
migration compensation (RDP) can be transferred to the
bistatic case. The local image optimum processor (LIP) ap-
proximates the MFP in a small region around an image point.
It results in a generalised polar reformatting scheme. The
backprojection processor (BPP) performs a successive image
formation after range compression by projecting the range
lines from the appropriate direction onto the image plane.
The computational effort of this technique can be decreased
by fast backprojection processing (FBP) techniques. One of
the most popular techniques for the monostatic case is the
range migration processor (RMP) combining near-optimum
performance with high numerical efficiency. The key step of
the RMP is formed by an interpolation in the k-space. An
exact solution for an RMP in the bistatic case has not been
presented up to now; nevertheless, [5] and [6] show how an
approximate processor of this type can be evaluated. Finally,
the pre-processing technique (PPT) ([7]) combined with any
monostatic processor is a way to achieve focused bistatic SAR
images.

To rank the complexity of the geometrical situation, we
regard different stages ([6]): Stage O describes the monostatic
geometry (i. e. the simplest special case). Stage [ is called
"tandem configuration’: Receiver and transmitter are travelling
along the same path with constant and equal velocities. Stage
2 denotes the ’translationally invariant configuration’, i. e.
receiver and transmitter have the same velocity vector. If the
coordinates in the direction of motion coincide, the ’across
track’ situation is given. Stage 3 describes the ’constant
velocity configuration’: Receiver and transmitter have arbitrary
but constant velocity vectors, and stage 4 refers to the general
configuration with receiver and transmitter travelling along
arbitrary flight paths. Further, we have to discriminate, if a
strip-map type of an image is desired or a spotlight type,
or if even a “sliding mode” is considered. This determines
the beamsteering of the antennas, and effects time-invariant or
time-variant data-windows in the azimuth-frequency region.

Not each of the above mentioned processors can be applied
to each stage of geometrical complexity. For instance, the
RMP introduced in [6] demands a translational invariant
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Fig. 1.

configuration, the PPT in [7] even a pure tandem configuration.

II. PREMISES

Let the positions of the transmit and receive antenna phase
centres be denoted by R;(£), ¢ = 1,2, where £ parametrises
the paths of the two antennas. In the following, we assume
that they are linear functions of &:

R:(&) =R"” +¢v;, i=1,2 (1

(v; are the velocity vectors, if £ is chosen to be the time). The
arithmetic mean R,0n0(&) = (R1(£) + Ra(£))/2 serves as a
monostatic reference.

Further, we regard an arbitrary point scatterer at the position
r = (z,y,2)!. We define the transmit and the receive range
history of that point by R;(&;r) = |R;(§) —r|, i=1,2 and
the bistatic range history by the sum R(&;r) = R1(&;r) +
R5(&;r). Some approaches to bistatic processors like [7] start
from the range history due to the monostatic reference and
compensate the difference of the bistatic range history.

After transformation of the recorded samples to the range
wavenumber domain (denoted by k,.) and inverse filtering (see
[15]) the signal from a point scatterer at position r with a
normalized reflectivity is given by

(&, kyyr) = e R HETy (& r) )

over the covered k,.—interval. The window w({,r) comprises
the effect of the two antenna patterns and the radar range
law. If the reflectivity distribution is denoted by a(r), the
signal of all scatterers is the superposition of the individual
contributions:

2(&, k) = /s(&,kr;r)a(r)dr. 3)

The maximum SNR for a reconstruction of the reflectivity
is achieved by the matched filter processor

a(r)=C / / 2(&, k) e?*r B ED e di,.,

provided that the superposed noise is white over ¢ and k.

“
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Bistatic processors: a) Range-Doppler processor, b) Backprojection processor, ¢) Modified range-migration processor

III. BISTATIC RANGE-DOPPLER PROCESSOR

A range-Doppler type processor has been applied to real
bistatic data (see SAR image displayed in Fig. 4). It consists
of the following steps (see Fig. 1, part a):

The data are pre-processed and the range-compression is
performed. For the pre-processing, the knowledge of the
transmitted waveform is necessary; either, a-priori assumptions
can be applied, or the direct signal can be analysed, or the
waveform can be extracted from the raw data, using strong
point reflectors. Drifts of the receive-gates and the oscillators
have to be compensated. The next step is an “azimuth”-
FFT (better: £&-FFT). Now, a Doppler- and range dependent
range migration correction is performed by interpolation. The
phase of the azimuth-signal has to be compensated. These two
steps demand the precise knowledge of the flight paths, or
an autofocus algorithm has to be applied. The processing is
completed by an azimuth IFFT.

IV. BISTATIC BACKPROJECTION PROCESSOR

According to Eq. 4, the integration along k, can be per-
formed for each ¢ resulting in a range-compressed signal
Z (&, ). The second integral sums up all the contributions from
the different points of the path:

ar) = [ 2( R&r)de. )

This integral can be carried out by adding from pulse to
pulse the relating contributions from the range compressed
signal for each pixel of the final image (see Fig. 1, part
b). Since the data acquisition is done in the base-band, a
phase compensation due to the bistatic range history has to be
applied. The scene and the flight path are modelled in truly
three-dimensional coordinates.

Of course, the pre-processing steps described in the former
paragraph and autofocusing have to be performed, too. An

image achieved by this processor for real data is shown in
Fig. 5.



M

Fig. 2. Systems and carriers. Left: Dornier Do-228 with AER-II, right: Transall C-160 with PAMIR

V. BISTATIC RANGE MIGRATION PROCESSOR

As a step to a numerically efficient processor we intro-
duced a processor of a type characterised by frequency-
domain”, “range-migration” or “omega-k” in [6]. The well
known monostatic range migration processor transforms the
data into the (ke,k,)-domain, followed by an interpolation
(’Stolt interpolation™) to the (ke, k,)-domain. An inverse 2D-
Fourier transform results in the complex SAR image. For the
bistatic case, this procedure cannot be applied directly. In
the following, we restrict our considerations to the spatially
invariant case. The idea of [6] is that an arbitrary deformation
of the y-variable to a new q-variable is allowed. By the
application of the principle of stationary phase, it can be shown
that an exact processor of omega-k type results if the stationary
phase

\Ij(kry C) Q) = _krG(C7 Q)7 (6)

where C' = —k¢ /k. is a generalised cosine, contains the linear
function G(C,q) of the new variable ¢ for each C. It was
shown that the monostatic geometry has this property for a cer-
tain choice of y = f(q). In the general translationally invariant
case, the stationary phase has to be evaluated numerically, and
the function G(C, ¢) has to be approximated by a linear fit.
The remaining errors can be controlled by dividing the
frequency data into several segments which are processed
separately. It should be mentioned, that our processor passes
into the optimum processor for any of the following limits: a)
swathwidth-to-range ratio tends to zero, b) bistatic angle tends
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to zero, c) relative bandwidth tends to zero.
The subsequent steps to be performed are:

o Transform data to the (k;, k) - domain,

o Determine the mapping ¥y = f(g) in such a way that
G(C*,q) is linear in ¢ for a central C*,

 For each C, ¢ calculate G(C, ¢). For each C, perform a
MMS straight line fitting of G(C, q) in the g-variable by
9(C) +h(C)q,

o Develop the image in the (k,k,)-domain by interpo-
lation and multiplication by a phasor. Apply a two-
dimensional inverse Fourier transform to the (z,gq)-
domain, Re-sample the image to the (x,y)-plane,

o Repeat the process for different segments, if the intro-
duced phase error is too large.

VI. FLIGHT EXPERIMENTS

Besides other European radar research institutes, like the
DLR and ONERA [10], [11], or QinetiQ [12] the FGAN
also undertook a bistatic airborne experiment with its two
SAR sensors PAMIR and AER-II last year [13], [14]. The
experiments consisted of several flight configurations with
bistatic angles from 13 up to 76 degrees. To the authors’
knowledge, these are the first experiments with such a large
bistatic angle and a signal bandwidth of 300 MHz.

The transmitting sensor, AER-II, was placed on a Dornier
Do-228 and the receiving sensor, PAMIR, on a Transall C-
160 ([15], [16], [17]). Both SAR sensors operate at X-band
and their bandwidths coincide over a range of 300 MHz. Due



. 4. TImages of part of an airfield. Left: bistatic SAR image, right: optical image

Fig. 5. Left: monostatic SAR image for comparison, right: bistatic SAR image of the same scene processed with the BPP
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Fig. 3. Flight geometries used in the experiment (1=transmitter, 2=receiver)

to a large receiving window a synchronisation of the system
oscillators was not necessary. In all flight configurations the
two aircraft flew in the translationally invariant configuration.
Primarily, the influence of the bistatic angle (see Fig. 3) was
explored. For this purpose, the distance and the altitudes of
the airplanes were adjusted in such a way that bistatic angles
from 13 up to 76 degrees resulted.

First SAR images show the success of the bistatic flight
campaign. The bistatic SAR image presented in Fig. 4 was
recorded in a flight configuration with a bistatic angle of 29
degrees according to Fig. 3. The bistatic SAR image shows
part of an airfield. At the top one can see the runway and
some other taxiways, while at the bottom one can recognize
two hangars. In order to evaluate the bistatic image, an optical
image of the same scene is included.

The right image in Fig. 5 is processed using the bistatic
backprojection algorithm. The flight configuration for this
image differs from Fig. 4 in that the airplanes were flying
at the same altitude with a bistatic angle of 13 degrees. On
the left a monostatic image of the same scene is displayed.

VII. SUMMARY

In this paper, three types of bistatic processors have been
addressed. The first two of them, the bistatic range-Doppler
processor and the bistatic backprojection processor were ap-
plied to real data collected during a flight campaign with the
two SAR systems AER and PAMIR. The third, a new bistatic
processor of omega-k type, has been introduced in [6] and was
tested for simulated data. The next step will be to apply it to
the measured data.
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