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Burst Overlap Coregistration for Sentinel-1 TOPS
DInSAR Ice Velocity Measurements

Anders Kusk , Jonas Kvist Andersen , and John Peter Merryman Boncori

Abstract— The application of Sentinel-1 interferometry to ice
velocity measurements has until recently been limited by the
significant horizontal scene motion associated with ice flow, which
causes phase discontinuities (and associated unwrapping prob-
lems) at burst boundaries in Terrain Observation by Progressive
Scans (TOPS) interferograms. Coregistering with a multiyear
averaged external velocity mosaic based on offset-tracking can
account for the bulk of the ice motion, but residual discontinuities
sometimes remain, for example, due to seasonal variations in the
ice velocity, or due to error sources such as azimuth shifts caused
by ionospheric propagation. The presented method extends the
external velocity coregistration with a local, spatially varying,
coregistration in the burst overlap regions. This is based on the
extended spectral diversity principle, which can only be applied
in the overlap regions, but offers superior accuracy and resolution
compared with traditional coregistration methods. The method
considerably reduces phase discontinuities at burst boundaries,
and potential new phase discontinuities at the overlap region
edges are suppressed by an azimuth tapering of the applied
coregistration shifts. An example scene is presented, and the
phase discontinuities before and after application of the method
are evaluated. The method is seen to remove phase discontinuities,
with no adverse effects.

Index Terms— Ice velocity, radar interferometry, Sentinel-1
(S1), synthetic aperture radar (SAR), Terrain Observation by
Progressive Scans SAR (TOPSAR).

I. INTRODUCTION

OPERATIONAL land ice velocity retrieval from
Sentinel-1 (S1) Interferometric Wideswath (IW) radar

data has until recently been limited to using amplitude-based
methods such as offset-tracking [1]–[3]. This is due to
the coupling between interferometric phase and azimuth
misregistration, which is not negligible as in the Stripmap
case. The Terrain Observation by Progressive Scans (TOPS)
acquisition mode used by the Sentinel-1 synthetic aperture
radar (SAR) instrument achieves a wide swath coverage by
acquiring data in bursts, during which the antenna beam
is electronically steered from aft to forward looking. This
ensures that each target is imaged by the same part of the
antenna pattern but leads to an azimuth-varying Doppler
centroid. If, for some reason, an azimuth misregistration is
present between the two images, this shift is projected on to
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the line-of-sight (LOS) vector and contributes to the observed
interferometric phase by an amount ϕa [4]

ϕa = 2π fDC(η)�η (1)

where η is the azimuth time, fDC(η) is the local Doppler
centroid, and �η is the azimuth misregistration (in seconds).
The local Doppler centroid includes both the effects of the
TOPS beam steering and the physical antenna pointing, the lat-
ter contribution being close to zero due to the yaw steering
implemented for Sentinel-1. This leads to phase variations
within each burst and to jumps at burst boundaries, where the
local Doppler centroid changes abruptly. An example of this is
seen in Fig. 1(a). In turn, this introduces a phase bias in subse-
quent ice velocity measurements, both directly and indirectly,
by inducing phase unwrapping errors, if the magnitude of such
phase jumps approaches π rad. Azimuth misregistration can
arise from orbit errors, ionospheric-induced azimuth shifts,
and actual azimuth motion between the two SAR acquisitions,
which are interfered. For ice sheets and glaciers, the motion
contribution is nonnegligible and spatially varying and must
be corrected [5]. In [6], speckle-tracking followed by spectral
diversity (SD) was applied to TerraSAR-X data to estimate
the spatially varying azimuth misregistration over each burst
and refine the coregistration. For S1 IW data with a six-day
baseline, this approach was found in [5] to be hampered by
significant swath-dependent biases [7] in the geolocation of
S1A and S1B products, and by the limited azimuth bandwidth
available within an IW image burst. In [5], it was proposed
to apply an external ice velocity mosaic, based on a multiyear
average of offset-tracking measurements, to remove the bulk
part of the misregistration due to ice motion. An example
is shown in Fig. 1(b), where the external velocity has been
used for range and azimuth coregistration, but not to flatten
the phase. For many scenes, this is enough to reduce the
burst boundary discontinuities to acceptable levels, but in some
scenes, orbital errors, ionospheric shifts, or residual azimuth
motion (due to trends or seasonal variations in the ice velocity)
can still lead to discontinuities. It is proposed in [5] in these
cases to reduce the residual phase jumps by applying a local
SD coregistration in the burst overlap regions (burst overlap
SD, or BO-SD), exploiting the large difference in the local
Doppler centroid observed between the end of a burst and
the start of the subsequent burst. This approach is further
investigated and extended in this letter.

II. METHODS

A. SD Coregistration

In the SD approach [8], the azimuth misregistration of two
complex single look complex image (SLC) images, M and
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Fig. 1. Sentinel-1 interferograms (12 × 3 looks) of the NEGIS with various
levels of refinement. (a) Interferogram coregistered only with orbits and
digital elevation model (DEM). (b) Interferogram coregistered additionally
with external velocity. (c) Interferogram coregistered with external velocity
+ BO-SD. The blue rectangles indicate the overlap region used for the
plots in Fig. 3. The images were acquired from track 112 (descending) on
January 14 and 20, 2019.

S, is estimated in three steps by: 1) bandpass filtering each
image using two subbands centered about an upper and a lower
center frequency, fu and fl ; 2) generating upper and lower

interferograms between the corresponding image subbands;
and 3) forming the differential interferogram between the
upper and lower subband interferograms with a phase, �ϕSD,
given by

�ϕSD = arg
{(

Mu S∗
u

)(
Ml S

∗
l

)∗}
. (2)

The azimuth misregistration estimate, �η̂ (in seconds), then
becomes

�η̂ = �ϕSD

2π( fu − fl)
. (3)

For S1 IW imagery, the available azimuth bandwidth Ba within
each burst is around 325 Hz [4], thus limiting the optimal
subband frequency difference to about 2/3 of this value [9].
In burst overlap regions, an enhanced SD (ESD) technique
can be applied [10], which exploits the Doppler centroid
difference between the adjacent bursts, yielding a bandwidth
up to 5.2 kHz [4], with a corresponding increase in sensitivity
relative to standard SD. The BO-SD approach described in
this letter can be considered a spatially varying version of the
ESD technique.

B. Motion Errors Due to Misregistration

When using the standard SD azimuth shift estimate to
locally coregister the images, using the optimal frequency
separation derived in [9], the uncertainty in the shift estimate
translates into a phase bias uncertainty through (1) and (3),
depending on the local Doppler centroid

σϕa ,SD = 2π fDC(η)
σϕSD

2π 2
3 Ba

= 2· fDC(η)

Ba
·
√

27

16N eff

√
1 − γ 2

γ
(4)

where Ba is the processed azimuth bandwidth, Neff is the
number of independent looks averaged, γ is the interferometric
coherence, and the expression for σϕSD is based on (5) in [10].
The exact relation between the number of independent looks
Neff and the number of multilooked pixels depends on the
spectral properties of the focused SAR imagery and on the
implementation of the multilooking filter.

With BO-SD in the burst overlap region, the phase bias
uncertainty becomes [10]

σϕa,BO−SD = 2π fDC(η)· σϕBO−SD

2π� fDC

= 1

2
∘

N eff

√
1 − γ 2

γ

= Ba

3 fDC(η)
· σϕa ,SD∘

3
(5)

where it is assumed that in the overlap region, � fDC
∼=

2 fDC(η). From (4) and (5), it can be seen that at the burst
edges, the phase bias uncertainty of the BO-SD estimate is
about 40 times smaller compared with the SD one.

If the phase contribution due to azimuth coregistration errors
is interpreted as motion, the LOS velocity uncertainty is given
by

σvlos = 1

�T
· δ

4π
· σϕa (6)
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Fig. 2. Standard deviation of the LOS velocity bias estimate at the burst
edge, from standard SD and BO-SD for various averaging window sizes. The
parameters of IW2 have been used for local Doppler centroid and effective
number of looks calculation, and a temporal baseline of six days is assumed.
For reference, the black line indicates the noise of the interferogram LOS
estimate multilooked with a 12 × 3 window.

where �T is the time difference between acquisitions (tem-
poral baseline), and δ is the radar wavelength (5.55 cm for
Sentinel-1).

In Fig. 2, the plots of the LOS velocity uncertainty (at
burst edges, swath IW2) implied by (4)–(6), assuming a six-
day temporal baseline, are shown for different multilooking
window sizes. As a reference, the LOS uncertainty from
the interferogram phase noise, corresponding to a 12 × 3
multilooking window, which was used to generate the inter-
ferograms in Fig. 1, is shown. To achieve a noise level just
comparable with such an interferogram using the SD approach,
a window larger than 192 × 48 in slant range and azimuth,
respectively, corresponding to 670 m × 670 m on ground,
is required at the burst edges. If BO-SD is used, significantly
smaller averaging windows can be used and the LOS velocity
errors can be reduced to less than 0.1 m/year using a 24 × 6
window, corresponding to about 85 m × 85 m on ground,
even for quite low coherence levels. This increased spatial
resolution is very welcome since it provides a sensitivity
to the variations in the underlying ice motion and to spa-
tially varying azimuth coregistration errors due to ionospheric
propagation [11].

In addition, the BO-SD coregistration is not affected by
the swath-dependent azimuth biases observed when applying
standard SD to S1A-S1B or S1B-S1A image pairs, as detailed
in [5, Appendix A]. These amount to azimuth misregistrations
ranging between 37 and 75 μs in terms of azimuth time �η,
which lead to spatially varying interferometric phase errors
through (1) and in turn to LOS velocity errors through (6).
These values are consistent with geolocation biases measured
in [7], but to the knowledge of the authors, the source of these
biases has not been established at the time of writing.

C. Phase Unwrapping Requirements

The high sensitivity of the BO-SD phase to azimuth misreg-
istration makes it susceptible to wrapping, since a shift of just

0.05 pixels, corresponding to 40 m/year for a six-day pair, will
cause the BO-SD phase to exceed π radians at the burst edges.
Although periodogram estimation methods could be applied to
the wrapped phase, as suggested in [4] concerning ESD, their
accuracy is insufficient for the application at hand, in which
such estimates must be carried out locally, rather than on a
burst- or image-wide basis. A more practical approach is to
account for the bulk of the motion contribution to azimuth
misregistration, using a priori information. For slow-moving
regions in the interior of polar ice sheets, this can be provided
by multiyear averaged external velocity products based on
amplitude offset-tracking [5]. Of course, for regions with
seasonal variations in the order of 40 m/year, such an approach
would not be viable. However, such areas are likely to be fast-
moving glaciers, which are not candidates for interferometric
SAR (InSAR) anyway.

Azimuth shifts induced by ionospheric activity may in
extreme cases exceed 0.05 pixels [11] and in principle require
unwrapping. Such shifts are typically confined to narrow
“streaks,” which would lead to localized differential InSAR
(DInSAR) phase errors both with and without the application
of BO-SD.

III. PROCESSING ALGORITHM

The TOPS InSAR processing chain used in the following
is described in detail in [5]. The two SLCs are initially coreg-
istered burst by burst using a resampling lookup table (LUT)
based on precise orbits, a DEM, and an external ice velocity
mosaic. The BO-SD procedure is then carried out in each
burst overlap region, by forming interferograms for each burst,
applying phase averaging (early multilooking, see [12]), and
forming the differential interferogram (2) between the over-
lapping burst interferograms. The pixel-wise misregistration
estimate is calculated by scaling the differential interferogram
by the local Doppler centroid differences between the two
bursts according to (3). This shift estimate is then used to
update the resampling LUT and refine the coregistration in
the overlap region.

Since the BO-SD refinement can only be carried out in the
overlap region, this may cause discontinuities in the interfero-
gram phase, at the edges of the overlap region, although these
were in [5] generally seen to be smaller than the main discon-
tinuity at the burst boundary. These residual discontinuities
can be further suppressed by applying an azimuth tapering of
the BO-SD shift estimate before it is used in the coregistration

w(n) = 0.5 − 0.5cos

(
2π

n

No

)
(7)

where n is the azimuth line number counted from the overlap
region start, and No is the number of azimuth lines in the
overlap region. Following the refined coregistration, burst
interferograms are formed as usual, followed by burst stitching
(mosaicking) and multilooking.

IV. RESULTS

The processing scheme described in Section III was applied
to a Sentinel-1 A/B six-day image pair acquired over the North
East Greenland Icestream (NEGIS) on January 14 and 20,
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Fig. 3. Residual azimuth shift estimated with BO-SD for IW3 burst 3/4 overlap, in units of pixels. The azimuth tapering (7) is not applied here for illustration
purposes.

Fig. 4. Zoom on wrapped interferometric phase of the IW3 burst 3/4 overlap
region. (a) External velocity coregistration. (b) External velocity + BO-SD,
no tapering. (c) External velocity + BO-SD with azimuth tapering of the
applied correction.

2019, in an area with ice velocity magnitudes up to 60 m/year.
Generating an interferogram (12 × 3 looks) by coregistering
with only orbits and the TandemX 90-m DEM [13] yields the
phase shown in Fig. 1(a), with clear discontinuities at all burst
overlaps. Refining the coregistration with an external multiyear
average ice velocity product based on offset-tracking [14]
reduces the phase jumps in many parts of the scene, as shown
in Fig. 1(b). Using the method described in Section III,
the azimuth misregistration in the overlap region was then esti-
mated using BO-SD. In Fig. 3, the estimated azimuth shift for
a single overlap region (IW3 burst 3/4 overlap, indicated with
a blue rectangle in Fig. 1) is illustrated for different averaging
window sizes. Pixels with a coherence level below 0.2 were
masked in all cases. For both 12 × 3 and 24 × 6 averaging,
the noise level is seen to be significant compared with the
actual signal in many regions. A 48 × 12 averaging factor
was, therefore, selected, and the shift estimate was subse-
quently weighted with (6) and used to coregister locally the
SLCs, resulting in the interferogram in Fig. 1(c). In the

Fig. 5. Range-averaged azimuth phase gradient of unwrapped phase along
each of the three swaths with and without BO-SD refinement.

faster flowing regions, that is, in the bottom part of IW1 and
within the ice stream, in IW3, the residual discontinuities
are removed, with the fringes lining up seamlessly at the
burst boundaries. In the slower flowing regions, for example,
the upper half of IW2, the improvement is less visible, with the
effect of the azimuth-induced shift biases still seen on either
side of the overlap regions. However, the discontinuities are
seen to be smoothed out over the overlap regions, and, cru-
cially, in no case does the BO-SD coregistration seem to have a
detrimental impact. Zooming in on the overlap region between
bursts 3 and 4 in the IW3 swath (blue rectangles in Fig. 1),
we show in Fig. 4(a) the phase with external velocity coreg-
istration only [corresponding to Fig. 1(b)]; in Fig. 4(b) the
phase with BO-SD coregistration but without the tapering (6)
applied; and in Fig. 4(c) the phase with BO-SD coregistration
and tapering applied [corresponding to Fig. 1(c)]. The phase
discontinuity clearly disappears in Fig. 4(c), an effect that
was observed for all burst boundaries in the interferogram.
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To assess the residual discontinuities for the entire scene,
the phases of the interferograms in Fig. 1(b) and (c) were
unwrapped using a minimum cost flow algorithm [15], and
the phase gradient along azimuth was estimated using the
first-order differences. This phase gradient estimate was finally
averaged in range, to produce the plots in Fig. 5, showing the
average phase gradient along each swath, both for the coreg-
istration using only the external velocity and for the proposed
BO-SD coregistration. The latter is seen to consistently reduce
the discontinuities from more than 0.5 rad to below 0.1 rad,
with the residual discontinuities disappearing below the noise
floor.

V. CONCLUSION

The method proposed above significantly reduces the phase
discontinuities seen when applying TOPS interferometry to ice
sheet scenes with horizontal motion. The main improvement
comes from the introduction of an external velocity map in the
coregistration, first proposed in [5]. This step removes the bulk
of misregistration (and resulting phase discontinuities) due to
ice motion and is a prerequisite for the method presented
here, as it eliminates the need for phase unwrapping of the
BO-SD estimate. As a potential added benefit, the BO-SD shift
estimate can be saved and used on its own as an estimate of
residual azimuth motion (i.e., relative to the external velocity
map) in the burst overlap regions, as shown in [16].

The method described in this letter represents an incremen-
tal improvement, without detrimental effects, to the existing
TOPS coregistration methods for nonstationary scenes such
as ice sheets. It can be used to improve the quality of ice
velocity products based on S1 interferometry, by reducing
the discontinuities in the final velocity maps and the phase
unwrapping errors these could potentially induce. The TOPS
DInSAR algorithm described in this letter has been integrated
in the Technical University of Denmark (DTU) in-house
developed ice velocity processing system [1], and work is
ongoing to include interferometric products in the Programme
for Monitoring of the Greenland Ice Sheet (PROMICE) ice
velocity product [14] produced by the Geologic Survey of
Greenland and Denmark (GEUS) using this processor.
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