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Improving Burst Alignment in TOPS Interferometry
With Bivariate Enhanced Spectral Diversity

Kang Wang™, Xiaohua Xu, and Yuri Fialko

Abstract— Terrain observation by progressive scans (TOPS)-
mode synthetic aperture radar interferometry requires high
accuracy of burst alignments. Geometrical burst alignment
relying on precise orbits and digital topography is not always
sufficient for Sentinel-1A TOPS-mode interferometry. Enhanced
spectral diversity (ESD) method was proposed to estimate
a constant azimuth shift between radar images that mini-
mizes phase discontinuities across the bursts. In some cases,
however, the ESD refinement fails to align the bursts in Sentinel-1
interferograms, possibly because of ionospheric propagation
effects. Here, we show that in such cases, a bivariate shift (that
depends on both azimuth and range) can efficiently remove
phase discontinuities across the bursts. The bivariate shift can
be derived from the double-differenced radar phase in the burst
overlap regions.

Index Terms—Burst alignment, enhanced spectral diver-
sity (ESD), ionospheric delays, Sentinel-1, terrain observation
by progressive scans (TOPS) synthetic aperture radar (SAR).

I. INTRODUCTION

EVERAL current synthetic aperture radar (SAR) mis-
S sions, including Sentinel-1 and TerraSAR-X, employ
terrain observation by progressive scans (TOPS)-mode [3].
In the TOPS-mode SAR system, the antenna is rotated
from backward- to forward-looking direction during the burst
acquisition (opposite to the antenna rotation in case of the
SPOT-mode SAR system). While this approach improves the
image quality both in terms of amplitude (decreased “scallop-
ing” effect) and phase (reduced azimuth ambiguity), the fast
steering of antenna along the azimuth direction causes large
variations of the Doppler centroid within a burst [3]. It is well
known that in the presence of a squint, linear phase ramps are
introduced in the focused response both in azimuth and range,
although ramps in the range direction are mostly negligible.
To form interferograms of coherent phase, the reference and
repeat images have to be aligned accurately. However, because
the orbital velocities or burst timing of the reference and repeat
acquisitions may be different, a small misalignment of bursts
in the azimuth direction could be expected. As the difference
in the Doppler centroids at the upper and lower edges of
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each burst is usually much larger than the pulse repetition
frequency (PRF), a small azimuthal misalignment could result
in a significant phase jump in the interferogram at the burst
boundaries. The relationship between the burst misalignment
Aa and the resulting phase jump ¢ at the burst boundaries is

¢
2r Af

Aa = PRF

ey

where Af denotes the Dopper centroid variation caused by
steering of the antenna from backward-looking to forward-
looking within one burst [9], [13]. For example, for the
C-band Sentinel-1 mission, the Doppler centroid variation
within one burst is ~4500 Hz, and the effective PRF is
486 Hz. Therefore, to keep phase jumps to be smaller than
1/10 of a phase cycle (corresponding to 2.8 mm along the
radar line of sight) at the burst boundaries, the burst alignment
between reference and repeat acquisitions has to be at the
accuracy of ~0.01 pixel size in the azimuth direction. The
traditional cross correlation method used in the stripmap mode
SAR interferometry is not sufficient for this purpose. With
the information on SAR system’s internal geometry, satellite’s
orbits, and external digital elevation model (DEM), one can
precisely map the footprint of each image acquisition on the
ground. Differencing the ground footprints provides an offset
map needed for the image alignment. This method is often
referred to as “geometrical alignment.” The accuracy of the
geometrical alignment largely depends on the accuracy of
satellite orbits. For the Sentinel-1 mission, the accuracy of
the postprocessed orbit is ~5-cm along-track and ~2-3 cm
radially and cross-track [5], i.e., on the order of 1% of the
pixel size. While the geometrical alignment should in theory
be sufficient for Sentinel-1 interferometry, in practice phase
discontinuities between the bursts often persist.

The burst alignment can be improved by taking advantage
of the fact that small overlapping regions between consecutive
bursts are imaged twice from two slightly different view
directions (forward-looking and backward-looking). Similar to
the along-track interferogram or multiaperture interferogram
in stripmap interferometry [1], [2], [11], a double-difference
interferogram can be generated for pixels within the burst
overlap regions. The double-differenced phase is proportional
to the azimuth shift of pixels between image acquisitions.
Provided that the ground motion along the satellite track is
negligible between image acquisitions, the double-differenced
phase of pixels in the burst overlap areas can be used to
correct burst misalignment that might result from a clock drift,
imprecise knowledge of satellite orbits or other unmodeled
sources causing the along-track pixel shift. This method is
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Fig. 1.
the double-differenced phase from the burst overlap regions.

known as enhanced spectral diversity (ESD) [13] and is used
in a number of data processing packages. SAR processors
that use the ESD method to correct for the geometrical
alignment use either median or mean values of the double-
differenced phase within the burst overlap regions to esti-
mate a constant shift in the azimuth direction. A few recent
studies have attempted to use azimuth-dependent shift to
correct for the geometrical misalignment [15], [17]. Here,
we present examples of Sentinel-1A data that exhibit strong
variations in the double-differenced phase in both range and
azimuth directions. In such cases, corrections of burst align-
ments assuming a constant azimuth shift cannot completely
remove artificial phase jumps at burst boundaries. We show
that bivariate (azimuth- and range-dependent) azimuth shifts
are necessary to produce accurate burst alignment in the
TOPS-mode SAR interferometry.

II. DATA PROCESSING

The data used in this letter are interferometric wide-swath
TOPS-mode single look complexes of Sentinel-1A mission,
downloaded from Alaska Satellite Facility. We processed the
data with the latest (v5.2) version of GMTS5SAR [18]. We first
geometrically aligned the reference (master) and repeat (slave)
images using the postprocessed precise orbit ephemerides and
SRTM V3 3 arcsec DEM data. The double-differenced inter-
ferogram within the burst overlap regions was then calculated
as follows:

¢ = arg [(c11 x cfy) x (21 x ¢3)7] 2)

where the first and second subscripts of each variable repre-
sent the view geometry and acquisition, respectively, and *
symbol represents the conjugate of a complex number. For
instance, ¢, denotes the conjugate of the complex num-
bers corresponding to forward-looking view in the second
acquisition. We then calculated the azimuth shift of the burst
overlap pixels using (1). Since the width of a burst overlap
between two consecutive bursts is only about 1/10 of the
width of a burst itself, interpolation is needed to fill gaps
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(a) Double-differenced phase in the burst overlaps. (b) Histogram of azimuth shift for burst overlaps. (c) Interpolated azimuth shift map derived from

between the bursts. To increase the signal-to-noise ratio,
we applied a 40 x 10 block median filter to the original
double-differenced phase in the burst overlap regions before
interpolation. We used a Laplacian operator to smooth the
interpolation results. The degree of smoothing affects the final
refinement of burst alignments. A weaker smoothing results
in a better alignment. A stronger smoothing is more efficient
at suppressing noise in the double-differenced phase that may
give rise to spurious azimuth offsets. We tested a range of the
smoothing parameters and chose an optimal value, such that
the interpolated azimuth shift map is sufficiently smooth on the
scales of 20 km or below, while the phase jumps across burst
boundaries did not exceed 0.05 rad on average. The azimuth
shift table after interpolation was then added to the shift table
from geometrical alignment to refine the burst alignment.

III. EXAMPLES

Here, we present an example to illustrate how the burst
alignment can be improved with the bivariate (range-and-
azimuth-dependent) ESD (BESD) method. For Sentinel-1 mis-
sion, each scene contains three subswaths and each subswath
typically has nine bursts. For the sake of brevity and simplicity,
in the following example, we only show a subswath with
the largest phase discontinuities across burst boundaries after
geometrical alignment. The SAR images used in this example
cover an area in South America near the border of Chile,
Bolivia, and Argentina. The area is characterized by high
correlation of the radar phase due to an arid sparsely vegetated
environment [6].

Fig. 1 shows the double-differenced phase for the burst
overlaps pixels and its statistics (mean and median values).
An obvious feature of the double-differenced interferogram
in this example is a strong variation of the azimuth shift in
both range and azimuth directions. The azimuth shift varies
continuously from —0.015 to 0.015 across the swath, with
the median and mean values of —0.0026 and 0.0019, respec-
tively (see Fig. 1). Correspondingly, an interferogram with the
geometrical burst alignment shows phase discontinuities across
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Fig. 2. (a) Geometrical alignment only. (b) Correction with median value of
the azimuth shift derived using the ESD method. (c) Correction with mean
value of the azimuth shift derived using the ESD method. (d) Correction
with range-and-azimuth variable azimuth shift derived using the BESD
method. The black profile to the right of each interferogram represents the
average phase gradient along the azimuth direction. Phase discontinuities are
manifested by spikes in the phase gradient. Red dotted lines: locations of burst
boundaries.

most of the burst boundaries [see Fig. 2(a)]. To quantify phase
jumps at burst boundaries, we computed an average phase
gradient in the azimuth direction d¢ as

N
dgs = = D019 j+ 1)~ 9, )] G)
i=1
where ¢ denotes the unwrapped radar phase, indexes i and j
denote pixel coordinates in range and azimuth, respectively,
and N is the number of pixels in the range direction. The
interferogram with no correction [see Fig. 2(a)] has an average
phase jump of >0.1 rad across most of the bursts (note that this
value is the average phase jump along the range direction, and
the local phase discontinuities across certain burst boundaries
could be much higher than this value). The ESD corrections
with the median and mean values of the azimuth shift from
the double-difference interferogram do not appreciably reduce
phase jumps between the bursts. On the other hand, the correc-
tion using a bivariate shift [network-based enhanced spectral
diversity (NESD)] shown in Fig. 1(c) efficiently removes the
phase discontinuities for the entire interferogram.

IV. DISCUSSION

Strong variations of the azimuth shift along both the
range and azimuth directions suggest that such variations
are unlikely due to clock errors or imprecise knowledge
of satellite orbits. This is because clock and orbital errors
might introduce variations in the azimuth shift that are chiefly
azimuth-dependent. In addition, if the burst misalignment
was due to the clock drift or orbital errors, the double-
differenced interferograms or equivalent azimuth shift maps
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of all three subswaths would be expected to have nearly
identical patterns of the azimuth dependence, as all subswaths
are acquired from the same trajectory and at nearly the same
time. To examine the pattern of the azimuth shift across
different subswaths, we formed double-difference interfer-
ograms separately for each subswatch of the SAR scenes
used in the above-mentioned example. The combined double-
differenced phase and inferred azimuth shift for all three
subswaths are shown in Fig. 3. Both the original double-
differenced phase in the burst overlap regions (see Fig. 3) and
the interpolated azimuth shift [see Fig. 3(b)] show remarkable
consistency and continuity across the subswath boundaries.
The azimuth shift variations in the third subswath are on
average much stronger than those in the first subswath, and
are dominated by “ridges” and “troughs” that are oblique
to the azimuth direction. Using the combined azimuth shift
map [see Fig. 3(b)] to correct for the burst alignment, one
obtains an interferogram with a continuous radar phase across
both the burst and subswath boundaries (see Fig. S1 in the
Supplementary Material). Features seen in the azimuth shift
map in Fig. 3(b) are very similar to the “azimuth streaks”
caused by ionospheric perturbations in SAR interferograms,
particularly for L-band [14]. The effect of ionosphere on the
interferometric phase depends on the radar wavelength and the
total electron content (TEC) gradient along the satellite’s flight
direction. For SAR interferometry, an apparent azimuth shift
may occur if the azimuth gradients of TEC are different at
the times of image acquisition. The azimuth shift caused by
ionosphere perturbations is proportional to the difference of
TEC gradients along the azimuth direction. Several studies
have used this relationship to correct for the ionospheric
effects in the L-band SAR interferometry [11], [12]. The effect
of ionospheric perturbations on the C-band interferometry
is expected to be much weaker than that of the L-band,
as the ionospheric phase delay is inversely proportional to
the square of the radar carrier wave’s frequency. Azimuth
streaks, however, do occasionally occur in ERS, ENVISAT,
and RADARSAT interferograms [10]. Recent studies show
that the ionospheric effect on Sentinel-1 interferometry can
be significant indeed [8]. Various ways have been proposed
to reduce ionospheric errors in InNSAR measurements, includ-
ing the split range-spectrum method [8] and common-point-
stacking [16]. If variations in the azimuth shift documented in
this letter (see Fig. 3) are indeed due to ionospheric effects,
the method proposed in this letter could be used to study the
TEC variations at high spatial resolution.

It is possible that interpolation may introduce some artifacts
to the phase of pixels outside of the burst overlaps. However,
given that the Doppler frequency variation within a burst is
small between two adjacent radar pulses, the phase error due
to the interpolation of azimuth shift should be small in the
nonoverlapping areas. Particularly, if the bivariate azimuth
shift seen in the double-difference interferogram is indeed due
to TEC gradients along the satellite flight path, the interpola-
tion from burst overlaps to the rest of the image should be
robust, as the dominant power of ionospheric phase delay
usually lies at relatively large wavelengths (e.g., >50 km).
At the top and bottom edges of the azimuth shift map,
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Fig. 3.
Black rectangles: bursts overlaps.

where the double-differenced phase is essentially extrapolated
beyond the available burst overlaps [see Fig. 1(c)], the artifacts
due to interpolation could be more pronounced. Such artifacts
can be reduced by using longer radar swaths and/or trimming
interferograms to exclude areas beyond the burst overlaps.
Similar to conventional interferograms, an increase in tem-
poral and geometrical baselines could deteriorate the phase
correlation of a double-differenced interferogram, making the
estimation of the azimuth shift less accurate. One way to
mitigate this problem is to first estimate the azimuth shift maps
only for interferograms with short temporal and geometric
baselines and then solve for the time series of the azimuth
shifts relative to a reference acquisition NESD [4].

In case of nonnegligible surface displacements along the
satellite track, the proposed method is not well suited for
minimizing phase discontinuities between the bursts, as contri-
butions of surface displacements to the azimuth shift can trade
off with ionospheric effects and instrument/platform-related
artifacts (clock drift, orbit errors, and so on). For the same
reason, the along-track interferograms obtained from interpo-
lation of the double-differenced phase in the burst overlap
areas are unlikely to be useful for measuring a low-amplitude
large-wavelength along-track component of ground motion
(e.g., due to interseismic deformation), despite a high theo-
retical accuracy of the ESD method. The along-track inter-
ferograms can provide important constraints on surface dis-
placements that greatly exceed possible contributions from the
ionosphere and/or instrument/platform artifacts (e.g., in case
of large earthquakes, landslides, flow of ice, and so on),
complementing measurements of range changes based on
conventional interferometry.

V. CONCLUSION

TOPS-mode SAR interferometry requires high accuracy
of burst alignments. Misalignment of bursts causes phase
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(a) Double-differenced phase in the burst overlap areas of all three subswaths. (b) Interpolated azimuth shift map derived from data shown in (a).

jumps at the burst boundaries. Geometrical burst alignment
relying on precise orbits and external DEM appears sufficient
for Sentinel-1A TOPS-mode interferometry in many cases.
However, in many other cases, geometrical alignment is insuf-
ficient to remove phase discontinuities across burst boundaries.
The ESD method was proposed to mitigate this problem. Here,
we present the examples of Sentinel-1 TOPS interferograms in
which neither geometrical alignment nor the ESD refinement is
sufficient to remove phase discontinuities between the bursts.
We propose a modification of the ESD method, named BESD
that relaxes the assumption of a constant azimuth shift and
estimates a point-by-point azimuth shift map that varies in both
range and azimuth. We demonstrate that the BESD method is
able to produce TOPS interferograms without artificial phase
discontinuities. Variations in the azimuth shift in range and
azimuth directions cannot be explained by clock drift or orbital
errors, but may result from ionospheric perturbations during
SAR acquisitions.
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