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Abstract
In this paper, we develop a new approach to synthetic aperture imaging inspired by recently
developed compressive sensing (CS) methods. Our approach modifies the beam steering pat-
tern of conventional sliding spotlight-mode systems and randomizes it such that with each
pulse the beam illuminates a different, randomly chosen, part of the imaged area. The
randomization allows the acquisition of the area of interest with a significantly larger ef-
fective aperture compared to the conventional sliding spotlight mode and, therefore, with
significantly larger resolution. The reconstruction estimates the signal using a model that
combines a sparse and a dense component. This model captures the structure of SAR images
better than conventional sparse models, typically used in CS, and provides superior recon-
struction performance. Our experimental results demonstrate that the proposed randomly
steered spotlight array can improve imaging resolution, as measured by the reconstruction
SNR and the phase error, without compromising the covered area size.

International Geoscience and Remote Sensing Symposium (IGARSS)

This work may not be copied or reproduced in whole or in part for any commercial purpose. Permission to copy in
whole or in part without payment of fee is granted for nonprofit educational and research purposes provided that all
such whole or partial copies include the following: a notice that such copying is by permission of Mitsubishi Electric
Research Laboratories, Inc.; an acknowledgment of the authors and individual contributions to the work; and all
applicable portions of the copyright notice. Copying, reproduction, or republishing for any other purpose shall require
a license with payment of fee to Mitsubishi Electric Research Laboratories, Inc. All rights reserved.

Copyright c© Mitsubishi Electric Research Laboratories, Inc., 2013
201 Broadway, Cambridge, Massachusetts 02139





SYNTHETIC APERTURE IMAGING USING A RANDOMLY STEERED SPOTLIGHT

Dehong Liu, Petros T. Boufounos

Mitsubishi Electric Research Labs, {liudh,petrosb}@merl.com

ABSTRACT
In this paper, we develop a new approach to synthetic aperture imag-
ing inspired by recently developed compressive sensing (CS) meth-
ods. Our approach modifies the beam steering pattern of conven-
tional sliding spotlight-mode systems and randomizes it such that
with each pulse the beam illuminates a different, randomly chosen,
part of the imaged area. The randomization allows the acquisition
of the area of interest with a significantly larger effective aperture
compared to the conventional sliding spotlight mode and, therefore,
with significantly larger resolution. The reconstruction estimates the
signal using a model that combines a sparse and a dense compo-
nent. This model captures the structure of SAR images better than
conventional sparse models, typically used in CS, and provides su-
perior reconstruction performance. Our experimental results demon-
strate that the proposed randomly steered spotlight array can improve
imaging resolution, as measured by the reconstruction SNR and the
phase error, without compromising the covered area size.

Index Terms— synthetic aperture, random steering, compres-
sive sensing, high resolution

1. INTRODUCTION

Synthetic Aperture Radar (SAR) systems exploit the motion of a
moving platform to create a large synthetic aperture using a small
antenna and, thus, image an area with high resolution. To-date sev-
eral different modes of SAR operation have been developed, each
with different trade-offs with respect to resolution, coverage and im-
plementation complexity.

The most commonly used modes are strip-map and spotlight. In
strip-map mode SAR, the radar antenna is pointed towards the same,
fixed direction as the platform moves along a path, which is typically
linear. In this mode, the radar illuminates a long strip on the ground,
covering a large area with relatively low resolution. On the other
hand, in spotlight mode SAR, the antenna is steered as the platform
moves to always illuminate the same spot on the ground. This mode
reduces the area covered, but significantly increases the resolution of
the acquired image.

More recently, intermediate modes have been developed, re-
ferred to as sliding spotlight SAR or hybrid stripmap-spotlight
SAR [1, 2]. These modes explore the trade-off between stripmap
and spotlight mode to generate SAR images with improved azimuth
resolution compared to the former and improved ground coverage
compared to the latter. In the sliding spotlight acquisition mode,
the radar antenna is steered such that the beam centers intersect at
a point farther away from the radar than the area being illuminated.
Depending on the position of this intersection point, this mode ap-
proaches either the stripmap or the spotlight mode and, therefore,
is a generalization of both. Specifically, as the intersection point
moves closer to the imaging area plain, the sliding spotlight mode
becomes spotlight mode. If, instead, the intersection point moves
farther, towards infinity, the mode approaches the stripmap mode.

In this paper, we use compressive sensing (CS) techniques to
significantly improve the resolution provided by the sliding spotlight
mode without compromising the size of the imaged area. The mode
we develop generalizes the CS-based spotlight mode we developed
in earlier work SAR [3]. The resulting system can achieve the same
coverage as typical sliding-mode SAR, with significantly improved
resolution. The mode we develop exploits a randomly steered an-
tenna array to achieve a larger effective aperture for each point in
the imaged area than the typical sliding spotlight. Using CS-based
signal models and reconstruction algorithms we can reconstruct the
image from the acquired data at much higher resolution, correspond-
ing to the larger effective aperture.

Our work relies heavily in CS principles. Since their intro-
duction such ideas have had significant impact in sensing applica-
tions, including radar imaging [4, 5]. The main benefit of CS is
that it enables robust reconstruction of signals using a smaller num-
ber of measurements compared to their Nyquist rate. This sam-
pling rate reduction is achieved using randomized measurements,
improved signal models and non-linear reconstruction algorithms. In
SAR systems, this translates to significant resolution or coverage im-
provements. For example, our earlier work on stripmap mode SAR
demonstrates that it is possible to significantly increase the azimuth
resolution without compromising the range coverage [6]. Similarly,
our work on spotlight mode SAR shows that it is possible to signif-
icantly increase the area covered, without compromising the resolu-
tion [3].

In contrast to our earlier work in [6], which randomizes the tim-
ing of the transmitted pulses, the system we develop in this paper
operates in the same way as a conventional SAR system: pulses are
transmitted and their echoes are received at a uniform pulse repeti-
tion frequency (PRF). The resulting system is similar to our spotlight
work in [3], which separates the covered area to a small number of
spots and randomly steers the beam to cover one of them in each
pulse transmission. Each spot is imaged separately and a separate
image is reconstructed for each spot.

The present work incorporates more flexible steering. Instead of
splitting the scene to a small number of spots and separately imag-
ing each of them, we now treat the scene in it entirety. In particular,
at each pulse transmission the beam center is steered randomly such
that it covers a spot randomly located uniformly within the imaged
area. The imaged area is reconstructed as a whole, properly taking
into account the leakage from the sidelobes of each beam. Compared
to [3], the resulting system provides improved reconstruction perfor-
mance. More importantly, it provides the user with greater flexibil-
ity: the imaged area may have an arbitrary size, in contrast to [3], in
which the size is restricted to integer multiples of the spotlight size.

Our exposition focuses mainly on the CS-based image recon-
struction algorithm and principles, assuming uniform random steer-
ing of the beam centers. Since SAR images exhibit limited spar-
sity, our approach is to decompose the underlying SAR image into a
sparse and a dense component. We first reconstruct the sparse com-
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Fig. 1. Pulse beam steering: (a) spotlight mode, (b) sliding spotlight
mode, (c) randomly-steered sliding spotlight mode.

ponent using CS-based sparse recovery algorithms. Then we obtain
a least-squares estimate of the dense component from the residual
data. The sum of the two components is the reconstructed ground
reflectivity. Our experiments showed that this hybrid model outper-
forms CS algorithms that only perform sparse recovery.

The next section describes our proposed steering mode, as
well as the computational model for its implementation. Section 3
presents the reconstruction algorithm. In Section 4 we demonstrate
the improved performance of our approach compared to classi-
cal spotlight-mode SAR using simulation experiments. Section 5
discusses our results and concludes.

2. SYSTEM MODEL

In this section, we describe our acquisition model using spotlight
mode SAR as a basis. We consider imaging using a linear mono-
static uniform virtual array, operating as shown in Fig. 1(a). To im-
age an area or scene, a mobile radar platform moves along a path,
transmitting pulses at a uniform rate and recording their echoes from
the area of interest. In conventional spotlight mode, the transmitted
pulse beam is steered such that its main lobe is always aimed at the
same spot of interest.

Each reflection is effectively a convolution of the transmitted
pulse with the reflectivity of the illuminated spot. Thus, acquisition
can be modeled as a linear operation:

y = Φx + n, (1)

where y denotes the received radar echoes, x denotes the reflectivity
of the imaged area, Φ models the array acquisition function, and n
is measurement noise.

Image formation aims to determine the signal of interest x given
the array echoes y and the acquisition function Φ. Least squares
solutions, for example, use the inverse or the pseudoinverse of Φ to
determine x:

x̂ = Φ†y. (2)

For the system to be invertible, the pulse repetition frequency should
be sufficiently high given the size of the area imaged.

In the sliding spotlight mode as illustrated in Fig. 1(b), the trans-
mitted pulse beam is steered such that its main lobe aims to a point
farther away from the SAR system than the area of interest. There-
fore, the spot areas illuminated by each beam are not identical, but
sliding in the azimuth direction. This enables imaging of a larger
area at the same pulse repetition frequency. The trade-off is that each
point in the measured scene is illuminated by a sub-aperture of the
whole mobile platform path, thus reducing the available resolution.

Starting with the conventional spotlight mode model in (1), we
can derive a simple model from both the sliding spotlight mode and
the randomly steered sliding spotlight mode. In this model, we con-
sider the area to be imaged as a whole and denote it using v. At pulse
transmission i, the beam is steered according to the steering sched-

ule, effectively windowing v through the illumination beampattern.
The illuminated area, therefore is a spatially windowed version of
v, i.e., xi = Wiv, i = 1, ..., N , where Wi denotes the spatial
window. Note that Wi can also capture detailed beampattern char-
acteristics, such as the sidelobes.

To model and efficiently implement the system we first presume
that the same window Wi is used for all pulses, i.e., the system op-
erates in conventional spotlight mode, and use yi = Φxi to denote
the complete received data, as in (1). However, from all the data in
yi we are only interested in the ith received echo. Use Ei to denote
the operator than only selects that echo, the received echo from the
transmission of the ith pulse is EiΦWi. Thus, the resulting full
measurement data, which we denote using u, can be modeled as

u =

 E1y1

...
ENyN

 =

 E1ΦW1

...
ENΦWN

v = Ψv. (3)

As described in Sec. 1, our CS-based SAR system uniformly
transmits pulses and receives echoes, similarly to conventional
SAR systems. The difference is the array steering, as illustrated
in Fig. 1(c). Instead of steering the array to illuminate an adjacent
sliding spot as the sensor moves, we illuminate different spots at
random locations within the area of interest. Each spot has the same
size as the size of a single spot in a conventional spotlight or sliding
spotlight SAR system. Both systems are modeled by incorporating
the appropriate sliding or randomly steered windows in (3). While a
totally random steering is preferred for robust CS reconstruction, for
computational complexity reasons we select each Wi from a dis-
crete set of pre-determined overlapping spatial windows distributed
uniformly in the area of interest.

Since each point in the measured scene is illuminated from sev-
eral positions in the mobile platform path, the effective aperture
looking at each point is the whole path of the platform, similar to
conventional spotlight mode. In contrast, in sliding spotlight mode,
a point is illuminated for only part of the platform path, making the
effective aperture, and therefore the resolution, much smaller.

This effective aperture gain has limits. As the scene size in-
creases, all else being equal, each point is illuminated by fewer
pulses, i.e. is measured fewer times. Thus, the same number of
measurements are used to recover a larger scene. Reconstruction
is only possible if the scene is sparser or, in general, exhibits more
structure. This exploitable structure finally determines the poten-
tial for improvement in resolution over sliding spotlight SAR or in
coverage over spotlight SAR.

3. CS-BASED IMAGE RECONSTRUCTION

In this section, we focus on the CS-based algorithm to reconstruct
the image of the area from the acquired measurements. As we de-
scribe above, once the randomized steering of the array beam is
determined, the resulting acquisition can be modeled using the lin-
ear system in (3). However, in contrast to conventional SAR sys-
tems, the linear system described by Ψ is underdetermined. In other
words, inverting the system is not straightforward and can only be
performed accurately if we have prior information on the signal.

Conventional CS methods use the sparsity of the acquired sig-
nal, v, as prior information to regularize the reconstruction. Unfor-
tunately, radar images are not very sparse in the conventional CS
sense. While radar images contain strong components in some do-
main, they also contain a significant residual that sparse methods
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< ũ(k),u

(k−1)
r >
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Fig. 2. Reconstruction algorithm

cannot easily take into account. For that reason, we propose a CS-
based algorithm that, instead of simply treating the image as a sparse
signal, decomposes v into a sparse part vs and a dense residual vr:

v = vs + vr. (4)

Thus, substituting (4) into (3), the measured data can also be no-
tionally separated to u = Ψvs + Ψvr . Treating ur = Ψvr as
noise, our approach first computes an estimate of the sparse signal
component vs using standard CS-based methods:

v̂s = argmin
v
||u−Ψv||22 s.t. ‖v‖0 < T. (5)

Using this sparse estimate we can estimate the residual data due
to the dense component, i.e., ûr = u−Ψv̂s. The dense component
can then be estimated using least squares:

v̂r = Ψ†(u−Ψv̂s). (6)

The final image is the sum of the two estimates from (5) and (6).
The algorithm in Fig. 2 efficiently implements this idea. In each

iteration the algorithm uses the residual u
(k−1)
r to compute an esti-

mate of the so-far unexplained signal ṽ(k). To obtain the strongest
reflectors, a threshold τ (k) is computed as a fraction of the largest
in magnitude signal component. The estimate of the strongest re-
flectors d(k) is computed by imposing a hard thresholdHτ(k)(·) on
ṽ(k), i.e., by setting all components less than τ (k) in magnitude to
zero. This estimate is scaled using β(k), such that it explains most
of the residual energy in u

(k−1)
r , and added to the overall signal es-

timate from the previous iteration v̂
(k−1)
s to produce the current sig-

nal estimate v̂
(k)
s . The residual u

(k−1)
r is updated and the algorithm

iterates. After K iterations, the algorithm combines the estimated
signal v̂

(K)
s from the Kth iteration and the least squares estimate of

the dense component, Ψu
(K)
r to produce the final image v̂.

Our experiments demonstrated that this reconstruction ap-
proach, in which the final image is composed of a sparse and a
dense component, outperformed reconstruction approaches using
only sparsity regularization. Of course, the dense component can
only be estimated subject to the nullspace of the measurement oper-

ator Ψ. However, this estimate is better than ignoring its presence,
typically done in sparse methods. Our experiments also showed that
setting α > 0.5 is preferred for good imaging performance.

In practical SAR systems, the array acquisition function Φ and
its inversion are generally difficult to model accurately and compu-
tationally expensive. In our simulation, considering the large squint
angle in sliding spotlight arrays, we employ the wave-number algo-
rithm to implement both efficiently [3,7]. The diagonal operators Ei

and Wi are straightforward to implement efficiently. The measure-
ment operator Ψ = EΦW is implemented as a combination of all,
as described in (3).

Of course, as the number of possible steering spots increases,
this approach to implementation becomes increasingly inefficient;
we need to compute one instance of the wave-number algorithm for
each possible spot. A more efficient implementation is necessary,
but this is not explored in this paper.

4. EXPERIMENTS

To verify our approach, we simulated the SAR acquisition followed
y reconstruction on an area with complex-valued ground reflectiv-
ity using both a sliding spotlight SAR and the proposed randomly
steered system. For the simulations we use a typical ground reflec-
tivity image, which contains man-made and natural structures and
should be representative of the sparsity of typical SAR images.

In our experiments we discretize the area of interest into a total
number of 22 rectangular overlapping spots, sliding in the azimuth
direction with a fixed space shift. For the conventional sliding spot-
light SAR, we group the whole virtual aperture into 22 sub aper-
tures, correspondingly, with each sub-aperture illuminating one spot
sequentially within the area of interest. For the randomly steered
spotlight SAR, we pre-design a steering pattern such that each spot
is illuminated randomly with uniform probability. Thus, each spot
is illuminated by roughly 1/22 of transmitting positions, randomly
picked along the virtual aperture.

The result are shown in Fig. 3. From left to right, we plot the true
complex-valued ground reflectivity of the area, the reconstructed im-
age using conventional sliding spotlight mode and the reconstructed
image using the proposed approach. The top row contains the whole
imaged area. To demonstrate the reconstruction detail, we also zoom
in two particular regions of the area, shown in the bottom rows.

As evident in the figure—especially when Fig. 3(f) and (i) is
compared with Fig. 3(e) and (h), respectively—the reconstructed im-
age using the randomized acquisition is much sharper compared to
the sliding mode acquisition. The fine structures in the ground are
significantly less blurred and fine details are discernible. The reason
is that, as we describe above, the effective aperture of the randomly
steered mode is larger than that of the sliding mode. Thus, using
the signal model, our algorithm is able to exploit the structure of the
image by identifying the strong reflectors and reconstructing them at
much higher resolution. Since these are the dominant components,
the resulting image reconstruction performance is improved.

We also plot the point-wise signal-to-noise ratio (SNR) in dB
and phase error in radians of each pixel in the top and bottom rows of
Fig. 4, with conventional mode on the left and the proposed mode on
the right. Compared to the conventional mode, the proposed sliding
mode improves the SNR by 10dB and the phase error by more than
70%. More importantly, we observe that the performance is even
more improved for strong scattering areas. This is because in every
iteration of our reconstruction algorithm, we always try to estimate
the strongest scattering pixels accurately as first priority, leaving the
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Fig. 3. (a) True ground reflectivity, (b) conventional sliding spot-
light imaging result, and (c) CS based sliding spotlight imaging re-
sult.(d)and (g) are zoomed in areas of (a); (e) and (h) are zoomed in
areas of (b); and (f) and (i) are zoomed in areas of (c).

weaker ones for a secondary estimate. The small phase error, espe-
cially at strong reflectors, is beneficial for future image analysis such
as object detection and 3-D imaging where the phase information is
important.

5. CONCLUSION

As our experiments demonstrate, there is great potential for im-
provement in SAR systems using CS-based methods. However, one
should be careful in implementing those, as the standard sparsity
assumptions do not immediately apply. Our work shows that ran-
domizing the steering of the array and exploiting the partial sparsity
of the image can significantly improve the performance of sliding
spotlight systems, without compromise in the covered area.

While our model has demonstrated those improvements, we be-
lieve there is significant scope for better models of the structure in
SAR images. These models will enable further advances in recon-
struction performance and signal quality. There is also significant
scope for improvement in the complexity of computing the forward
and the adjoint operators derived by random steering. We think both
these research directions will enhance SAR performance and capa-
bilities.
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Fig. 4. Magnitude SNR (dB) of (a) conventional sliding spotlight
SAR and (b) randomly steered spotlight SAR. Phase error (radians)
of (c) conventional sliding spotlight SAR and (d) randomly steered
spotlight SAR.
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