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Abstract- This paper presents an approximate analytic a narrow beam, the image reconstruction algorithms
inversion method for bistatic synthetic aperture radar. A are well-known [5], [6], [7], [8], [9], [10], [11].
scene of interest is illuminated by electromagnetic waves However these algorithms are not useful for imag-
that are transmitted from positions along an arbitrary, . . . .
but known, flight trajectory and the scattered waves are ing te antenna shavgpr
measured from positions along a different flight trajectory where the antenna footprint1S large.
which is also arbitrary, but known. We assume a single- In [12], [13], [14], [15], [16], reconstruction
scattering model for the radar data, and we assume algorithms for monostatic SAR with poor antenna
that the ground topography is known but not necessarily directivity traversing straight and arbitrary flight
flat. We use microlocal analysis to develop a filtered- trajectories have been developed. To our knowledge,
backprojection-type reconstruction method. the acquisition geometry of bistatic SAR studies for

the case of poor antenna directivity are limited to
I. INTRODUCTION isotropic antennas traversing certain flight trajecto-

In synthetic aperture radar (SAR) imaging a scene ries (straight [17], [18] or circular [19], [20] flight
of interest is illuminated by electromagnetic waves trajectories) over flat topography. In this paper, we
that are transmitted from an antenna mounted on a focus on bistatic SAR with poor antenna directivity
plane or satellite. The aim is to reconstruct an image and address the image reconstruction problem when
of the scene from the measurement of the scattered transmitter and receiver are traversing arbitrary, but
waves. known, flight trajectories over a known, but not

In bistatic SAR [1], unlike the monostatic case, necessarily flat, topography.
where transmitter and receiver antennas are co- In particular, we have used microlocal techniques
located, (Figure l.a), transmitter and receiver an- to develop an approximate analytic image recon-
tennas are located on separate platforms (Figure struction method for bistatic SAR. Microlocal tech-
1.b). This allows the transmitter and its heavy power niques give rise to a filtered-backprojection-type
supply to be flown on a platform different from that (FBP) reconstruction method, which, if an exact
of the cheap, expendable receiver. Also, some of the inversion is possible, often reduces to the exact
electronic countermeasures that have been devised inversion formula.
to thwart monostatic configurations are less effec- The organization of the paper is as follows.
tive against bistatic systems [2], [3], [1]. Finally, In Section II, we introduce our forward model.
bistatic measurements can provide better ability to In Section III, we develop filtered backprojection
distinguish targets from clutter [4]. type image formation process. Finally, Section IV

For SAR systems whose antennas are able to form we present numerical simulations to illustrate our
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Fig. 1. Acquisition geometry for (left) monostatic and (right) bistatic SAR.

theoretical results. We conclude our discussion with where K is any compact subset of RE x RE2, and
Section V. the constant Co depends on K, a, 3, Pl, and P2.

This assumption is needed in order to make vari-
II. FORWARD MODEL ous stationary phase calculations hold; in fact this

LetoyT(s), -yRf(s) EC R3, s E RE, be the transmitter assumption makes the "forward" operator I is a
and receiver trajectories, respectively. We assume Fourier Integral Operator [21], [22], [23].
that the earth's surface is located at the position x = The ideal image formation problem is to estimate
(xl, x2, 9(xI, x2)), where X9 IER2 -E R, is a known T from knowledge of d(s, t) for some range of s and
smooth function, and scattering takes place in a
thin region near the surface. Following [13], [14],
under the single scattering (Born) approximation,
we model the received signal d(s, t) as follows: III. IMAGE FORMATION

d(s, t) rzz- f [V] (s, t) :=f e-i2Fww(t-RTR(8x)]/co) In general, the strategy for estimating T is to
apply an imaging operator IC to the data F[T]. The

x ATR(Xc,s,w)V(x)dw dx, (1) image T for the target scene can thus be written

where x = (X1,X2), RTR(S,X) = yT(S) -X + T = 1CF[T]. The operator [ 1(1C contains the

IX-,YR(S)I is the total travel time, T(x) denotes the information about how the image T is related to
surface reflectivity, c0 denotes the speed of light, and the actual target scene T. The kernel of [ is called
ATR is a complex amplitude function that includes the point spread function.
the transmitter and receiver antenna beam patterns, Our strategy is to determine IC so that the point
the transmitted waveform, geometrical spreading spread function of L approximates the Dirac-delta
factors, etc. Here t denotes the (fast) time and s, function. In this regard, we extend the monostatic
which is referred to as the slow time, parameterizes SAR reconstruction techniques based on microlocal
the trajectory. analysis [13], [14] to bistatic SAR to determine 1C.

Unless otherwise stated, the bold Roman, bold The microlocal-analysis-based reconstruction
italic, and Roman small letters will denote points in method can be viewed as a generalized filtered-
R3 , R2 and RE, respectively, i.e. x = (X, X3) E 1R3, backprojection-type reconstruction method where
with x C RE2, and x3 C Et. the data is first filtered and then backprojected. It
We assume that for some mA, A satisfies the is a direct consequence of microlocal analysis of

symbol estimate[13], [14] the backprojection (BP) operator that the visible
edges of the scene appear in the correct location

sup &l&0&t &fA(x, s, )l and correct orientation in the image obtained by
(s,xc) K backprojection [13], [14].

. C0 (1 + 2)(mA ac )/2 (2) We use the following backprojection operator 1C
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to form an image T of the target scene: Using the method of stationary phase, under
assumption (2), the leading order contribution to T

T(z) := C[d](z) is

:/Jei2ww(t-RTR(s Z)/co)QTR(z, S, w)d(S, t)dw ds dt T = L[T] (z) Ji(e(xz)QTR(Z, ()ATR(Z, ()

(3) X Tj(Z Z,()T(x)dxdt (I10)
where z = (z,'~9(z))and QTR is the filter to be Wih h hoi-
determined below.

Substituting (1) into (3) results in Q-( ) XQZ ( (s, w)) ATR(Z, S, W)

T=S7F[T] (Z) = L [T] (Z) = LJL(Z, x)T(x)dx, Q S ) (z,Z, ) IATR(Z, 'S,W) 12

where Qz=E(s, Z, z) ATR(Z, S, ) O}
(4) and xQZ is a smooth cut of function equal to one

where in the interior of Qz and zero in the exterior of QZ
(10) becomes

L(z, x) Jei2Fw [RTR(s,X)-RTR(8z)]/C0oQTR(z, S C) Fi(xz) (z,~~~~~ ~~~~ ~~~~~ (z)TR IC,-T-TZ=[T](z)~ e( )XsQz(T(x)dx d.
x ATR(X,s,w)duds (5) z(12)

is the point spread function. We would like to make Equation (12) shows that the image T is a band-
L(z, x) as close as possible to the Dirac delta limited version of T whose frequency content, using
function a(x - z) - f exp(i27(x - z) ) d(. (7), is determined by the union of Qz. Mircolocal
The main contribution to L(Z, x) come from analysis of (12) tells us that an edge E passing

those critical points of its phase at which ATR 1S through the point z is visible if the direction nz
non-zero. We will assume that the flight trajectories normal to the edge is contained in

z
[24], [13],

and antenna beam patterns of the transmitter and [14]. Thus by (12) one can only reconstruct the
receiver are focused on a side of their flight trajec- visible edges of T, in the aforementioned sense.
tories so that the only critical point is x = z. The ATR/IATR12 part of the filter corresponds
We write to composition of operations such as matched fil-

[RTR(S, X) - RTR(S, Z)] (x S-z) E(S,x, zZ). tering, beam forming, compensation of geometrical
(6) spreading factors, etc. In this regard, the proposed

method is a generalization of previously presented
For fixed x and z, we make the change of variables reconstruction methods [18], [17], [19], [20].

(s,w) -~ =-E(s,x,z), (7) IV. NUMERICAL SIMULATIONS
CO In our numerical simulations, we considered a

in the integral of (5), and obtain square target of size 5.5km located at the center
of the scene of size [0, 22] x [0, 22] km2 (Figure

L(z, x) - I ei(xZ) (QTR(Z, () 2) which is discretized by 128 x 128 pixels, and a
circular flight trajectory -y(s) = (11+ 22 cos s, 11+

X ATR(X, ()Tj(X, Z, ) (8) 22 sin s, 6.5) km, uniformly sampled for s E [0, 2w)
where QTR(Z = QTR(Z,s ((),uW(()), etc. and at 256 points.

where QTR(Z' ') QTR(Zs()We performed three numerical experiments:
r(x, z, ) =&l(s, o)/0(f (9) Monostatic SAR, bistatic SAR with circular trajec-

tories, and bistatic SAR with fixed transmitter. For
is the determinant of the Jacobian that comes from comparison reasons, we also implemented backpro-
the change of variables (7). jection operation [17], [20], where we set Q =1.
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For monostatic SAR, we set _YT (s) = -R (s) = [6] 0. Arikan and D. M. Jr., "A tomographic formulation of bistatic
-y(s). The projection data and reconstructed images synthetic aperture radar," in Proceedings of ComCon 88, Oct.

1988, p. 418.
are presented in Figure 3. For bistatic SAR, we set 198 .48

are p s e n i e Fr s[7] J. Curlander and R. McDonough, Synthetic Aperture Radar.
the transmitter and the receiver trajectories to be New York: Wiley, 1991.
'YT(S) = -y(s) and -), (S) = ny(s+7/4), respectively. [8] G. Franceschetti and R. Lanari, Synthetic Aperture Radar
The projection data and reconstructed images are Processing. New York: CRC Press, 1999.

[9h M. Soumekh, Synthetic Aperture Radar Signal Processing with
presented in Figure 4. Finally, for bistatic SAR with MATLAB Algorithms. New York: Wiley, 1999.
fixed transmitter, we set the transmitter location to [10] L. Cutrona, Synthetic Aperture Radar. New York: McGraw-

Hill, 1990.be T = 7(0, 0, 6.5) km and choose the receiver [11] C. Elachi, Spaceborne Radar Remote Sensing: Applications and
trajectory to be -yf(S) = -y(s). Techniques. New York: IEEE Press, 1987.

Since we chose a circular trajectory, for any z [12] S. Nilsson, "Application of fast backprojection techniques for
all the directions in R' are contained in Qz. Thus some inverse problems of integral geometry," Ph.D. dissertation,

Link6ping Studies in Science and Technology, 1997, disserta-
all the edges off the target should be visible. This tion No. 499.
is confirmed by our numerical simulations. Both [13] C. J. Nolan and M. Cheney, "Synthetic aperture inversion,"
backprojection and filtered-backprojection preserves Inverse Problems, vol. 18, pp. 221-236, 2002.

[14] C. Nolan and M. Cheney, "Synthetic aperture inversion for ar-
the edges in the reconstructed images. bitrary flight paths and non-flat topography," IEEE Transactions

on Image Processing, vol. 12, pp. 1035-1043, 2003.
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algorithmwith numerical simulations, which con-
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Fig. 2. Scene used in numerical simulations. (0, 0, 0) km and (22, 22, 0) km are located at the lower left and upper right corners, respectively.

Fig. 3. (Left) Projection data for monostatic SAR and reconstructed images obtained by (middle) backprojection and (right) filtered
backprojection.

Fig. 4. (Left) Projection data for bistatic SAR for circular transmitter and receiver trajectories and reconstructed images obtained by (middle)
backprojection and (right) filtered backprojection.

Fig. 5. (Left) Projection data for bistatic SAR with fixed transmitter and reconstructed images obtained by (middle) backprojection and
(right) filtered backprojection.
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