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ABSTRACT

Using a far-field model, bistatic synthetic aperture radar (SAR)
acquires Fourier data on a rather unusual, non-Cartesian
grid in the Fourier domain. Previous image formation al-
gorithms were mainly based on direct Fourier reconstruc-
tion to take advantage of the FFT, but the irregular cover-
age of the available Fourier domain data and the 2-D in-
terpolation in the Fourier domain may adversely affect the
accuracy of image reconstruction. Back-projection tech-
niques avoid Fourier-domain interpolation, but ordinarily
have huge computational cost. In this paper, we present
a fast back-projection algorithm for bistatic SAR imaging,
motivated by a fast back-projection algorithm recently pro-
posed for tomography. It has reduced computational cost,
on the same order as that of direct Fourier reconstruction.
Furthermore, this approach can be used for near-field imag-
ing. Simulation results verify performance of this new al-
gorithm.

1. INTRODUCTION

In bistatic SAR imaging, the transmitting and receiving an-
tennas are spatially separated and may move along different
paths, whereas in monostatic SAR, a single antenna or colo-
cated antennas are used. Although monostatic SAR imag-
ing is predominant, bistatic SAR geometry is especially use-
ful for certain circumstances. For example, a high powered
transmitter can be operated at a safe distance from a tar-
get area while a covert receiver is flown close to the scene,
collecting returned signals and forming high resolution im-
agery.

Bistatic SAR imaging is somewhat more involved than
the monostatic case, due to the changing bistatic SAR ge-
ometry. To achieve computational efficiency, direct Fourier
reconstruction (DFR), based on the FFT, has been used for
bistatic SAR imaging [1, 2, 3]. In [1, 2], the FFT based
method used the far-field approximation for bistatic SAR,
�
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and the resulting algorithm has similarity to that in the mono-
static case [4]. This method does not consider effects of
wavefront curvature. Soumekh proposed a wavenumber do-
main algorithm accounting for wavefront curvature effects [3],
which is similar to the ����� algorithm for monostatic SAR.
But, this approach involves challenging interpolation in the
2-D Fourier domain that may cause artifacts in the image
domain. It also has the disadvantage of data coverage in a
region of irregular shape in the 2-D Fourier domain, which
makes it somewhat difficult to utilize all the data during re-
construction.

The standard back-projection (BP) algorithm can elim-
inate the above problems, but it has huge computational
cost. For an �	�
� image, the cost of BP is �
������� ,
whereas the cost of direct Fourier reconstruction (DFR) is
�
����������� � ��� , ignoring the interpolation. In this paper, we
develop a fast BP algorithm for bistatic SAR, motivated
by the fast BP algorithm proposed for tomography [5]. It
achieves computational cost on the same order as that of the
DFR.

In Section II we establish the bistatic SAR imaging model.
Then we illustrate the connection between the standard BP
algorithm and the benchmark wavenumber domain ( ����� )
algorithm for bistatic SAR in Section III. The fast BP algo-
rithm for tomography is briefly reviewed in Section IV. In
Section V, we outline the fast BP algorithm for bistatic SAR.
Finally we give simulation results to validate our approach
in Section VI.

2. BISTATIC SAR IMAGING MODEL

Figure 1 shows a typical bistatic SAR geometry, where both
the transmitting and receiving antennas move along straight
paths. We define the cross-range direction � to be the same
as the direction of the receiver flight path, and the range di-
rection � to be perpendicular to the cross-range direction.
The closest distance from the receiver to the center of the
ground patch is ��� . At the times of pulse transmission,
the positions of the transmitting and receiving antennas are
evenly spaced along their paths. The angular separation be-



tween the transmitter and the receiver with respect to the
center of the ground patch is called the bistatic angle, and
the line that evenly divides the bistatic angle is called the
bisector. At each position � � ��� � � � , the transmitting antenna
sends a microwave pulse. The receiving antenna at posi-
tion ����� � � � � records the return signal from the scene lying
within the radar footprint. The round-trip distance from the
transmitter to a point reflector at � � � � � � � and then back to
the receiver is� ��� � � � � � � �	� � � � � � ��
 � � � � � � � � ��
 ��� � � � � � �
 � � ��� � � � � ��
 � � � � � � � ��� (1)

Both radars work in spotlight mode, i.e., both antennas
are steered at the same ground patch during the entire oper-
ation period.

The typical microwave pulse sent by the transmitting
antenna is a linear FM chirp signal of the form

���	��� ��� ��� ,
where � ��� ��
�� ��� ��� �! �#"	$&%('*)�+�%-, � (2)

with
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Fig. 1. Bistatic SAR Imaging Model.

The radar return from a unit point reflector at ��� � � � � �
is a delayed version of the above transmitted signal, with
delay 8 % 
 � � � �9� � �9� ��� � � � � � � �&:<; . The return signal can
be expressed as:= ��� � � � � � � � � � � � � � � � ��
?>!@	A � �CB ��� � 8 % � �EDGF ��� � 8 % � � � �

(4)
Note that � � and � � both can be expressed as functions of
� � , when the two antenna trajectories are given. In the fol-
lowing we will express the returned signal as well as other
related parameters as functions of � � and � only.

The returned signal is the superposition of the returns
from all reflectors within the radar footprint. After demod-
ulation and phase compensation, the returned signal can be
shown to beH ��� � � � ��
JIKI � ��� � � � � �<� � �	� � ��L � ; � ��� �(� � � � � � � � H � � H � � �

(5)
where

� 
 �CB ��M(DGF ��� � � B ����� � � � � � � �; � (6)

on the interval � 6 � 
ONQP3RTS� 4U�V4 6 � 
WNQP3XZY� , where [ is the
transmitted chirp pulse length. � � � � � � � � is the scene reflec-
tivity at � � � � � � � . �]\_^�` and

�]\badc
are the longest and short-

est distances from the transmitter to the ground patch and
then back to the receiver, for each pair of the transmitter-
receiver positions.

� B is the distance from the transmitter to
the center of the scene and back to the receiver. In a typical
bistatic SAR setting, the range of � can be well approxi-
mated by � B �eDGF [ 4 � 4 � B 
 DGF [ .

The demodulated SAR data becomes the 1-D Fourier
transform of the projections of the ground patch reflectivity
� � � � � � � � along ellipses, with the two antennas at the foci [2].

3. STANDARD BACKPROJECTION ALGORITHM
AND WAVENUMBER DOMAIN ALGORITHM

Back-projection is the adjoint operation of projection. It
reconstructs the image by smearing or back-projecting the
projections along the original paths of integration. Letf � � � � � ��
gI " H ��� � � � �h� � ��� � ��L � ��� H � (7)

be the signal before back-projection. Then the image can be
reconstructed as the back-projection of

f ��� � � ��� along ellip-
tical paths:

i� � � � � ��
kjl anmCo f ����� a � � � � � � a � � � � � 
 � � � a � � � � �

 � ��� � a � � � � ��
 � ��� � � � � � �&:(; � 8 � � a � (8)

where p is the total number of projections, i.e., the total
number of sampling points in coordinate �*� .

Before developing the fast back-projection algorithm for
bistatic SAR, we first point out the connection between the
standard BP algorithm and the benchmark wavenumber do-
main ( � � � ) algorithm in the bistatic case. One can begin
from the development of the �
� � algorithm for bistatic
SAR [3], which states that the collected SAR raw data, after
Fourier transformation in the azimuth direction � � , is the 2-
D Fourier transformation of the scene reflectivity � ��� � � � � � ,
distributed along certain trajectories in the 2-D Fourier do-
main. Then by using the 2-D inverse Fourier transform



with a change of variables (interpolation), it can be shown
that, alternatively, the same scene reflectivity can be recon-
structed by back-projecting the scene projections along their
original elliptical paths, with the transmitting and receiving
antennas at the foci of the ellipses.

4. FAST BACK-PROJECTION ALGORITHM
IN TOMOGRAPHY

Basu and Bresler proposed a fast BP algorithm in [5], which
is an accelerated version of the standard BP reconstruction
used in tomography. It reduces the computational cost from
�
��� ��� to �
��� ������� � ��� , for an � � � image. The central
idea of this fast algorithm is rooted in the angular band-
limited property, or the so-called bow-tie approximation, of
the Radon transform of an image, i.e., images that are half
the size of the original image can be reconstructed from
half the number of the projections. So, for example, given
N projections for a � ��� image, if we use the standard
BP algorithm, then we need to back-project � projections
for each of the ��� pixels, and the total computational cost
is ��� . If we divide the image into four subimages each
with size � : M ��� : M , then using the bow-tie property, we
only need to back-project � : M projections for each pixel,
and the computational cost for each subimage is ���-: � , and
the total cost is ���-: M . So by dividing the original image
into four subimages, we reduce the computation by a factor
of two. By recursively decomposing the image by a fac-
tor of 2 and back-projecting using half the number of pro-
jections for smaller subimages, the �
��� ������� � ��� computa-
tional cost can be achieved.

A holdoff factor was introduced in this fast algorithm to
manage the tradeoff between computational cost and the ac-
curacy of the reconstruction. A holdoff factor of � indicates
that we use the full set of projections for back-projection in
the first � decompositions of the image.

5. FAST BACK-PROJECTION ALGORITHM
FOR BISTATIC SAR IMAGING

A close connection between SAR and tomography was shown
in [4], which presented a filtered back-projection algorithm
for monostatic spotlight mode SAR imaging. A fast back-
projection algorithm for monostatic spotlight mode SAR
imaging recently has been proposed in [6], motivated by
the fast back-projection algorithm in tomography [5]. Here
we investigate the feasibility of a fast back-projection algo-
rithm for bistatic SAR image formation, using the similar
idea of recursively decomposing the image by a factor of 2
and back-projecting half the number of projections to form
subimages.

To develop a fast BP algorithm for bistatic SAR, we first
must establish the validity of the angular band-limited prop-

erty associated with the bistatic case. This point can be
addressed by recalling that in the far-field bistatic approx-
imation, the dechirped SAR data corresponding to each pair
of transmitter-receiver positions can be approximated as a
slice of the 2-D Fourier transform of the ground reflectiv-
ity. The orientation of the slice is that of the bisector cor-
responding to the pair of the transmitter-receiver positions,
and the bandwidth is that of the transmitting pulse scaled
by � � >!@	A � � , where � is the bistatic angle [1, 2]. So, accord-
ing to Nyquist, the necessary spacing between slices in the
2-D Fourier domain is inversely proportional to the ground
patch size, which means that we can use proportionately
fewer projections for the reconstruction of a smaller ground
patch. Thus, the idea underlying the fast back-projection
algorithm holds.

There are several major differences between the fast BP
algorithm for tomography and our fast BP algorithm for
bistatic SAR: First, the back-projection is performed along
elliptical paths with foci at the two antenna positions, in-
stead of along a straight path. Second, the SAR data are
frequency-offset with center frequency " $� , and all the SAR
data are within a region of limited angular coverage of per-
haps a few degrees. Thus, the interpolation in the radial
direction becomes bandpass interpolation. In standard to-
mography, all the projections are low-pass signals, with 360
degree angular coverage. Also our interpolations in the � �
and � directions are complex-valued due to the fact that radar
reflectivity is a complex quantity. The recursive fast BP al-
gorithm for bistatic SAR is as follows.

1. Obtain projections
f � � � � ��� according to Eqn. (7).

2. Modulate
f � � � � ��� to its low-pass version, by multi-

plying by
�  �� $�	� .

3. Subdivide the image into four subimages.

4. Shift and truncate the projections for each subimage.

5. Radially interpolate
f ��� � � ��� , then modulate by

� '  �� $�	� .
6. Decimate

f � � � � � � in the � � direction to form a half-
sized projection set for each of the four subimages.

7. Back-project using Eqn. (8) if in the last step of re-
cursion. Otherwise, modulate the projections to their
lowpass versions and go to Step 3.

6. SIMULATION RESULTS

In this section, we present simulation results for bistatic
SAR imaging using the fast algorithm. The bistatic ge-
ometry is shown in Fig. 2. In our simulations, we assume
that the cross-range direction is parallel to the flight path of
the receiver, and the flight path of the transmitter is parallel
to the range direction. There are four unit point targets in
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Fig. 2. Bistatic SAR imaging scenario.

the scene, with pixel positions (96,62), (156,102), (56,202)
and (216,182), where the upper left corner is (0,0). The
parameters are: Carrier frequency = 10GHz; Bandwidth =
500MHz; Radar flight paths straight with middle positions
at (0, � B ) and ( � B ,0), respectively, where � B is the nearest dis-
tance from the transmitter to the center of the ground patch.
The antenna positions are evenly spaced for both the trans-
mitter and the receiver. The ground patch size is M���� � M���� .
The raw data set is � 0 M � � 0 M , with one dimension corre-
sponding to slant range from transmitter to ground patch
to receiver, and the other dimension corresponding to the
cross-range positions of the receiver. The range of view-
ing angles F of the receiver is ��� . The bistatic angle � is
about � 7 � during the data collection. The closest distance
between the flight paths and the center of the ground patch
are both 10 times the ground patch size, which is a moderate
near-field scenario.

We first reconstructed an image using the standard (slow)
implementation of the elliptical back-projection method. The
four point targets are faithfully reproduced at their correct
positions, as shown in Fig. 3(a). The total CPU time was
402 seconds. Then we applied the fast algorithm with hold-
off factor set to 1. The CPU time was 59 seconds. The re-
construction is shown in Fig. 3(b), which is virtually iden-
tical to that shown in Fig. 3(a). Our experiments showed
that when the image size was smaller that

� � � , there was
no gain in speed for the fast algorithm. Thus, we termi-
nated the iteration in the fast algorithm when the size of the
subimages reached

� � � . For images with size larger thatM���� � M���� , the speed-up factor will increase, according to
� : ����� � .
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Fig. 3. Bistatic SAR imaging using standard and fast ellip-
tical back-projection.
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