
IEEE TRANSACTIONS ON AEROSPACE AND ELECTRONIC SYSTEMS 1

Along-track resolution enhancement for bistatic

SAR imaging in burst-mode operation
Virginie Kubica, Xavier Neyt, Member, IEEE, and Hugh Griffiths, Fellow, IEEE

Abstract—Wide-swath SAR imaging modes such as ScanSAR
or TOPSAR share the synthetic aperture length between beam
positions. This leads to a degraded along-track resolution com-
pared to the conventional Stripmap mode. We show that this
degraded resolution can be enhanced in the case of a bistatic
configuration by exploiting the sidelobe emissions of the elevation
beams illuminating the adjacent sub-swaths. If the SNR of
the backscattered signals is sufficient, the performance of the
Stripmap mode can even be restored. This concept becomes
particularly useful when spaceborne illuminators of opportunity
are considered. Indeed, the imaging mode of spaceborne SAR
instruments is most often a wide-swath mode. Making it possible
to exploit those modes to produce images with high azimuthal
resolution dramatically increases the number of useful images
that can be produced using emitters of opportunity. Signals from
any radar satellite in the receiving band of the receiver can
be used, thus further decreasing the revisit time of the area of
interest.

This paper proposes a cross-range resolution-enhancement
method which provides an enhanced cross-range resolution
compared to the one obtained by the classical burst-mode
SAR processing. This method is experimentally validated using
measurements acquired in a space-ground bistatic configuration.

Index Terms—bistatic radar, matched filter, maximum a pos-
teriori, opportunistic, SAR focusing, ScanSAR, TOPSAR.

I. INTRODUCTION

MOST Synthetic Aperture Radar (SAR) systems can

operate in several imaging modes, such as Stripmap,

Spotlight, ScanSAR or TOPSAR (Terrain Observation by

Progressive Scan SAR) [1], [2] mode. The latter two modes are

burst-mode where the antenna is steered in elevation to scan

different sub-swaths leading to a discontinuous mainlobe illu-

mination in azimuth. This allows larger swaths to be imaged

(e.g. for global monitoring) at the expense of a degraded cross-

range resolution [3]. While in the ScanSAR mode the antenna

is steered only in elevation, in TOPSAR mode the antenna is

steered in both azimuth and elevation. For comparison purpose

with the existing literature, the theory developed in this paper

is illustrated with ScanSAR illuminations but can easily be

extended to TOPSAR illuminations.

A classical way to focus ScanSAR data [4] is to process

each burst independently. If the area of interest is illuminated

by a number of bursts NL, the focused burst images can

be added incoherently for the purpose of speckle reduction.
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This single-burst processing results in the well-known poor

cross-range resolution of the ScanSAR mode. One way to

improve this cross-range resolution is to process coherently

the NL bursts yielding a single-look image. In this case,

azimuthal grating lobes appear in the SAR image [5], [6]

due to the gaps in the azimuthal phase history. Now, if the

Signal-to-Noise Ratio (SNR) of the backscatttered signals

resulting from the elevation sidelobes of the other beams

is sufficient, a continuous illumination of the scene occurs.

Focusing all contiguous bursts will improve the cross-range

resolution compared to that obtained by focusing a single-

burst and will reduce the undesirable grating lobes. To further

improve the performance, we propose a cross-range resolution-

enhancement method which can further reduce the grating

lobes resulting in the same performance as in the Stripmap

mode.

Since the Elevation Antenna Pattern (EAP) of a spaceborne

SAR transmitter is shaped in such a way that echoes from

scatterers located at ambiguous ranges are suppressed [7], [8],

the two-way attenuation makes it difficult to obtain a signal

of sufficient SNR in the elevation sidelobes. This attenuation

is less of an issue when a bistatic configuration is considered

in which the receiving antenna is constantly pointed towards

the area of interest. The receiving antenna pattern can then be

shaped to suppress the echoes from ambiguous ranges. Bistatic

SAR (BSAR) is not new and has been conducted in air-air [9],

[10], air-space [11], space-space [12], [13], air-ground [14] or

space-ground [15]–[18] configurations. However, the concept

of improving the resolution of low-resolution mode makes

sense when spaceborne emitters of opportunity are considered.

Indeed, the imaging mode of spaceborne SAR instruments is

most often a wide-swath mode [19]. Making it possible to

exploit those modes to produce images with high azimuthal

resolution dramatically increases the number of useful images

that can be produced using emitters of opportunity [20]. Of

course cooperative operation could be considered, such that the

SAR system would operate in Stripmap mode and thus would

make high azimuthal resolution possible. That would however

likely conflict with the needs of other users. Since emitters

of opportunity are considered, signals from any radar satellite

in the receiving band of the receiver can be used, thus further

decreasing the revisit time of the area of interest. The research

community in BSAR imaging mostly limit their analysis to the

conventional Stripmap mode [9], [10], [15]–[18]. Examining

burst-mode illumination in a bistatic configuration for high-

resolution imaging purposes appears to be the first study of

its kind.

The paper is organized as follows. Section II describes
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the bistatic geometry. Our main contribution can be found in

Section III where a novel cross-range resolution-enhancement

method is proposed to deal with burst-mode illumination. One

drawback of the cross-range resolution-enhancement method

is the increase of the noise content in the SAR image, the

impact of which is experimentally analyzed in Section IV.

Finally, Section V concludes the paper.

II. WIDE-SWATH MODES IN BISTATIC OPERATION

Although many bistatic configurations can be considered,

Fig. 1 illustrates the bistatic configuration of the experiments.

In that configuration, a stationary receiver on the roof of a

building is used for practical experimental reasons, but the

method and the developments that follow are generic. The

backscattering geometry, in which the observed area is on

the extended baseline transmitter-receiver, is considered. This

corresponds to a bistatic angle close to zero and yields the best

bistatic slant-range resolution [17]. ScanSAR obtains wide-

swath coverage by periodically switching the antenna elevation

beam to illuminate several range sub-swaths. A SAR system

with three looks and four sub-swaths is shown in Fig. 1. Each

sub-swath is illuminated by the antenna beam for a short time

interval, TB , called burst duration, with a TR periodicity.

sub−swaths

Transmitter
flight track

area
of interest

AAP

X

Z Y
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Fig. 1. Bistatic acquisition geometry in the ScanSAR imaging mode. TB is
the burst duration, TR the scan-repeat time and TF the antenna-footprint time.
The observed area of interest is located at the edge of the global swath and
is illuminated by the elevation sidelobes of the beam illuminating sub-swath
3 and afterwards, by the mainlobe illuminating sub-swath 4.

The receiving system (Rx) is located in such a way that the

SNR of the backscattered signals coming from the scatterers

illuminated by the elevation sidelobes of the transmitter is

adequate. The one-way Azimuth Antenna Pattern (AAP) of

the transmitter, represented on the right in Fig. 1 as a bell-

shape, is fixed in azimuth. Consequently, targets at different

azimuths are illuminated by different portions of the AAP of

the transmitter.

Figure 2 shows the amplitude modulation function for two

different ScanSAR passes of the European Space Agency’s

(ESA) ENVISAT satellite [21] in Wide Swath (WS) mode

over Brussels, Belgium. If the scatterer is at the very edge
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Fig. 2. Acquired ENVISAT’s signals in Wide Swath mode: (a) single-beam
illumination and (b) five-beam illumination.

of the global swath, only one beam will be received during

the along-track illumination as shown in Fig. 2 (a), leading

to gaps in the along-track direction. The signals coming from

the beams illuminating the other sub-swaths are barely visible.

However, if the scatterer is in the center of the global swath,

reception of signals from all five elevation beams is possible

as shown in Fig. 2 (b). The amplitude of the transmitted

pulses in both acquisitions is obviously determined by the

combined AAP of the transmitting and the receiving antennas

but also, for each beam, by the corresponding EAP at the

elevation angle at which the scatterer is located. The amplitude

modulation experienced by the scatterers can be estimated

based on the geometry. However, if the receiver is close to

the area of interest, the amplitude modulation as seen by the

scatterers also applies to the direct signal. In that case, the

amplitude modulation can be estimated based on the direct

signal measurements.

III. CROSS-RANGE RESOLUTION-ENHANCEMENT METHOD

In this section, a generic SAR model is first presented.

Then, starting from the optimal SAR focusing, we propose

a method to recover the Stripmap performance in the case of

a ScanSAR illumination. We then assess the performance of

this cross-range resolution-enhancement method based on real

measurements.

A. SAR signal model

Let us consider a bistatic geometry with a transmitter oper-

ating in ScanSAR mode. We consider here the unidimensional

case for simplicity and K ground patches along a bistatic

isorange contour. If Range Cell Migration (RCM) is negligible,

the measured range-compressed data corresponding to the

considered range bin can be written as a column vector,

yk ∈ C
M×1, with M being the number of transmitted pulses.

The received data due to the kth ground patch can be modeled

as

yk = Whkxk + n (1)

where xk is the complex reflectivity of the kth ground patch

and n ∈ C
M×1 denotes the thermal noise. The column

vector hk ∈ C
M×1 represents a received signal if a scatterer

at patch k has a reflectivity of 1 and includes the AAP

weighting of the transmitting and the receiving antennas. This
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AAP weighting depends on the location of the target in the

observed area. In addition to the AAP weighting embedded

in hk, the received signals undergo a slow-time amplitude

modulation represented by W = diag(w) with w ∈ R
M×1.

This modulation function is determined, for each beam, by the

corresponding elevation antenna gain at the elevation angle at

which the scatterer is located. The model in (1) assumes an

invariant W along the considered bistatic isorange contour.

The validity of this assumption will limit the size of the area

that can be imaged according to its position with respect to the

transmitter and the receiver. W depends on the elevation angle

under which the scatterers are illuminated by the transmitter.

Thus, if the transmitter flies along a straight path, the scatterers

located along a line parallel to the transmitter flight path will

be subject to the same W. In the case of the Advanced

Synthetic Aperture Radar (ASAR) antenna of ENVISAT, and

if a difference of 0.25 dB in W, which corresponds to the

specified one-way antenna calibration error [22], is accepted,

the bistatic isorange may deviate from the above-mentioned

straight line by up to 20 km.

The total received signal seen by the radar is then the sum

of the responses from all ground patches along one isorange

contour and can be modeled as

y = WHx+ n = Hwx+ n (2)

with x = [x0, x1, ..., xk, ..., xK−1]T and H =
[h0,h1, ...,hk, ...,hK−1].

B. Bistatic ScanSAR focusing

The SAR image formation problem involves reconstruction

of the target reflectivity function x from the measurements

y. The unknown reflectivity vector x can be estimated by

maximizing its a posteriori probability density function (PDF)

or

x̂ = argmax
x

p(x|y). (3)

Assuming a complex Gaussian distributed reflectivity [23]

and Gaussian noise, it is easily shown that the maximum is

reached for [24]

x̂ = H†
ry (4)

with

H†
r
= RxH

†
w
(HwRxH

†
w
+Rn)

−1 (5)

where Rx = E[xx†] is the covariance matrix of the scene

reflectivity x and Rn is that of the noise n. Note that the

Maximum A Posteriori (MAP) estimator (5) is identical to

the Minimum Mean Square Error (MMSE) estimator [25] in

the Gaussian signal model.

The computation of (5) is feasible in the classical single-

burst processing [4]. However, in a continuous illumination

case, (5) is computationally demanding and another imple-

mentation is now discussed.

If x and n are samples of Gaussian stationary processes

and the elements of the vectors x and n are assumed uncor-

related, then the covariance matrices become Rx = σ2

xI and

Rn = σ2

nI with σ2

x and σ2

n respectively the variance of the

scene reflectivity and the noise and I the identity matrix. The

optimum focusing (5) simplifies thus as

H†
r

= H†
w
(HwH†

w
+ ϑI)−1

= H†[W†(WHH†W† + ϑI)−1]
(6)

where ϑ =
σ2

n

σ2
x

is the inverse of the SNR.

If the conditions to have HH† diagonal are met, the matrix

operation in brackets in (6) is simply a multiplication between

diagonal matrices which leads to

H†
r
= H†Cw (7)

where the matrix Cw is a diagonal matrix with the diagonal

elements equal to

cw,i =
wi

w2

iK + ϑ
(8)

with wi the ith element of w. This matrix acts as a compensa-

tion of the slow-time modulation embodied by w, or in another

words, restore the performance degraded by the multiplication

by W in (2). This equation holds if HH† is diagonal which

is achieved if the ground patches are resolved.

Finally, the SAR focusing (4) simplifies in

x̂ = H†Cwy (9)

This result implies that the cross-range resolution-

enhancement method consists in

• compensating in the measurement domain, the slow-time

modulation of the measurements induced by the beam

scanning in elevation

yc = Cwy (10)

• focusing using the conventional Matched Filter (MF)

x̂ = H†yc (11)

C. Performance analysis

In this section, the performance of (9) are evaluated based

on real ScanSAR measurements. We considered the ASAR

instrument of ENVISAT as source, but the results can easily

be extended to other transmitters. ScanSAR focusing using (9)

depends on the slow-time amplitude modulation w which in

turn depends on the position of the imaged area of interest in

the global swath. This can be parametrized using the elevation

angle at which the scatterers are located, denoted θel. This

key parameter can predict whether or not the opportunistic

ScanSAR pass is suitable for the use of the cross-range

resolution-enhancement method (9). To predict the perfor-

mance, the elevation antenna diagram of the transmitted beams

of the opportunistic transmitter must be measured. As ESA

provides the two-way elevation diagram of the 5 elevation

beams of the ASAR instrument of ENVISAT for 5◦ around the

beam centre, data acquired over six months by the stationary

ground-based receiver were used to complement the elevation

diagrams at other angles. Figure 3 depicts the ESA calibrated

amplitude elevation diagrams of the five beams of ASAR used

in ScanSAR mode (solid lines) and the extrapolation (dashed

lines) based on our measurements (dots).



IEEE TRANSACTIONS ON AEROSPACE AND ELECTRONIC SYSTEMS 4

15 20 25 30 35 40
0

0.2

0.4

0.6

0.8

1

Elevation angle (deg)

A
m

pl
itu

de

Fig. 3. Extrapolated antenna elevation diagrams of the 5 beams of the ASAR
antenna. The dots on the dashed line denote our measurements and the dots
on the solid line denote the values obtained from sampling antenna patterns
provided by ESA.

To give a quantitative insight of the performance of the

method, a simulation of a point scatterer in presence of noise is

performed. A SNR of −10 dB before any coherent processing

is simulated and two extreme situations are envisaged. First, a

single-beam ScanSAR illumination, as would be obtained for a

scatterer at the very edge of the wide swath is considered. This

case could correspond for instance to θel = 15◦ in Fig. 3. This

geometry would result in a pulse-train window modulation w

as illustrated in Fig. 4 (a). Figure 4 (b) represents the intensity

of the azimuthal Impulse Response Function (IRF) obtained if

one single burst is focused (dashed line) and if all bursts are

coherently processed (solid line) using a conventional MF. The

latter drastically improves the poor resolution of the single-

burst processing but grating lobes appear.

When the scatterer is ideally situated, i.e. at the centre of

the global swath (θel = 29◦ in Fig. 3), reception of signals

from all five elevation beams is possible but each with a

different amplitude according to the elevation antenna diagram

of the considered beam as shown in Fig. 4 (c) (solid line). In

this case, the aforementioned gaps are filled by the sidelobes

emission of the transmit antenna leading to a reduction of

the amplitude of the grating lobes as shown in Fig. 4 (d)

(solid line). The PSLR improved from 0.5 dB for a single-

beam illumination to 4 dB for a multi-beam illumination. That

demonstrates that gap-filling is a step in the right direction to

approach the Stripmap performance.

By applying the cross-range resolution-enhancement

method (9), the residual grating lobes due to the ScanSAR

data are attenuated by about 8 dB which puts it at the

same level as the other sidelobes as illustrated in Fig. 4

(d) (dashed line). That will be the case if the SNR of the

backscattered signals coming from the scatterers illuminated

by the elevation sidelobes of the transmitting antenna is

sufficient. The applied weighting function cw is shown in

Fig. 4 (c) (dashed line). It is obvious that the product cw,iwi

for i = 0 . . .M − 1 must converge to 1 to approach the PSLR

of the Stripmap mode. This will happen for very small ϑ, i.e.

very large SNR.

It is important to stress that the grating lobes pattern in
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Fig. 4. On the left, the normalized slow-time amplitude modulation w of
two extreme ScanSAR illuminations, and on the right, cuts of the IRF along
the scatterer’s isorange.

the azimuthal IRF depends on the wide-swath mode, i.e.

on the number of sub-swaths, NS , and on the number of

looks, NL, of the SAR mode. Wide-swath modes designed

with NL > 1 as is the case for the wide-swath modes of

ENVISAT or RADARSAT-2 [26] can give rise to grating lobes

in the azimuthal IRF if the NL bursts are coherently focused.

The distance between the mainlobe of the IRF and the first

grating lobe is inversely proportional to NSWB with WB

the azimuthal burst bandwidth [6]. For a one-look wide-swath

mode, such as the TOPSAR mode implemented on Sentinel-

1A [19], the azimuthal IRF is not corrupted by grating lobes. In

this mode, the proposed method can still recover the Stripmap

cross-range resolution as shown in [27]. In any wide-swath

imaging illumination, the cross-range resolution-enhancement

method provides, under certain conditions, a better cross-range

resolution compared to the classical processing of a single

burst.

Let us now simulate different satellite passes over 15◦ ≤
θel ≤ 40◦. Figure 5 (a) shows the computed PSLRs of the

IRF for each geometry obtained with the conventional MF

(dashed line) and with the conventional MF preceded by the

amplitude compensation (9) (solid line). For 27◦ ≤ θel ≤ 32◦,

the PSLR of the MF output with the pre-processing step (10) is

by far better than without. For those geometries with small ϑ,

cw,i tends to the inverse of wi, compensating appropriately the

slow-time modulation, i.e. leading to a reduction of the grating

lobes, but, at the same time, will amplify the noise included

in y. Outside that angular range, one or several beams are

barely present leading to a poor signal amplitude over part of

the aperture (large ϑ). In those cases, cw,i will neither amplify

the signal nor the noise: the poor SNR will not degrade but

the grating lobes will remain. The noise amplification induced
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Fig. 5. (a) Calculated PSLR for different antenna elevation angles without
compensation (dashed line) and with compensation (solid line) and (b)
calculated relative noise energy (w.r.t. Stripmap mode) amplification due to
the compensation method.
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Fig. 6. Signal acquired during an overpass of RADARSAT-2 operating in
SWB mode defined by four beams and a burst duration of 0.05 sec.

by the method can be quantified using

F = 10 log10

(

1

M

M−1
∑

i=0

|cw,i|
2

)

(12)

This parameter, depicted in Fig. 5 (b), represents the factor by

which the noise variance is amplified relative to the constant

W case. The reduction of the grating lobes is accompanied by

a noise amplification by up to 15 dB. In the light of the forego-

ing, it may be concluded that cw strives to achieve a trade-off

between the compensation of the slow-time modulation, and

thus the reduction of the grating lobes, and the amplification

of the noise. Note that cw minimizes the MSE of the ground

reflectivity when ϑ in (8) is the true value, ϑtrue. cw was not

designed to maximize the PSLR. However, choosing a smaller

value ϑ < ϑtrue may yield a larger PSLR at the expense of a

larger amplification of the noise.

IV. RESULTS BASED ON REAL MEASUREMENTS

On the 30th of April 2013, the stationary ground-based re-

ceiver, located in Brussels, was in the centre of the swath of the

Canadian satellite RADARSAT-2 operating in the ScanSAR

Wide mode (SWB). Figure 6 represents the four-beam RF

signal acquired during its overpass.

The performance of the cross-range resolution-enhancement

method can be illustrated by analyzing a point-like target in

the image. Figure 7 (a) shows the intensity of the Single-Look

Complex (SLC) SAR image centered on the point scatterer

obtained by the classical MF processing of a single burst. This

yields a poor resolution of 100m in the along-track direction.

If the NL bursts of this same beam are coherently focused, the

along-track resolution is drastically improved to 20m as shown

in Fig. 7 (b). The expected grating lobes in azimuth along the

isorange can be observed. Note that a second point scatterer at

(Lat, Long)=(50.8457, 4.3992) is hidden in the grating lobes.

The white square in the upper right corner of Fig. 7 represents

a region assumed free of signals to estimate the background

noise level with respect to the single-beam MF case of Fig. 7

(b). The corresponding values are given in Table I.

TABLE I
NOISE LEVEL ESTIMATION RELATIVE TO THE SINGLE-BEAM MF CASE.

SAR focusing Relative noise variance
method dB

Cross-range resolution-enhancement method 8
for ϑ = ϑtrue (Fig. 7 (c))

Cross-range resolution-enhancement method 16.7
for ϑ < ϑtrue (Fig. 7 (d))
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Fig. 7. Zoom on a point scatterer in the georeferenced SLC SAR image
processed using (a) the conventional MF on a single-burst, (b) the conventional
MF on a single beam, (c) the cross-range resolution-enhancement method with
ϑ = ϑtrue and (d) with ϑ < ϑtrue.

If the cross-range resolution-enhancement method is applied

with the true value ϑtrue, there is a tradeoff between the

amplification of the noise and the reduction of the grating

lobes. The latter are reduced but still present in Fig. 7 (c).

The second point scatterer is now visible. For ϑ < ϑtrue,

the weighting function cw becomes closer to the inverse

of w: a better compensation of the slow-time amplitude

modulation is obtained at the expense of an increase of the

noise content in the SAR image (Fig. 7 (d)). This illustrates

that the compensation function cw must be calculated with
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the correct SNR, ϑtrue. This final result demonstrates that

the cross-range resolution-enhancement method provides high

cross-range resolution SAR images relative to the classical

single-burst ScanSAR imaging. Besides, if the MF is preceded

by an amplitude compensation weighting function applied in

the slow-time domain, the SAR image has reduced grating

lobes but an acceptable noise amplification.

V. CONCLUSION

In this paper, we have demonstrated that, in the case of

a bistatic configuration, the poor cross-range resolution of

wide-swath mode can be enhanced by exploiting the signal

transmitted in the elevation sidelobes. We showed that the

SAR focusing of such data simplifies, under reasonable as-

sumptions, in a compensation weighting function preceding

any conventional SAR focusing technique.

This method has a significant operational interest in the op-

portunistic space-ground geometry as it allows to image more

frequently a specific area with a high cross-range resolution.

This makes the image production independent of any operators

provided the illuminator of opportunity transmits. This benefit

becomes even more important as several constellations of

satellites can be exploited.

Finally, based on real measurements, it has been shown that

the increase in noise induced by the method is very limited.
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