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ABSTRACT
The objective of the present work is the development

of an efficient algorithm to focus two-dimensional SAR
images under the following extreme conditions: large co-
herent integration angles and high bandwidth-to-centre-
frequency ratios (B/fc). These conditions constitute a
common situation in wide-band high-resolution SAR con-
figurations.

The algorithm presented in this paper is an extension
of the well-known chirp scaling algorithm (CSA). First,
the original 2-D CSA [1] is generalized by extending the
formulation from data obtained with a linear aperture to
data measured by a planar synthetic aperture. Moreover, a
new compact generalized formula of the impulse response
function in the three-dimensional frequency domain is pre-
sented. These extensions enable the development of a new
3-D algorithm in the aforementioned conditions. Finally,
the algorithm has been implemented and satisfactory tested.

1 INTRODUCTION
Synthetic aperture radar (SAR) [2] is used for the gen-

eration of reflectivity images of scenes illuminated by mi-
crowave pulsed signals. The generation of such images re-
quires the coherent combination of the echoes recorded by
the SAR sensor at uniformly spaced positions in order to
focus all the targets properly. In this way, the final azimuth
resolution in the images is similar to that obtained with a
large antenna.

The problem of focusing SAR data is usually studied
by considering the signal received from a single point scat-
terer. So, the system is fully described by a model of its
impulse response function (IRF). The IRF is very useful to
formulate the focusing procedure of real scenes, which in
turn are treated as a superposition of point scatterers.

Focusing algorithms have to deal with the well-known
effects of range curvature and the variation of this curvature
over the range. These effects are accurately compensated in
conventional air and space-borne configurations. However,
the design of the focusing procedure is more demanding
under any of the following extreme conditions:

1. A large coherent integration angle.

2. A low center-frequency-to-bandwidth ratio, or qual-
ity factor (Q).

The first condition is common when working with high-
resolution radar configurations and, in particular, with
ground-based systems and anechoic chambers. The second
condition appears in penetrating SAR systems for detection

of concealed targets. Hereafter, we refer to these conditions
as near-field wide-band conditions.

A similar problem is common in high-resolution syn-
thetic aperture sonar (SAS) configurations. SAS systems
operate in the kilohertz region and present a low-Q na-
ture [3]. Therefore, the image processing requirements
of SAR (under the conditions shown before) and SAS are
equivalent. The main purposes of SAS are sea floor and
sub-bottom imaging and, also, to detect proud, tethered and
buried mines.

A precise method to achieve excellent accuracy in near-
field wide-band conditions is the so-called range migration
algorithm (RMA), orω–k [4, 5]. The drawback of this tech-
nique is the introduction of an interpolation stage that im-
plies a high computational cost and slows down the image
generation. As an alternative, the chirp-scaling algorithm
(CSA) [2, 1] avoids this interpolation, since its implemen-
tation requires only Fourier Transforms and complex prod-
ucts. Therefore, it is more efficient than the RMA. The
original CSA produces high quality images when applied
to standard space and air-borne SAR systems. However,
the generation of accurate images by the original CSA in
near-field wide-band conditions is limited by the approxi-
mations assumed in its formulation, even for targets located
at the reference range which the algorithm is tuned for.

The key point is that standard CSA formulations pro-
vide only up to the second or third order of the Tay-
lor series expansion of the IRF phase in the range-
frequency/azimuth-frequency domain [6], and higher terms
are neither considered nor presented. The incorporation of
additional terms (up tonth-order) makes it possible to main-
tain the efficiency of the method and to improve consider-
ably its accuracy in near-field wide-band conditions. So,
the main contributions of the present work are:

• The extension of the original CSA to the 3-D case of
a planar aperture.

• A new general expression of the IRF phase for
chirped signals in the 3-D frequency domain, that en-
ables the improvement of radar and sonar imaging
techniques under near-field wide-band conditions.

2 FORMULATION
Starting with the conventional formulation of the CSA,

an analytical expression of the IRF in the frequency do-
main can be derived in a three-stage procedure [1, 2]. Con-
sider the measurement set-up shown in Fig. 1. We suppose
a chirp modulation radar with a chirp rateΓ and a wave-
lengthλ at the center frequency. The antenna is positioned
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Figure 1: Measurement and three-dimensional imaging ge-
ometry.

at (xa, ya, za) = (xa, yac, za) coordinates and it synthe-
sizes a planar aperture of sizeLx × Lz at a distancer0

from the scene center and centered at(xac, yac, zaz). By
assuming that there is a point scatterer located at(x, y, z)
with reflectivity 1, the analytic expression of the baseband
signal impulse responses(τ, xa, za; r) can be derived:

s(τ, xa, za; r) = sa(xa, za)·sr

(
τ − 2

c
R(xa, za; r)

)
· exp

(
−jπΓ

(
τ − 2

c
R(xa, za; r)

)2
)

· exp
(
−j

4π

λ
R(xa, za; r)

)
, (1)

whereτ is time in the slant direction andr is the slant range
from the point scatterer. The functionsa(·) is the azimuth
aperture-weighting pattern,sr(·) is the transmitted signal
envelope, andR(xa, za; r) is the instantaneous distance be-
tween the sensor and the point scatterer. The constantc is
the velocity of the light. Note that we have approximated
the wavenumber in the slant range direction by the constant
4π
λ .

The formulation begins with the range Fourier trans-
form of this signal impulse response by applying the
method of stationary phase (MSP), followed by an az-
imuth Fourier transform of the resulting expression (again
by MSP). Finally, the point scatterer phase response in the
frequency domain,
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can be replaced by its Taylor’s series expansion. Here we
present for the first time annth-order expression of this ex-
pansion:
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and
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The operatorceil(i/2) roundsi/2 to the nearest integer
towards infinity. The variableskr, kx and kz are the
wavenumber of range and azimuth (cross-range) directions,
respectively.

Regularly, we can discard cubic and higher order terms
of (4), but in near-field wide-band conditions we have to
consider some higher order terms than squared to compen-
sate the extra range curvature produced by this configura-
tion. Indeed, this expression enables to control the approx-
imation error by a phase function multiplier in the range-
frequency/azimuth-frequency domain (see Fig. 2). Results
will prove the utility of this new formula in the generation
of images with excellent radiometric and geometric accu-
racy.

The near-field wide-band algorithm consists in trans-
forming the chirped SAR data into the frequency domain
with a Fast Fourier Transform (FFT) and introducing a new
multiplier phase function that compensates the rest of re-
quired terms in the Taylor’s expansion at a reference range.
The required image accuracy and the importance of the
near-field wide-band situation determine the highest term
in this phase function. Since these high order terms are
not coupled with the rest of phase functions, the remaining
steps are equivalent to the original CSA.

For stepped-frequency radar, the signal data are in the
range-frequency domain and they are not chirped. In that
case, the data are first transformed to the 3-D frequency do-
main, and then a chirp operation and the near-field wide-
band correction can be performed at the same complex
product.



2-D AZIMUTH FFT

INITIAL PHASE
FUNCTION

(NEAR-FIELD WIDE-BAND
CORRECTION)

RANGE IFFT

RANGE FFT

RANGE IFFT

2-D AZIMUTH IFFT

IMAGE DATA

RANGE-SIGNAL/
AZIMUTH-

FREQUENCY DOMAIN

RANGE-FREQUENCY/
AZIMUTH-

FRECUENCY DOMAIN

RANGE-IMAGE/
AZIMUTH-

FREQUENCY DOMAIN

1ST PHASE
FUNCTION

(CHIRP SCALING)

2ND PHASE
FUNCTION

(BULK RCMC and
RANGE FOCUS)

3RD PHASE
FUNCTION

(AZIMUTH FOCUS and
PHASE CORRECTION)

(y, fx, fz)

(y, x, z)

RANGE-
FREQUENCY/

AZIMUTH DOMAIN

RANGE-FREQUENCY/
AZIMUTH-

FRECUENCY DOMAIN

SAR
DATA

RANGE FFT

RANGE-TIME/
AZIMUTH DOMAIN

RANGE-IMAGE/
AZIMUTH-

IMAGE DOMAIN

(τ, xa, xz)

(fτ, xa, xz)

(fτ, fx, fz)

(τ, fx, fz)

(fτ, fx, fz)

Figure 2: Flow diagram of the near-field wide-band 3-D
CSA for chirped data.

3 RESULTS
Some simulations were carried out in order to verify the

improvement produced by canceling higher orders of the
phase in the frequency domain than in the original CSA.
For the sake of clarity, we reduce our analysis to the 2-D
case (linear aperture) and simulate a single point scatterer
at the center of the scene. The length of the aperture is 2 m,
and it is located at 2 m from the target. Frequency ranges
from 2 to 6 GHz. Note that this configuration produces
an extreme integration angle and a quite low quality factor
(Q = 1). For comparison purposes, some two-dimensional
images have been obtained with the original CSA and the
near-field wide-band CSA including extra terms from the
third order to the seventh order.

Figure 3 shows two orthogonal cuts of the image cross-
ing at the scatterer position. In the cut at constant range,
shown in Fig. 3(a), we can observe that the width of the
main lobe gets smaller when we increase the maximum
order in the series expansion. On the other hand, the cut
at constant azimuth in Fig. 3(b) exhibits that the first sec-
ondary lobes are not at the same level, and, as the order in-
creases, this difference begins to disappear. We can also de-
duce from these results that an optimum order can be found
for any configuration.

The performance of this new algorithm has been also
tested experimentally by employing data from the outdoor
linear SAR system called LISA, developed at the Euro-
pean Microwave Signature Laboratory (EMSL) at JRC Is-
pra, Italy. This system is based on a stepped frequency radar
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Figure 3: 2-D point scatterer response of SAR system: (a)
at constant rangey = 0, (b) at constant azimuthx = 0.

equipped with a 2-D positioning system. The target consists
of a 3-D arrangement of eight metallic spheres of diame-
ter 7.62 cm. The dimensions of the synthetic aperture are
1 m× 1 m. Frequency ranges from 15.5 to 17.5 GHz. The
distance from the center of the aperture to the scene cen-
ter is 2.3 m. The plane of the aperture is tilted 14 degrees
from the vertical direction (see Fig. 4(a)). The theoretical
resolutions are in this case 2 cm in the horizontal and verti-
cal cross-range directions, and 7.5 cm in the ground-range
direction.

Figure 4(b) shows several slices out of the reconstructed
3-D image. The displayed dynamic range is 20 dB. As
expected, the reflectivity at the positions of the spheres
is about -23.4 dBsm, corresponding to RCS given by the
physical optics approximation. The measured spatial res-
olutions are in agreement with the expected ones. Note
that the reflectivity peaks of the spheres closer to the anten-
nas are narrower because the effective synthetic aperture is
larger in the near range. On the other hand, the spheres have
a diameter of about four wavelengths and therefore they are
not ideal point scatterers. As a result, a minor degradation
or defocusing must be expected.

It is important to note that this data set was already
used [5] to validate the 3-D RMA. Consequently, we can
perform here a comparison between these two techniques.
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Figure 4: Experiment. (a) Measurement set-up used in the
experimental validation with a 3-D array of eight spheres.
(b) Slices of the reconstructed 3-D image.

In principle, the near-field CSA is not as accurate as the
RMA due to the approximations assumed in the formula-
tion. However, even in the extreme conditions presented
in these tests, its performance is accurate enough for most
applications. With respect to the computation time, we
have run both algorithms in the same platform for compar-
ison purposes. The 3-D RMA took 82 seconds to generate
the reflectivity image, whereas the new near-field 3-D CSA
only took 65 seconds. This time reduction is provided by
the substitution of the Stolt interpolation (the bottleneck of
the RMA) by Fourier transforms and complex products.

4 CONCLUSIONS
For the first time, annth-order general expression of the

phase impulse response of a synthetic aperture system in
the two-dimensional frequency domain has been presented.
Thanks to this contribution, additional terms have been for-
mulated and included in the CSA to obtain more accurate

images in near-field wide-band configurations. The number
of extra terms to be incorporated depends on the particular
configuration and geometry of the measurement, and it can
be freely selected in the algorithm because annth-order ex-
pression is now available.

The algorithm has been implemented and tested with
simulations. An evident improvement has been demon-
strated by observing the shape and magnitude of the recon-
structed reflectivity of a point scatterer. Numerical simula-
tions have also shown that the dynamic range is better than
70–80 dB, even in extreme conditions.

Furthermore, the new algorithm can be combined with
other extensions of the CSA proposed before by other au-
thors [6, 7]. Finally, it is important to note that this exten-
sion of the algorithm can be applied to any synthetic aper-
ture system, such as sonar and radar.
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