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Abstract—A direct consequence of the TOPS acquisition ge-
ometry and the steering in azimuth of the antenna is the
time-varying Doppler centroid within bursts. If this fact is not
properly accommodated during SAR image formation, undesired
distortions both in the azimuth and range dimensions of the
focused SAR images may appear. Azimuth distortions are caused
by the local mismatch of both squint and topography. Range
distortions arise from the inaccurate accommodation of the intra-
pulse motion of the platform, usually known as the stop-and-go
approximation. Conventional spaceborne SAR image formation
schemes will be, in general, unable to provide accurate TOPS
SAR images, . These distortions are discussed and evaluated for
exemplary low Earth orbit (LEO) SAR scenarios. Compensations
strategies are presented and validated with TerraSAR-X TOPS
data. A discussion of the potential impact on the Sentinel-1
Interferometric Wide Swath and Extra Wide Swath modes (i.e.,
TOPS) is also given.

Index Terms—Synthetic Aperture Radar, TOPS, wide-swath
SAR modes, burst-mode acquisitions, TerraSAR-X, Sentinel-1,
spaceborne SAR missions.

I. I NTRODUCTION

T ERRAIN Observation with Progressive Scans (TOPS) is
a multi-swath scanning burst mode aiming to provide

enhanced image performance when compared to conventional
ScanSAR [1], [2]. In the TOPS mode, the antenna azimuth
beam is steered (aft to fore) at a constant rate, so that all
targets on ground are observed using the entire useful part
of the azimuth antenna pattern [1], dramatically reducing
the scalloping effect and achieving constant azimuth ambi-
guities and signal-to-noise ratio (SNR) along azimuth. This
azimuth steering of the antenna can be regarded as an inverse
spotlight, which originates the TOPS name. The TOPS SAR
mode was experimentally implemented and for the first time
demonstrated in orbit with TerraSAR-X [3]. On the Sentinel-
1 mission, the Interferometric Wide Swath mode (IW) and
the Extra Wide Swath mode (EW) will be operated as TOPS
modes [4]. As an attempt to simulate Sentinel-1 data, the
TOPS mode at C band was demonstrated for the European
Space Agency (ESA) using Radarsat-2 during 2013 [5]. The
TOPS SAR mode has been selected as an operative SAR
imaging mode for the ESA-European Commission (EC) co-
funded Sentinel 1 mission [4].

As a result of the scanning of the antenna in azimuth, targets
at different azimuth positions within the burst are observed

Manuscript received September X, 2013; revised XXXXX. This work
was partially supported by the European Space Agency under contract
4000106648/12/NL/MP.

Marc Rodriguez-Cassola, Pau Prats-Iraola, Francesco De Zan, Rolf
Scheiber, Andreas Reigber, and Alberto Moreira are with theMicrowaves and
Radar Institute of the German Aerospace Center (DLR), Oberpfaffenhofen,
Germany. E-mail: marc.rodriguez@dlr.de

Dirk Geudtner is with the European Space and Technology Center of the
European Space Agency (ESA), Noordwijk, The Netherlands.

under different squint angles, i.e., Doppler centroids. The fact
of having an azimuth-varying Doppler has a major impact
on the efficient implementation of the range-variant SAR
image formation kernel, as shown in [6], [7], [8], [9], [10].
Since the early days of SAR, squinted observations have been
recognized as challenging due to the increased sensitivitythey
show to deviations from the actual geometry of the acquisition
[11], [12], [13], [14]. Due to the large variation of the Doppler
within the burst, TOPS SAR acquisitions are particularly
sensitive to geometrical aspects like time-varying squints,
topographic changes, and the motion of the satellite during
the transmission of the pulse. Usually, these aspects have been
mostly related to other research areas such as airborne SAR
[15], [16], [17], bistatic SAR [18], [19], very-high resolution
spaceborne SAR [20], [21], and continuous-wave SAR [22].
If not accounted for, as it is usually the case in conventional
spaceborne SAR image formation schemes, these deviations
from the reference geometry introduce undesired distortions
both in the azimuth and range dimensions of the focused SAR
images. On the one hand, the distortions resulting from the
local mismatch of squint and topography may generate phase
and azimuth positioning errors in the TOPS SAR images and
interferometric pairs. On the other hand, range distortions arise
from the intra-pulse motion of the platform, causing a range
skew of the focused TOPS burst image.

The paper is divided as follows. Section II presents the
TOPS observation geometry and some relevant aspects of the
TOPS SAR image formation process. Section III discusses the
distortions in the azimuth dimension of TOPS SAR images
caused by the dependence of the matched filter on both squint
and topographic height. An exemplary performance evaluation
for TerraSAR-X images and interferograms is presented, as
well as an efficient algorithm to compensate the resulting
distortions. Section IV analyzes the impact of the intra-pulse
motion of the satellite, and the distortions caused in the
range dimension of the TOPS SAR images if this motion is
not compensated. Both effects and compensation algorithms
are validated using TerraSAR-X TOPS SAR data. Section V
evaluates the impact of the analyzed effects on Sentinel-1 IW
and EW modes. The paper concludes in Section VI with a
discussion.

II. T HE TOPSMODE AS AN EPITOME OF SQUINTED

OBSERVATIONS

The typical TOPS SAR acquisition geometry is illustrated
in Fig. 1; for the sake of compactness, only one subswath has
been depicted. A single burst within a subswath starts (at time
ta,burst1) with the antenna steered from the aft to the fore at the
constant ratekTOPS

rot
. The value ofkTOPS

rot
depends on the desired
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Fig. 1. Schematic diagram of an exemplary TOPS SAR acquisition(top).
Time-frequency diagram of a TOPS burst (bottom). For compactness, only
one subswath is depicted in the figure.

azimuth resolution, which is somewhat linked to the final
swath width of the images [1]. The acquisition usually has a
mean zero Doppler centroid and the final squint angle equals in
magnitude the initial one. At the end of scanning (in azimuth)
the first burst in the first subswath, having a duration ofT 1

burst
,

all other subswaths are scanned using a similar steering of the
azimuth pattern, until the whole swath is covered; the duration
of the scanning of all other subswaths is denoted in the
figure as

∑N

i=2 T i
sub

. After the completion of one burst cycle
covering all subswaths, the next burst in the first subswath is
transmitted, starting atta,start2 = ta,start1 + Tcycle. The time-
frequency diagram of the acquisition is shown at the bottom
of Fig. 1, where the color points on the gray band correspond
to the targets P1, P2, and P3 of the top figure, respectively. As
depicted in the bottom figure, P1 is imaged with a negative
Doppler centroid, P2 with zero Doppler, and P3 with a positive
Doppler centroid. For a constantkTOPS

rot
, the Doppler centroid

varies linearly with the azimuth position (cf. bottom diagram
of Fig. 1). In order to avoid azimuth gaps in the final images,
the target P3 is imaged by burst 1 and burst 2 with roughly
opposed Doppler centroids (cf. top diagram of Fig. 1), i.e.,
there exists some overlap between consecutive bursts [1].

Since the beam-center geometry of the targets changes along
azimuth, the preferred focusing geometry of TOPS observa-
tions will be zero-Doppler. The bottom plot of Fig. 1 shows
the position of the targets after SAR image formation in a
zero-Doppler geometry, i.e., at the crossing of the dashed gray

lines with theta-axis [9]. Typically, spaceborne SAR image
formation kernels (e.g., range-Doppler, omega-K) operatein
the Fourier domain and are capable of efficiently accounting
for the range-variance of the survey (e.g., range delay, Doppler
rate). The efficiency of these kernels is compromised if any
azimuth-variance needs be accommodated, i.e., a common
matched filter is used for targets placed on the same range
coordinate for large blocks in azimuth (e.g., a whole burst).
It is, however, well-known that squint, topography and the
curvature of the orbits introduce a slight azimuth-variance in
the spaceborne SAR survey, which may cause filter mismatch
[23], [20]. In Section III, it will be shown that the assumption
of azimuth-invariance yields phase and positioning errorsin
TOPS SAR images as a consequence of the change of the
targets range history along azimuth as a function of squint
and topographic height.

Although the subsequent analysis has been particularized
for TOPS observations, we want to stress that similar effects
can be expected for any other SAR squinted (both constant
and time-varying) acquisitions. The results presented in this
paper could be easily extended to other SAR acquisition modes
with constant or varying Doppler centroids, e.g., spotlight,
scanSAR, squinted stripmap, and even non-stationary bistatic.

III. A ZIMUTH DISTORTIONS DUE TO SQUINT AND

TOPOGRAPHY MISMATCH

A. Dependence of the effective velocity with squint and topo-
graphy

As sufficiently discussed in the literature, conventional
spaceborne SAR processing applies a local approximation
of the satellite orbit by a range-dependent straight trajectory
[24], [25], [26].1 The range history of a given target can be
approximately described by its slant range and the effective
velocity of the target, denoted asve, computed to match the
hyperbolical model to the actual geometry of the acquisition;
thus, ve depends on the satellite ephemerides and the target
position. Fig. 2 shows the typical scenario for the computation
of the effective velocity both considering topography (left) and
squint (right). In the left plot, the gray line shows the locus of
targets having the same radar coordinates and different heights;
in the right plot, the gray line shows the locus of targets having
the same slant range coordinate and different positive squints.
In typical LEO cases, the variation of the effective velocity of
the targets with the topographic height is roughly linear, i.e.,

∂ve

∂h
≈ fv(~pSAT[n], r0) , (1)

with fv being the constant proportionality factor (i.e., the
slope), depending on the orbit ephemerides,~pSAT[n], around
the azimuth coordinate of the target and on the slant range,

1This is the usual approach in spaceborne SAR processing, butnot essential
for the validity of the presented results. However, it allows the derivation of
analytical expressions as a function of the effective velocity of the radar. In
other cases where the processing kernel must be able to accommodate non-
hyperbolical range histories (e.g., bistatic surveys), the basic idea presented
here still applies, only the expressions need to be derived as a function of
other parameters (e.g., polynomial coefficients) or the distortions be computed
numerically. The local straight trajectory model is however accurate for state-
of-the-art TOPS SAR systems (e.g., TerraSAR-X, RADARSAT-2,Sentinel-1).
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Fig. 2. Cross-track (left) and cross-range imaging geometries (right) of a
typical spaceborne SAR survey. The left plot shows the isorange targets
located at different topographic heights. The right plot shows isorange targets
observed with different squint angles (e.g., the squint excursion is denoted as
δθsq).

TABLE I
KEPLERIAN ELEMENTS OF THETERRASAR-X ORBIT

Eccentricity 0.001
Inclination 97.44 deg

Argument of perigee 90 deg
Ascending node 88.617 deg
Semimajor axis 6883.513 km

r0. Fig. 3 shows the variation of the effective velocity as
a function of the topographic height for a TerraSAR-X-like
survey over a scene located at 48 deg latitude, 35 deg incident
angle. The Keplerian elements of the TerraSAR-X orbit used
for the computations are listed in Table I. A total excursion
of about 2 m/s over a range of 4 km in topographic height
is observed. The value offv increases with increasing orbit
eccentricities, and increasing orbit heights. Fig. 4 showsthe
value of fv in mHz for the TerraSAR-X case for different
latitudes and incident angles. As expected, the sensitivity to
topography relaxes for higher incident angles. Concerningthe
variation along latitude, a factor six between the smallestand
highest values can be observed. Note that the value offv for
the case shown in Fig. 3 is of about 0.5 mHz.

For typical LEO cases, the dependence of the effective ve-
locity on the squint angle of the acquisition shows a quadratic

Fig. 3. Change of the effective velocity as a function of topography for
TerraSAR-X-like survey over a scene located at 48 deg latitude, 35 deg
incident angle.

Fig. 4. Values offv in mHz for a TerraSAR-X orbit as a function of incident
angle and latitude.

Fig. 5. Change of the effective velocity as a function of squint for a TerraSAR-
X-like survey over a scene located at 48 deg latitude, 35 deg incident angle.
Note that the operational steering angles used in TerraSAR-X are kept between
±2.2 deg. For illustrative purposes, the observation range of the plot has been
extended to±10 deg.

behaviour, i.e.,

∂2ve

∂θ2
sq

≈ kθ(~pSAT[n], r0) , (2)

where θsq is the squint angle andkθ is the curvature of a
parabola. For a TerraSAR-X-like survey over a scene located
at 48 deg latitude with 35 deg incident angle, the variation of
ve for a squint angle range between±10 deg is shown in Fig.
5. The total variation range is kept below 1.5 m/s.

B. SAR image formation mismatch due to squint and topog-
raphy

A typical assumption of Fourier-based SAR focusing ker-
nels is the use of a constant effective velocity for a common
range bin (cf. Section II). This translates into the use of the
same effective velocity within a large azimuth block of data,
typically a whole burst. Since, as discussed in the previous
subsection, this effective velocity is depending on topography
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and squint, only a specific isoline2 is perfectly matched, i.e.,
deviations of the real scene topography with respect to the
processing isoline result in focusing errors. Assuming the
local hyperbolical range history model is valid, a reasonable
assumption in the TOPS case, the phase of the matched filter
in the wavenumber domain applied to a single range bin within
the processing block (e.g., burst) can be expressed as [27]

ΦWN(fr, fa; ve) =
4π

λ
· r0 ·

√

(

fr

f0

)2

−

(

λ · fa

2 · ve

)2

, (3)

wherefr is the range frequency,fa is the azimuth frequency,λ
is the carrier wavelength,r0 is the slant range of the target, and
f0 is the carrier frequency; in general,ve is averaged within the
processing block using the available geometrical information.
The impact of the mismatch of the effective velocity on the
range cell migration and secondary range compression terms
of (3) is negligible for typical SAR cases. Considering the
azimuth compression filter, the phase error along the band can
be approximated by

δΦAC(fa; ve, δve) ≈−
4π

λ
· r0 ·

(

λ · fDC

2 · ve

)2

√

1 −

(

λ · fDC

2 · ve

)2
·
δve

ve

− 2π ·λ · r0 · fDC ·
δve

v3
e

· (fa − fDC)

− π ·λ · r0 ·
δve

v3
e

· (fa − fDC)2, (4)

where the subscript AC stands for azimuth compression,fDC

is the Doppler centroid under which the target is seen,δve

is the deviation of the effective velocity of the actual target
with respect to to the one used during azimuth compression.
The first term of (4) causes a phase error, the second term a
positioning error, and the third term both defocusing and an
additional phase error. For typical TOPS cases, the defocusing
due to the mismatch of the effective velocity is negligible,3

and therefore only the phase error and the positioning errorin
azimuth will be relevant; the phase error can be approximated
by

δφ ≈ −
4π

λ
· r0 ·

δve

ve

·









(

λ · fDC

2 · ve

)2

√

1 −

(

λ · fDC

2 · ve

)2
−

λ2
·B2

a

4 · k · v2
e









, (5)

wherek is a factor relating the quadratic phase error at the
edge of the azimuth processed band to the phase error of the
target, which is approximately equal to 3 for a rectangular
weighting [26]. Analogously, the azimuth shift of the impulse
response takes the value [25], [28]

δta ≈ fDC ·
δKa

K2
a

≈ −λ · r0 · fDC ·
δve

v3
e

, (6)

2Due to the orbit’s and Earth’s curvature and the steering in azimuth of the
antenna, this line of constant effective velocity shows slight deviations with
respect to the constant height contour line.

3In the TerraSAR-X case, the quadratic phase error at the edgeof the band
is smaller than 0.5 deg.

Fig. 6. Target phase error as a function of squint angle and topographic
height difference with respect to the reference (processing) level. A Keplerian
TerraSAR-X (TSX) like orbit has been used in the computations.

Fig. 7. Azimuth shifts of the focused target as a function of squint angle
and topographic height difference with respect to the reference (processing)
level. Processed bandwidth of 450 Hz. A TerraSAR-X (TSX) case has been
assumed.

where Ka is the Doppler rate of the target. Note that the
dependence of the induced shift onλ cancels out after the
multiplication with the Doppler centroid. Fig. 6 shows the
phase error of the focused targets for a typical TerraSAR-X
acquisition, with up to 0.7 deg squint angle. The error is dis-
played as a function of the squint and the topographic height,
assuming the reference height for the computation of the
processingve is 625 m. Significant errors in the phase of the
TOPS images are expected for scenes with large topographic
variations if the effect is not properly accounted for. Fig.7
shows the corresponding azimuth shifts (in resolution cells)
for the same TerraSAR-X case assuming a processed azimuth
bandwidth of 450 Hz. As in the previous case, significant
azimuth shifts of up to 0.14 resolution cells (about 2.3 m) are
expected in TerraSAR-X TOPS SAR images if topography is
not locally accommodated. If not compensated, these errors
may reduce the geolocation accuracy of TOPS (in general,
squinted) SAR images.

In order to validate the model of the aforementioned dis-
tortions due to squint and topography mismatch, the overlap
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Fig. 8. Interpolated azimuth responses of two corner reflectors located in
subswaths 1 (left) and 2 (right). The corner reflectors are located in the overlap
region between two consecutive bursts. An ellipsoidal height off by 2 km has
been used during processing. In red, the responses of the first burst; in blue,
the responses of the second burst. An azimuth shift of 0.16 pixels is observed.

area between two consecutive bursts of a TerraSAR-X TOPS
acquisition has been analyzed. In the burst overlap areas of
mean zero-squinted acquisitions, the Doppler centroid of the
targets has about the same magnitude and opposite sign; the
inter-burst phase error cancels out, whereas the inter-burst
azimuth coregistration error takes the form

δta,burst = −λ · r0 ·∆fovl ·
δve

v3
e

, (7)

where ∆fovl is the spectral separation between the Doppler
centroids with which the target is seen in the two consecutive
bursts, about 6 kHz for TerraSAR-X. An acquisition over DLR
in Oberpfaffenhofen with corner reflectors deployed in the
burst overlap area was carried out for calibration purposes.
The images were first processed using an erroneous effective
velocity resulting from averaging over an ellipsoidal height
with an offset of 2 km and no local accommodation of the
Doppler centroid; Fig. 8 shows the result of the main lobe in
azimuth of the responses of the two corner reflectors for the
preceding (red) and following bursts (blue); the azimuth shift
of about 0.16 pixels and conform with (7) is clearly visible.

C. Interferometric error budget

In this subsection, we discuss the impact of the phase and
azimuth positioning errors resulting from the mismatch of
the effective velocity on the interferometric performanceof
TOPS image pairs. Two different cases can be identified: a)
two similar TOPS acquisitions with a baseline (e.g., repeat-
or single-pass TOPS acquisitions with full- or half-baselines)
where a common squint scan can be assumed and b) the
combination of a TOPS SAR image with another source
(stripmap, spotlight, scanSAR, or a different TOPS) acquired
with a different squint scan.4 In the latter cases, errors are
expected to be considerably different for master and slave and
the interferometric phase error reduces to the expression in (5)
and the typical values for TerraSAR-X given in Fig. 6.

In the case where two similar acquisitions are combined,
things improve due to the similarity of the observed phase
and positioning errors for both master and slaves images.
The Doppler centroids with which the targets are observed

4Note that in this case, the combination of two different multi-swath
acquisitions is of reduced importance since a very small common bandwidth is
expected. However, in applications involving the use of multi-mode coherent
stacks as PS/CS interferometry the single image distortions become relevant.

Fig. 9. Typical interferometric phase errors caused by localmismatch of squint
and topography for the TerraSAR-X (TSX) case. Orbital tube diameter of 250
m.

are approximately equal.5 The resulting interferometric phase
error can be approximated as

δφint ≈ δφ(r0,m, ve,m, δve,m) − δφ(r0,s, ve,s, δve,s) , (8)

where the subscriptsm and s stand for master and slave
images, respectively. For typical moderate baselines, thevalues
of ve andδve for master and slave are similar and (8) can be
further approximated as

δφint ≈ −
4π

λ
·

(

λ · fDC

2 · ve

)2

√

1 −

(

λ · fDC

2 · ve

)2
·
δve

ve

· (r0,m − r0,s) . (9)

The coherence loss caused by misregistration can be approx-
imated under the previous assumptions as [29]

γa ≈ sinc [Ba · (δta,m − δta,s)]

≈ sinc

[

λ ·Ba · fDC ·
δve

v3
e

· (r0,m − r0,s)

]

; (10)

in typical TOPS cases, though, this coherence loss is negli-
gible, since the shifts are very similar due to the moderate
baselines. It might be relevant in other acquisition modes
with time-varying Doppler centroids such as sliding spotlight.
In the TerraSAR-X TOPS case, and considering an orbital
tube with a diameter of about 250 m, the differences of
the positioning errors are insignificant and the interferometric
phase errors remain small. Fig. 9 shows a typical case of
interferometric phase errors assuming the same squint and
topographic height range used in Figs. 5 and 6; it can be
seen that the interferometric phase errors are kept below 4
deg, even for large topographic variations. In the case of
larger baslines, interferometric phase errors due to squint and
topography mismatch may become relevant. As an example,
Fig. 10 shows an analogous plot for an orbital tube of 3 km;
as predicted by (9), the variation range of the interferometric

5Note that there might be slight changes in the effective Doppler centroids
due to the slight lack of parallelism between the orbits of master and slave.
This effect can be neglected in typical cases.
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Fig. 10. Typical interferometric phase errors caused by local mismatch of
squint and topography mismatch for the TerraSAR-X (TSX) case.Orbital
tube diameter of 3000 m.

phase error is increased beyond 40 deg. Note that in such a
case, reasonable for future interferometric SAR missions,the
interferometric phase errors become relevant even in scenes
with normal topographic variations.

D. Post-processing algorithm for squint and topography ac-
commodation (PASTA)

The post-processing algorithm for squint and topography
accommodation (acronym PASTA) is a precise yet efficient
manner to compensate for an azimuth-variant mismatch within
range bins. Inspired in existing motion compensation ap-
proaches for airborne SAR data [16], PASTA is capable of
achieving excellent results even if the data have been focused
neglecting the dependence of the effective velocity with range
(e.g., a classical assumption of the canonical omega-K fo-
cusing kernel). PASTA is applied after azimuth compression
and can be straightforwardly parallelized. The flow of the
algorithm is shown in Fig. 11. In the diagram, the effective
velocity used in the processing,ṽe, is range-dependent. The
real effective velocities of the scene, represented in the matrix
ve, are computed using the actual geometry of the acquisition,
i.e., satellite orbit and DEM of the scene. PASTA works as
a post-processing approach, i.e., on the focused single look
complex data (SLC). The first step is a deramping to set
the data on a common frequency reference. The algorithm
works with short blocks in azimuth centered on the pixel to
be corrected. An azimuth DFT is computed on the block, after
which the compensation phaseδΦAC is applied. NoteδΦAC

is accurately computed by using the actual geometry of the
acquisition and not necessarily using the approximation in(4),
i.e.,

δΦAC =
4π

λ
· r0 ·

√

1 −

(

λ · fa

2 · ve

)2

−
4π

λ
· r0 ·

√

1 −

(

λ · fa

2 · ṽe

)2

. (11)
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Fig. 11. Block diagram of the post-processing algorithm forsquint and
topography accommodation (PASTA). The acronym STFT stands for short-
time Fourier transform.

Fig. 12. Interpolated azimuth responses of two corner reflectors located in
subswaths 1 (left) and 2 (right). The corner reflectors are located in the overlap
region between two consecutive bursts. An ellipsoidal height off by 2 km was
used during processing and PASTA was applied as a post-processing step.
In red, the responses of the first burst; in blue, the responses of the second
burst. The azimuth shift of 0.16 pixels shown in Fig. 8 has beensuccessfully
corrected.

This residual correction is performed in the range-Doppler
domain. After this, the whole azimuth bin is corrected. Once
all pixels are corrected, the data are reramped to their original
frequency reference. The algorithm is easily parallelizable
and runs in comparable times as the focusing of the burst
itself using [9]. For the validation of the algorithm, the
same TerraSAR-X TOPS data over Oberpfaffenhofen have
been used; the images have been processed using a wrong
ellipsoidal height off by 2 km with respect to the true one.
Once PASTA is applied on the wrongly processed data, the
shifted responses of the corner reflectors appear at the same
azimuth position in the two consecutive bursts as it is shown
in Fig. 12.

E. Experimental results with TerraSAR-X data

Experimental TOPS data acquired by TerraSAR-X over the
Atacama desert, in Chile, have been used to put forward the
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Fig. 13. TerraSAR-X TOPS reflectivity image (3 bursts and 4 subswaths)
acquired over the Atacama desert, Chile and corresponding DEM (bottom).

relevance of the presented analysis. Fig. 13 shows the reflec-
tivity image (top) of the first 4 bursts and the corresponding
DEM (bottom); note the topographic variations within the
scene are over 3500 m. To better illustrate the results, a
processing over an average height (ellipsoidal height) of 3700
m is used as a reference; PASTA is then applied on the data.6

Fig. 14 shows the comparison between the reference SLC
image processed on the average ellipsoid and the corrected
SLC after applying PASTA. The top image shows the phase
errors and the bottom image shows the estimated azimuth
shifts. Both agree with the values obtained in Figs. 6 and
7. Fig. 15 shows the interferometric errors by using a repeat-
pass interferometric pair. The figure shows the phase difference
between the interferogram computed with the reference SLCs
processed on the average ellipsoid, and the interferogram
computed with the reference SLCs corrected with PASTA.
Values are comparable with those of Fig. 9.

IV. RANGE DISTORTIONS CAUSED BY THE INTRA-PULSE

MOTION OF THE PLATFORM

A. The stop-and-go approximation

In conventional spaceborne SAR processing, the continuous
motion of the platform is usually neglected, an approximation

6A more realistic processing takes into account the real DEM ofthe scene
capable of a range-dependent, azimuth-averaged topographic accommodation
which might result in smaller errors than the ones presented here. This
however does not affect the illustratory purpose of this subsection.
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Fig. 14. Phase difference (top) between the reference SLC processed on the
ellipsoid before and after PASTA. Corresponding azimuth shifts (bottom).
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Fig. 15. Interferometric phase errors between the referencepair processed on
the ellipsoid before and after PASTA.

known as stop-and-go [26]. This approximation has two ef-
fects: a) one in slow-time due to the motion of the satellite
between transmission and reception of the transmitted pulses
[30]; and b) another in fast-time due to the motion of the
satellite during the transmission and reception of the chirp
signal itself.7 For typical cases, the slow-time effect is roughly
constant within the range bin and can be easily compensated
with a range-dependent azimuth shift after range cell migration
correction [30]. In a linear approximation, the motion of the

7As an example, during the transmission of a pulse of 50µs, TerraSAR-X
moves about 38 cm in the azimuth direction.
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Fig. 16. Phase error due to the motion of the platform during the transmission
of the chirp (instantaneous Doppler shift) for a range/azimuth frequency
band of 150 MHz/12 kHz, corresponding to the typical spectral support of
TerraSAR-X TOPS data. The duration of the transmitted pulse is 50µs.

platform during the transmission of the pulse changes the
instantaneous range frequency of the chirp signal, which is
offset by an amount

δfi ≈ fD = −
1

λ
·
∂r(tr)

∂tr
, (12)

where the subscripti refers to instantaneous,D to Doppler,
tr is the fast-time, andr(tr) is the two-way range history
for a given target. One intuitive way to visualize this is
by considering different azimuth-frequency phase ramps for
different wavelengths. In the context of pulsed radars, the
effect was already discussed in [25], where the analysis was
done in terms of a range compression mismatch, and in the
context of high-resolution SAR imaging in [20]. Eq. (12) can
be approximated by a phase perturbation in the wavenumber
domain of the form

ΦSG(fa, fr) ≈ −2π · fa ·
fr

Kr

, (13)

where the subscriptSG stands for stop-and-go, andKr is the
chirp rate of the transmitted signal.

B. SAR image formation mismatch due to the intra-pulse
motion of the satellite and experimental results with TerraSAR-
X data

For illustrative purposes, Fig. 16 shows the values of (13)
over the support frequency band of a typical TerraSAR-X
TOPS acquisition. Within the usually small Doppler band of
TOPS images, the effect basically results in a shift in the range
dimension caused by the range-frequency ramp. Neglecting
this effect has no impact on the phase of the targets, but causes
a shift in the range dimension approximately proportional to
the Doppler centroid with which the target is observed, i.e.,

δtr ≈
fDC

Kr

. (14)

The dependence of this range shift on the Doppler centroid
skews the focused bursts (cf. Fig. 18). In practice, the effect

Fig. 17. Interpolated range response of a corner reflector located in the overlap
region between two consecutive bursts. The lines correspond to the first burst
(red) and the following burst (blue). Stop-and-go approximation uncorrected
(left) and corrected (right).

of the motion of the platform is roughly space-invariant,
which means it can be easily corrected in the wavenumber
domain without additional burden (i.e., together with the bulk
2-D compression) using the complex conjugate of the phase
function of (13) as suggested in [20].

Like in Section III, this effect can be observed using the
overlap area between consecutive bursts. The corner reflectors
placed in the overlap region show each an opposite displace-
ment in range equal to (14). Therefore, the relative range shift
between the responses of the two consecutive bursts takes the
form

δtr,burst ≈
∆fovl

Kr

; (15)

For the TerraSAR-X case, typical values for this differential
range shift are of about 0.3 resolution cells. Fig. 17 shows
this effect using the TerraSAR-X TOPS data over the DLR
Oberpfaffenhofen test site, where the range response of one
corner reflector located in the overlap area is shown for the
two bursts involved, without (left) and with the proposed
correction (right). Without the correction the shift is of about
0.3 resolution cells. Fig. 18 shows the deformation between
two TOPS images of the same area, one processed with
and the other without the proposed correction for the intra-
pulse motion of the platform. At the bottom of Fig. 18, the
skew of the image lacking the correction as compared to the
corrected one is evident and in agreement with (14). The range
distortions caused by the intra-pulse motion of the platform
mostly cancel out in interferometric pairs.8

V. COROLLARY: THE CASE OFSENTINEL-1

The Sentinel-1 mission is a constellation of two satellites(A
and B units) each carrying an imaging C-band SAR instrument
(5.405 GHz) providing data continuity of ERS and ENVISAT
SAR missions. Sentinel-1 is specifically designed to acquire
systematically and provide routinely data and information
products for the European Copernicus program for ocean, land
and emergency services as well as national user services. In
particular, the Sentinel-1 Interferometric Wide Swath mode
(IW) and the Extra Wide Swath mode (EW) operate in
TOPS to provide large swath widths of 250 km and 400

8Small residual radargrammetric shifts may still be present due to the lack
of parallelism between the orbits of master and slave; these shifts, in the
millimetric range for TanDEM-X, disappear once the correction of (13) is
applied.
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Fig. 18. Image deformation due to the stop-and-go approximation. TerraSAR-
X TOPS reflectivity image (top) over the test area in Oberpfaffenhofen,
Munich. Estimated misregistration error in range (bottom) between the same
images processed with and without the start-stop assumption,respectively.
With the start-stop approximation, the image is clearly skewed as predicted
by (14). Note that there is a large jump in the range coregistration error at
the burst and the subswath edges.

TABLE II
KEPLERIAN ELEMENTS OF THESENTINEL-1 ORBIT

Eccentricity 0.001181
Inclination 98.12 deg

Argument of perigee 90.008 deg
Ascending node 250.409 deg
Semimajor axis 7070.978 km

km,9 respectively, with enhanced image performance (i.e.,
significantly reduced scalloping) as compared to traditional
ScanSAR. The IW TOPS mode, the main mode of operations,
enables a continuous data acquisition with global coverage.

In order to evaluate the impact of the potential distortions
on Sentinel-1 TOPS images, analogous simulations as those
described above for TerraSAR-X have been conducted. As
in Section III, the results values have been computed using
a numerical spaceborne SAR acquisition simulator; Table II
lists the Keplerian parameters used for the simulation of the
Sentinel-1 orbit. Table III provides the values of the key
acquisition parameters used in the simulation for Sentinel-1,
with the corresponding values of TerraSAR-X for comparison.
The behavior of the effective velocity with respect to squint

9In IW mode, the size of the resolution cell is (range times azimuth) 5 m
× 20 m; in EW mode, 20 m× 40 m.

TABLE III
TOPSSIMULATION PARAMETERS FORTERRASAR-X AND SENTINEL-1

Radar satellite TerraSAR-X Sentinel-1
Central frequency [GHz] 9.65 5.405

Wavelength [cm] 3.1 5.55
Transmitted chirp bandwidth [MHz] 100 56.59
Azimuth processed bandwidth [Hz] 450 325
Doppler shift overlap region [kHz] 6 4.7

Orbital tube diameter [m] 250 100

and topography is similar to the TerraSAR-X case, which
yields in average smaller phase errors (about 80%) in the SLCs
due to the lower carrier frequency (combined with a higher
orbit height) of Sentinel-1. The azimuth positioning errors are
in average similar, whereas in range they are slightly smaller
due to the smaller transmitted bandwidth and the similar
duration of the radar pulses; this leads to range positioning
errors at the edge of the bursts of about 0.13 resolution cells,
and between consecutive bursts of about 0.25 resolution cells.
Phase errors in interferometric TOPS pairs are expected to
be, on average, 2.5 times smaller than those obtained with
TerraSAR-X, due to both the smaller carrier frequency and
the smaller orbital tube for Sentinel-1. As a consequence, the
described effects have a negligible impact on the quality ofthe
Sentinel-1 interferometric TOPS pairs acquired in both IW and
EW modes.

VI. D ISCUSSION

The paper has presented the intrinsic distortions of TOPS
SAR images due to the azimuth variation of the Doppler
centroid within a burst. In particular, distortions in azimuth are
caused by the local mismatch of the effective velocity of the
radar due to squint and topography; distortions in range arise
from the stop-and-go approximation. Compensation strategies
for both effects have been discussed and validated using
real TerraSAR-X TOPS data. The accommodation of squint
and topography can be precisely achieved using the PASTA
algorithm, which roughly reproduces the burden of an addi-
tional azimuth refocusing step. The correction of the stop-and-
go approximation usually used in the SAR focusing kernel
can be cheaply implemented after bulk 2-D compression. If
not compensated, range and azimuth distortions reduce the
achievable geolocation accuracy of TOPS SAR images. For
interferometric applications, the analyzed effects mightcom-
promise the usability of TOPS SAR images for large baseline
acquisitions or multi-mode coherent stack processing with
SAR data acquired with very different observation geometries.
In state-of-the-art missions like TerraSAR-X and Sentinel-1,
these distortions have been found to have no significant impact
on the TOPS interferometric image quality due to the usually
small baselines.
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