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Abstract— For multitemporal analysis of synthetic aperture
radar (SAR) images acquired with a terrain observation by
progressive scan (TOPS) mode, all acquisitions from a given satel-
lite track must be coregistered to a reference coordinate system
with accuracies better than 0.001 of a pixel (assuming full SAR
resolution) in the azimuth direction. Such a high accuracy can be
achieved through geometric coregistration, using precise satellite
orbits and a digital elevation model, followed by a refinement step
using a time-series analysis of coregistration errors. These errors
represent the misregistration between all TOPS acquisitions rel-
ative to the reference coordinate system. We develop a workflow
to estimate the time series of azimuth misregistration using a
network-based enhanced spectral diversity (NESD) approach,
in order to reduce the impact of temporal decorrelation on
coregistration. Example time series of misregistration inferred for
five tracks of Sentinel-1 TOPS acquisitions indicates a maximum
relative azimuth misregistration of less than 0.01 of the full
azimuth resolution between the TOPS acquisitions in the studied
areas. Standard deviation of the estimated misregistration time
series for different stacks varies from 1.1e-3 to 2e-3 of the
azimuth resolution, equivalent to 1.6–2.8 cm orbital uncertainty
in the azimuth direction. These values fall within the 1-sigma
orbital uncertainty of the Sentinel-1 orbits and imply that orbital
uncertainty is most likely the main source of the constant azimuth
misregistration between different TOPS acquisitions. We propa-
gate the uncertainty of individual misregistration estimated with
ESD to the misregistration time series estimated with NESD and
investigate the different challenges for operationalizing NESD.

Index Terms— Coregistration, interferometric synthetic
aperture radar (InSAR), spectral diversity, terrain observation
by progressive scan (TOPS).

I. INTRODUCTION

TERRAIN Observation by Progressive Scan (TOPS)
[1] is the default mode of operation for the

Sentinel-1 synthetic aperture radar (SAR) satellites [2].
The use of data acquired in TOPS mode for interferometric
SAR (InSAR) has been first demonstrated using observations
from the TerraSAR-X satellite [3]–[5]. With the launch of
Sentinel-1A, TOPS has been used to image the ground surface
displacements caused by several earthquakes, including 2015
Mw 7.8 Gorkha, Nepal [6], 2016 Mw 7.2 Kumamoto,
Japan [7], 2015 Mw 8.3 Illapel, Chile [8], and 2015 Mw
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7.2 Tajikistan [9]. Sentinel-1 TOPS data have also been
used to image the ground deformation due to the 2014–2015
volcanic eruptions at the Pico de Fogo volcano [10] and
to map the surface velocity of ice sheets and glaciers in
Greenland [11].

InSAR processing requires precise alignment and reg-
istration of two complex images. Techniques for achiev-
ing the necessary coregistration accuracy include coherent
or incoherent cross correlation and approaches based on
imaging geometry. Their coregistration accuracy of approx-
imately 0.01 of an SAR resolution cell across the satellite
track (i.e., the range direction) and along the satellite track
(i.e., the azimuth direction) is adequate for traditional InSAR
using stripmap acquisitions [12]–[15]. In contrast, as we dis-
cuss further in Section III, TOPS InSAR requires an unprece-
dented coregistration accuracy an order of magnitude finer,
i.e., better than 0.001 of an azimuth resolution cell in order to
avoid phase discontinuities in the resulting interferograms [4].

Precise offsets between TOPS images can be obtained
by geometry-based coregistration refined by finer azimuth
misregistration [4], [16], [17]. The misregistration between
two coregistered SAR images can be estimated using cross
correlation of the two images or using the spectral diversity
approach [16], [18]. In the latter approach, the difference in
the spectrum (spectral separation) of subband SAR images
is used to estimate the misregistration. The subband SAR
images can be obtained by focusing the SAR data to two
slightly different frequencies in range or azimuth directions
or by splitting the spectrum of a full-band SAR image to two
subband images using a bandpass filter. Differential interfero-
metric phase of the sublook images divided by their frequency
separation results in the misregistration between the two SAR
images [19]. The coregistration accuracy of the offsets derived
from spectral diversity is comparable with the cross-correlation
techniques [14].

Once processing schemes for SAR image focusing
accurately account for acquisition geometry [20], sources
of misregistration between SAR images reduce to errors
in the satellite state vector (orbital error), timing errors in
the SAR instrument (timing error), error in the digital ele-
vation model (DEM) used for the geometric coregistration
(DEM error), and propagation delay through troposphere and
ionosphere [17], [21]. These remaining errors may cause
constant or spatially variable azimuth misregistration across
SAR images.

In the case of a constant azimuth misregistration, an
enhanced spectral diversity (ESD) approach can be used
to estimate the azimuth misregistration with accuracies bet-

0196-2892 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

2 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING

ter than 0.001 SAR azimuth cell, significantly higher than
the accuracy of the spectral diversity and cross-correlation
techniques [4], [16]–[18]. The performance of ESD has been
evaluated in different studies using TOPS data acquired by
TerraSAR-X [4], [5], [16] and Sentinel-1A satellites [21].

The accuracy of the azimuth misregistration estimated with
ESD, is controlled by the coherence between SAR images.
Therefore, temporal decorrelation can significantly affect the
accuracy of the azimuth misregistration estimated by the ESD
approach [4]. Temporal decorrelation is of particular concern
when a stack of TOPS images should be coregistered to a mas-
ter coordinate system for the multitemporal analysis of SAR
data, such as needed for InSAR time-series analysis. Here, a
stack refers to an ensemble of TOPS images acquired from the
same satellite track over the same region at different acquisi-
tion times. Increasing the number of acquisitions in a given
stack will increase the sensitivity of coregistration to temporal
decorrelation. To reduce the impact of temporal decorrela-
tion, we develop a network-based ESD (NESD) approach in
which we form a network of short temporal baseline pairs
of TOPS images to estimate the azimuth misregistration of
all images with respect to a reference coordinate system. The
performance of a similar independently developed approach
has been recently presented and compared with single-master
coregistration assuming a temporal decay of the coherence
[22]. Here, we evaluate the performance of NESD in more
detail by investigating the uncertainty of the estimated mis-
registration time series obtained with NESD compared with
differential misregsitration obtained with ESD. We discuss
the possible limitations for operationalizing NESD, including
large and nonstationary azimuth misregistration, large ground
displacement in the azimuth direction, and abrupt coherence
loss, which violates the assumption of temporal decay of
coherence. We also evaluate the performance of NESD and the
temporal variation of the misregsitration using several stacks
of Sentinel-1 data in different regions of the world.

We organize this paper as follows. Section II reviews
the TOPS imaging geometry and its spectral characteristics
in the azimuth direction. Section III discusses the impact
of azimuth misregistration on the interferometric phase.
Section IV evaluates the theoretical accuracy of ESD for
estimating the azimuth misregistration. Section V formulates
the NESD approach to estimate the misregistration time series,
propagates the uncertainty of individual misregistration from
ESD to misregistration time series from NESD, and evalu-
ates the theoretical accuracy of NESD. Section VI presents
a workflow for coregistering a stack of TOPS images and
Section VII shows experimental results obtained with the
proposed workflow. Section VIII discusses several limitations
for operationalizing NESD.

II. TOPS GEOMETRY

In conventional stripmap SAR imaging, the radar antenna
is fixed to a specific direction illuminating a single swath of
the scene with a fixed squint angle (i.e., the angle between
the radar beam and the range direction) (Fig. 1). The imag-
ing swath width can be increased using the scanning SAR

Fig. 1. Imaging geometry and time-frequency diagram for conventional
stripmap and TOPS. (Top left) Stripmap acquisition geometry. (Top right)
TOPS acquisition geometry. (Bottom left) Time-frequency diagram for
stripmap. (Bottom right) Time-frequency diagram for two consecutive burst
raw data (gray) and focused burst SLC (yellow). The red regions in the burst
raw data diagram show data that is not useful for this application. A1–A5
are five targets on the ground illuminated by stripmap and TOPS. Solid lines
in the time-frequency diagrams show the Doppler history of the targets. Krot
denotes the Doppler centroid rate caused by the azimuth beam steering, Ka
is the Doppler rate of the target, and Kt denotes the Doppler rate for the
focused burst image.

(ScanSAR) burst mode imaging technique in which the ele-
vation beam (radar beam in range direction) is switched
between different subswaths in the range direction between
the successive bursts [23], [24]. In the ScanSAR acquisition
mode, similar to stripmap mode, the radar beam is kept at
constant squint angle. The larger swath coverage of ScanSAR
mode compared with stripmap mode comes at the expense
of degraded azimuthal resolution. In practice, switching the
elevation beam in the range direction, enforces a shorter dwell
time (i.e., the time that a target is illuminated) at each sub-
swath, limits the Doppler history, reduces the target bandwidth,
and degrades the azimuth resolution [25], [26]. An important
characteristic of ScanSAR acquisitions is the spatially varying
spectrum of the data, which leads to a periodic modulation of
the amplitude, or scalloping, and azimuth varying resolution,
ambiguity ratio, and signal-to-noise ratio (SNR) [25], [26].

TOPS achieves the wide swath coverage without usual
ScanSAR problems by electrical steering of the azimuth beam
from aft to the fore with a constant rotation rate [1]. While
an azimuth varying azimuth antenna pattern (AAP) in the
ScanSAR causes scalloping and azimuth varying resolution,
azimuth beam steering in the TOPS acquisitions ensures the
same AAP for every acquired target, leading to uniform
azimuth resolution and SNR in the azimuth direction without
scalloping in the data [1].

As with the ScanSAR mode, the wide swath of the TOPS
acquisitions is obtained by degrading the azimuth resolution
compared with the conventional stripmap mode. However, the
mechanism controlling the reduction of the azimuth resolution
with TOPS is different from ScanSAR. ScanSAR decreases
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azimuth resolution by slicing the footprint of the azimuth beam
due to switching the elevation beam to cover wider swaths in
range [1]. With TOPS, the footprint of the radar is shrunk by
a factor of α compared with the fixed azimuth beam in the
stripmap [1]. We can write

α = 1 + r0|ω|
vs

(1)

where r0 is the closest range to the target, ω denotes the
steering rate of the azimuth beam, and vs represents the
satellite velocity. The azimuth resolution for fixed stripmap
radar with length of L is given by δstripmap = L/2 and degrades
by a factor of α for TOPS images as δTOPS = αδstripmap.
Assuming ω = 1.5°/s, r0 = 830 km, and vs = 7200 m/s
(values chosen to roughly correspond to Sentinel-1), equation
(1) gives α ≈ 4.

Fig. 1 shows the stripmap and TOPS acquisition geometries
together with their corresponding time-frequency diagrams.
For stripmap, the Doppler centroid frequency is constant with
time. The Doppler rate of the target is given by [1], [4]

Ka = −2v2
eff

λr
(2)

where veff is the effective velocity of the target and depends
on the satellite ephemerides and target position. veff relates to
ground velocity (vg) and satellite velocity (vs ) as v2

eff = vgvs .
In the TOPS geometry, in addition to the Doppler rate of

the target, the counterclockwise rotation of the azimuth beam,
with a steering rate of ω, introduces a linear variation to the
Doppler centroid within each burst with a rate of Krot given
by [1], [4]

Krot = −2v2
eff

λrrot
≈ 2vs

λ
ω (3)

where rrot is the distance from the virtual rotation center of
the acquisition to the target. After focusing the burst raw
data to the burst single-look complex (SLC) in zero-Doppler
geometry, the Doppler centroid of the burst images varies as
a function of time with a rate of Kt . Consideration of the
imaging geometry gives [4]

Kt = Ka Krot

Ka − Krot
. (4)

The linear variation of the Doppler frequency within
each burst SLC, results in a spectral separation � fovl
between two consecutive burst images at their overlap region
[Fig. 1(d)]. The spectral separation equals to the magnitude
of the frequency variation within a burst and can be obtained
as � fovl = Kt T f ocused . This spectral separation is used for
estimating the azimuth misregistration in Section IV.

III. INTERFEROMETRIC PHASE DUE TO

COREGISTRATION ERROR

We begin with two SAR images, here referred to as the
master and the slave, focused to the same Doppler centroid
frequency fc, and a common bandwidth B , where the slave
image is coregistered and resampled to the master image. The

Fig. 2. (Left) Expected azimuth phase ramps in Sentinel-1 TOPS inter-
ferograms due to a constant azimuth misregistration of 0.003 azimuth cell.
(Right) Transect in the azimuth direction showing the phase discontinuity
between consecutive bursts caused by the constant azimuth misregistration.

impulse response functions of a target in the two images as a
function of azimuth time is given as [19]

M(t) = e jφM e j2π fc(t−t0)sinc(π B(t − t0)) (5)

S(t) = e jφS e j2π fc(t−t0−�t)sinc(π B(t − t0 − �t)) (6)

where φM and φS are the signal phase at the master and slave
images, t0 is the zero frequency position of the target, and
�t is the azimuth misregistration of the slave image relative
to the master image. The phase difference between the two
signals equals φM S(t) = φM (t) − φS(t) + φerr(t), where the
interferometric phase due to the range change from the radar
to the target is (φM − φS) = 4π

λ (rM − rS), with rM and rS

denoting the range to the same target in the master and slave
acquisitions, respectively, and φerr represents the phase due to
an azimuth misregistration of �t as [19]

φerr(t) = 2π fc(t)�t . (7)

Since φerr is frequency dependent, a constant azimuth
misregistration between two stripmap images (with constant
Doppler centroid frequency in azimuth) results in a constant
phase error. In TOPS images, the Doppler frequency varies
linearly with time (Fig. 1). Therefore, a constant azimuth
misregistration leads to a phase ramp in the azimuth direction
in a TOPS burst interferogram. Due to the cyclic variation
of the Doppler centroid frequency of the consecutive focused
bursts (Fig. 1), the difference between two phase ramps at
the overlap of the consecutive burst interferograms, appears
as a phase discontinuity at the burst overlaps in the TOPS
interferograms (Fig. 2).

IV. ENHANCED SPECTRAL DIVERSITY

Given two subsequent burst images at a master date
(Mi and Mi+1) and their corresponding slave burst images
(Si and Si+1), a differential interferogram can be formed at
the overlap region of the bursts as [4]

φovl = φi − φi+1 = arg(Mi .S
∗
i ) − arg

(
Mi+1.S

∗
i+1

)
(8)

where φovl is the phase of the differential overlap interfer-
ogram. In the absence of significant ground displacement
in the azimuth direction and assuming negligible residual
geometric phase, φovl represents the phase due to the azimuth
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Fig. 3. Theoretical accuracy of the estimated misregistration using ESD as
a function of coherence for different numbers of samples assuming � fovl =
4790 Hz and τ = 0.002056 s. High coherence and larger number of samples
improve the accuracy of the estimated misregistration.

misregistration. From (7) and (8), the azimuth misregistration
is obtained as

�t = φovl

2π� fovl
(9)

where � fovl can be computed from (4). The azimuth mis-
registration in terms of the image samples in the azimuth
direction is obtained as �x = �t/τ , where τ is the azimuth
time interval (image sampling in the azimuth direction) in
seconds. Constant azimuth misregistration may be due to the
orbital error in the azimuth direction, timing error of the SAR
instrument, or spatially constant ground displacement (e.g.,
solid earth tide).

The accuracy of the estimated misregistration is given as

σ�x = 1

2π� fovlτ

√
σ 2

φi
+ σ 2

φi+1
− 2σφi ,φi+1 . (10)

Ignoring the covariance between the two interferograms at
the overlap region of two consequtive bursts (σφi ,φi+1 = 0),
and assuming similar phase variance for the two interfero-
grams, (10) simplifies to

σ�x =
√

2σφ

2π� fovlτ
(11)

where σφ , the phase noise standard deviation, can be
approximated as

σφ = 1√
2N

√
1 − γ 2

γ
(12)

where N is the number of independent averaged samples and
γ is the interferometric coherence. Fig. 3 shows the accuracy
of the estimated misregistration with ESD as a function of
interferometric coherence given different numbers of samples.

V. NETWORK-BASED ENHANCED SPECTRAL DIVERSITY

Multitemporal analysis of TOPS SAR data, such as InSAR
time-series analysis, requires the coregistration of TOPS
images to a common master coordinate system, hereafter
called the stack master. When temporal decorrelation is pro-
portional to the time difference between the two SAR images
(i.e., when coherence decreases with time), the accuracy of
the misregistration estimated by ESD decreases with increas-
ing time difference between the stack master and the slave

Fig. 4. (a) Ratio of the time-series misregistration accuracy obtained with
NESD (σx ) and the individual pair misregistration obtained with ESD (σ�x )
as a function of time, for different sequential networks of small temporal
baseline interferograms in which each acquisition is connected to n following
acquisition. Ten years of acquisitions with acquisition interval of 12 days
was assumed. (b) Examples of the sequential network of interferograms, with
circles showing the SAR acquisitions and arcs representing the interferograms.

images. To overcome this problem, we use a network of
small temporal baseline overlap interferograms to estimate the
differential misregistration between coherent pairs, and then
invert the differential misregistration to estimate the time series
of misregistration for the TOPS images.

The differential misregistration relates to the time series
of the misregistration using a linear system of equations as
�x = Ax, where �x is a vector of differential azimuth
misregistration estimated with ESD for each pair, A is a
design matrix (also referred to as the incidence matrix in
graph theory terminology), and x is the vector of misreg-
istration time series for the stack of TOPS images rela-
tive to the stack-master acquisition. x can be inferred using
a simple least-squares or weighted least-squares estimation
approach. To ensure the unbiased estimation of x, we use
a connected network of overlap interferograms. Note that
estimating the misregistration time series from the differential
misregistration of small-baseline pairs in NESD is similar to
estimating the displacement time series from the differential
displacements [33], [36], [37].

Given a full covariance matrix for the vector of differential
azimuth misregistration C�x, the covariance matrix of the
misregistration time series is obtained as Cx = (AT C−1

�xA)−1.
Assuming the same uncertainty of σ�x for all differential
misregistration and ignoring the covariance between elements
of �x, the covariance matrix of estimated misregistration time
series is given by Cx = σ 2

�x (A
T A)−1. Diagonal elements

of Cx represent the variance of estimated misregistration
for each image relative to the stack master denoted by σ 2

x .
It is worth noting that if a temporal model is assumed for
the misregistration time series, the variance of the model
coefficients can be easily obtained using an analytical formula
similar to what has been previously done for the rate of
displacement time series in [36].

Fig. 4(a) shows σx/σ�x as a function of time for a stack
of TOPS acquisitions with 12 days acquisition interval over
10 years, for different sequential networks of small temporal
baseline interferograms, in which each acquisition is connected
to n following acquisitions (see Fig. 4(b) for examples of the
sequential networks). Fig. 4(a) shows that the uncertainty of
the misregistration increases with time difference from the
reference acquisition (in this case the first acquisition). For
example, for a network with n = 4, the uncertainty of the
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Fig. 5. InSAR processing workflow for Sentinel-1 TOPS processing based
on NESD.

NESD misregistration after 5.5 and 10 years is double and
triple of the ESD uncertainty, respectively. In theory, assuming
an average coherence of 0.75, ESD accuracy of 0.0002 of
azimuth cell is achievable by averaging the ESD misregis-
tration from 5000 pixels. Accordingly, NESD accuracies of
0.0004 and 0.0006 of an azimuth resolution cell over 5.5 and
10 years are achievable.

Note that Fig. 4(a) was obtained assuming the same accu-
racy for ESD misregistration from different interferograms,
ignoring the temporal decorrelation of longer temporal base-
line neighboring interferograms. This assumption can be vio-
lated for large values of n. The value of n for which the
assumption is violated, varies for different regions based on
local scattering properties. In this paper, we use n ≤ 4.

VI. InSAR PROCESSING WORKFLOW FOR SENTINEL-1
TOPS DATA BASED ON NESD

Fig. 5 summarizes the burstwise workflow to coregister
a stack of TOPS acquisitions. In this workflow, the burst
overlaps of all slave acquisitions are coregistered to the stack
master using precise orbits and a DEM. We then form a
network of small temporal baseline burst overlap interfero-
grams and estimate the azimuth misregistration of all slave
acquisitions with respect to the stack master using the NESD
approach. Misregistration time series in the range direction can
also be estimated from a network of individual pairs of range
misregistration similar to NESD. The range misregistration for
individual pairs cannot be estimated with ESD; they can be
estimated using cross-correlation techniques or using spectral
diversity in the range direction. At the next step, we precisely
coregister the full burst SLCs to the stack master using the
geometrical range and azimuth offsets and the range and
azimuth misregistration time series.

Note that we only use a connected network of small
temporal baseline interferograms for reliably estimating the
azimuth misregistration. Once NESD has been applied, any
interferometric network can be generated for deformation
time-series analysis from amongst these set of coregistered
SLC images by simple cross multiplication at the burst level.

Fig. 6. Footprints of Sentinel-1A TOPS acquisitions in different active
tectonic regions.

In slowly deforming areas, full swath interferograms are
obtained by merging the burst interferograms and the single
swath interferograms. Afterward, multilooking, filtering, and
phase unwrapping can be applied on the merged interfero-
grams as commonly done with traditional InSAR processing.

VII. EXPERIMENTAL RESULTS

We evaluate the azimuth misregistration in six different
stacks of TOPS images acquired by the Sentinel-1A over
various tectonic regions in west and south western U.S.,
Turkey, and Northern Chile (Fig. 6). We investigate the
impact of the precise coregistration using NESD on the TOPS
interferograms by visually evaluating the phase discontinuities
at burst boundaries before and after applying the azimuth
misregistration. We also quantify the temporal variation of the
estimated azimuth misregistration.

Fig. 7 shows zoomed-in view of two interferograms from
tracks 115 in California and track 64 over Turkey, both with
and without applying the constant azimuth misregistration esti-
mated from NESD. Fig. 7 shows that correcting for constant
azimuth misregistration removes the phase discontinuities at
the burst boundaries of these two interferograms.

Visual investigation of small-baseline interferograms from
five tracks traversing western U.S. and Turkey formed from
100 TOPS images acquired by Sentinel-1A indicates no phase
discontinuity in any of the interferograms after correcting
the azimuth misregistration obtained for each track using the
NESD approach. For Track 149 over Northern Chile, we
identify a few interferograms with phase discontinuities at the
overlap regions, caused by spatially variable azimuth misreg-
istration, most likely due to the impact of strong temporal
variations in the ionosphere, which we discuss in more detail
in Section VIII.

A. Temporal Variation of the Azimuth Misregistration

Fig. 8 shows the time series of the constant azimuth
misregistration for five different tracks, which NESD removes
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Fig. 7. Examples of Sentinel-1 TOPS interferograms before and after
correcting the azimuth misregistration using NESD. A zoomed-in view to an
interferogram from (a) descending track 115 between acquisitions 20150821
and 20150914 before NESD, (b) track 64 across the North Anatolian Fault
in Turkey between acquisitions 20150701 and 20150713 before NESD,
(c) same as (a) but after NESD, and (d) same as (b) but after NESD.

all phase discontinuities at burst overlaps over entire stack. For
each stack, the misregistration is relative to the first acqui-
sition. The relative constant misregistration does not exceed
0.01 azimuth cell. Note that for an interferogram formed from
acquisitions with the same azimuth misregistration relative to a
stack master, the impact of NESD cannot be identified because
both the master and slave burst images experience the identical
phase ramps, which cancel out in the interferogram.

Azimuth misregistration relates to orbital error in the
azimuth direction (Oε) by Oε = xτvs . Since x is relative
to a stack master, Oε is also relative to the orbit of the stack
master. The 1-sigma uncertainty of Sentinel-1 precise orbits
in three dimensions (i.e., along-track, cross-track, and radial
directions) is approximately 5 cm [27]. Assuming the same
uncertainty in all three directions and ignoring the covariance
among the three components, the orbital uncertainty in the
azimuth direction is thus approximately 2.9 cm.

The standard deviation of the azimuth misregistration time
series of 1.1e-3 to 2e-3 azimuth cell is equivalent to 1.6 to
2.8 cm orbital uncertainty in the azimuth direction, respec-
tively (assuming τ = 2.056e−3 s and vs = 7000 m/s). The

Fig. 8. Azimuth misregistration for different tracks. (Left) Time series of
estimated azimuth misregistration for different tracks relative to their first
acquisition. (Right) Histogram of the misregistration for different tracks. Each
histogram is shifted to its average.

Fig. 9. Large swath Sentinel-1A TOPS interferogram across U.S. from Mex-
ico border to Canada (track 144, 20150706–20150730). The interferometric
phase is smooth at the burst boundaries after a precise coregistration using
geometry and a constant azimuth misregistration of 0.002 pixels from ESD.
Range extension: 250 km. Azimuth extension: 1750 km.

equivalent orbital uncertainty fall within one sigma uncertainty
of the precise orbits in the azimuth direction implying that
orbital uncertainty is most likely responsible for the constant
azimuth misregistration in Sentinel-1 TOPS images. Never-
theless, the misregistration may be partly due to the effect of
solid earth tides [28], which have not been compensated for,
but could be accounted for with relative ease.

B. Spatial Variation of the Azimuth Misregistration

The variation of the azimuth misregistration is negligible for
Sentinel-1A TOPS along five tracks (tracks 115, 137, 144, and
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Fig. 10. Expected burst overlap discontinuity in Sentinel-1 TOPS interfer-
ograms induced by large N–S ground displacement for different incidence
angles in near (blue), mid (green), and far (red) ranges.

71 traversing the western U.S. and track 65 traversing Turkey)
which contain 10–25 bursts. We find that even for a long
multislice interferogram, across the United States from Mexico
to Canada (Fig. 9), azimuth misregistration remains constant at
0.002 pixel along this 1750 km extent. Other studies have also
used a constant azimuth offset to remove discontinuities for a
long multislice interferogram covering the 2015 Mw 8.3 Illapel
earthquake [29], [30]. Therefore, recent reports on nonconstant
azimuth offsets for the Illapel earthquake by [8] and [31] are
more likely due to inconsistent geometry in their processing
software rather than actual linear azimuth offsets in the data.

VIII. DISCUSSION

Spectral diversity approaches for TOPS processing, includ-
ing the ESD and the NESD approach, face different challenges,
which may affect the automation of time-series analysis of
TOPS data. In this section, we further discuss several such
challenges.

A. Large Ground Displacement in the Azimuth Direction

Azimuth beam steering in TOPS acquisitions leads to a
variable squinted line of sight (LOS) direction. The three
components of ground displacement in east, north, and vertical
directions u = [ue, un, uup] project to the TOPS LOS direc-
tion, ls = [sin(ϑ)cos(α′), sin(ϑ)sin(α′), cos(ϑ)] as ulos =
u.ls, where ulos is the ground-to-satellite displacement in the
LOS direction, ϑ is the incidence angle, and α′ = α + β with
α the heading angle and β the burst steering angle, which
varies between −0.7° and 0.7° across a Sentinel-1 TOPS burst
in the azimuth direction. At the overlap of two consecutive
burst interferograms, the ground displacement projects to
different LOS directions, resulting in discontinuities in the
overlap. This effect is not expected for vertical displacement
and is maximum for the north–south ground displacement.
Fig. 10 shows the expected discontinuity at the burst overlap of
Sentinel-1 TOPS interferograms as a function of north–south
ground displacement. A relatively large ground displacement
of 50 cm results in 7-mm burst discontinuity equivalent to 94°
phase jump.

Fig. 11. Two Sentinel-1A TOPS interferograms (track 64, Turkey) formed
from (left) summer acquisitions (20150713–20150725) and (right) winter
acquisitions (20151122–20151204). The winter pair shows lower coherence
(due to snowfall) compared with the summer pair.

Such a large phase difference can significantly bias the
estimated misregistration from the spectral diversity. In cases
where a model of the ground displacement is available, one
possible solution would be to project the displacement to the
LOS and remove from the interferograms before estimating
the azimuth misregistration. If estimating a constant azimuth
misregistration is sufficient, an alternative approach excludes
the burst overlaps in the regions of large ground displacement
for the ESD and the NESD analysis.

B. Abrupt Coherence Loss

The main assumption in the NESD approach is that the
short temporal baseline interferograms are more coherent
compared with the long temporal baseline pairs. Although this
assumption is generally valid, it may be violated in some
cases when the scattering properties of the scene abruptly
change, causing phase decorrelation in small temporal baseline
interferograms. Fig. 11 shows that a 12 days winter Sentinel-
1A TOPS interferogram across the north Anatolian Fault in
Turkey is less coherent compared with a 12 days summer
interferogram from the same region. The low coherence in the
winter interferograms can lead to inaccurate estimation of the
azimuth misregistration. A possible solution uses the overlap
interferograms from the coherent parts of the interferograms
to estimate the misregistration. An alternative is to use longer
temporal baseline overlap interferograms for the NESD analy-
sis. Biased single pair misregistration from decorrelated pairs
can propagate in the inversion to estimate the misregistration
time series in the NESD approach.

To demonstrate the impact of an outlier in the differential
misregistration on the misregistration time series, we design a
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Fig. 12. Simulation showing the impact of outliers on (a) misregistration time
series and (b) differential misregistration. In (a), solid black line represents
the true misregistration time series, red solid line shows the estimated
misregistration time series from a sequential network (n=2), with 0.005 pixel
bias added to all observations associated with 20th acquisition, and blue
dashed line shows the difference of the estimated and true misregistration.
(b) Differential of (a).

simulation. For this simulation, we assume a true misregistra-
tion time series with Gaussian distribution (standard deviation
of 0.003 pixel) over one year of acquisitions with 12 days
interval. From the simulated time series, we form a sequential
network of misregistration [with n = 2 similar to Fig. 4(b)].
We add a bias of 0.005 sample to all simulated differential
misregistration associated with 20th acquisition and then we
use NESD to estimate the misregistration time series. The
acquisitions can be evaluated in three groups; the first group
includes those acquisitions before the 20th acquisition and not
connected to the 20th acquisition or to any acquisition directly
connected to the 20th acquisition (i.e., acquisitions 1 to 15), the
second group includes the acquisitions directly connected to
the 20th acquisition or connected to one of the acquisitions that
is directly connected to the 20th acquisition (i.e., acquisitions
16 to 24), and the third group is similar to the first group but
for the acquisitions after the 20th acquisition (i.e., acquisitions
25 to the end).

For a time series relative to the first acquisition, the simula-
tion in Fig. 12 shows that the outlier does not affect the mis-
registration time series of the first group. The misregistration
is biased for the second group. The estimated misregistration
time series is offset by a constant for the acquisitions of the
third group. The relative differential misregistration among the
acquisitions of the first and the third group is not affected by
the outlier.

C. Large Azimuth Misregistration

The azimuth misregistration can be estimated
unambiguously within ±(1/(2� fovl)) corresponding to
±71 to ±85 cm for Sentinel-1 TOPS subswaths [21].
Given the orbital uncertainty of the Sentinel-1 orbits
of 2.9 cm in along-track direction, the misregistration due
to orbital uncertainty falls within the ambiguity band. The
estimated azimuth misregistration for different Sentinel-1A
tracks in this paper does not exceed 14 cm, which is smaller
than the maximum unambiguous azimuth misregistration.
However, in the case of large misregistration (larger than
the ambiguity band), one can first adjust the geometric
coregistration with less accurate coregistration approaches

such as the cross-correlation approach and then refine the
offsets with more accurate spectral diversity approaches [18].

D. Nonstationary Azimuth Misregistration

An assumption inherent in the ESD and NESD approaches
is that the azimuth misregistration is constant or only smoothly
variable in the azimuth direction, i.e., the azimuth misreg-
istration is stationary and can be modeled with a lower
order polynomial in the azimuth direction. This assumption is
generally valid when orbital uncertainty or SAR timing error
is the source of the azimuth misregistration. The assumption
can be violated when azimuth misregistration varies in range
direction or when the variation in the azimuth direction is
irregular, i.e., azimuth misregistration is nonstationary.

One source of the nonstationary azimuth misregistration is
the deviation of the processing geometry (e.g., during SAR
image formation) from the real TOPS acquisition geometry.
In particular, most SAR processing schemes assume a constant
effective velocity, veff , to process the SAR data. However, in
reality, for typical spaceborne SAR platforms (e.g., TerraSAR-
X and Sentinel-1), effective velocity varies linearly with
topographic height and as a quadratic form with respect to
the squint angle [20]. Approximations, such as considering an
ellipsoid surface or an average topography height instead of
an exact topography or ignoring a squint angle variation (e.g.,
induced by TOPS geometry) during the SAR image focusing,
deviate the effective velocity from the actual effective veloc-
ity, causing phase and azimuth positioning errors. The latter
translates to azimuth misregistration between TOPS images in
the InSAR products. Although the errors may be significant
in individual SAR images, they may mostly cancel out in
interferometric products formed from similar TOPS acquisi-
tions, because both the master and slave acquisitions contain
the same errors [20]. However, inconsistency between the
master and slave TOPS images (e.g., different assumptions on
reference topography height used for focusing the two images)
can expose the errors in the interferometric applications.

Another source of the nonstationary azimuth misregistra-
tion is the inhomogeneity in ionospheric propagation delay.
Inhomogeneous ionosphere between SAR acquisitions causes
variable azimuth misregistration, which cannot be corrected
with a constant offset assumption.

Fig. 13 shows the third swath of two interferograms from
Track 149 in Northern Chile, and their associated azimuth
offsets at the burst overlaps obtained with ESD. The first
interferogram does not show any phase discontinuity at the
burst overlaps; its azimuth offset seems constant across the
SAR scene. The second interferogram shows phase disconti-
nuity at burst overlaps; their azimuth offsets indicate that the
misregistration varies in space and cannot be corrected with a
constant offset. We hypothesize that the misregistration in the
second interferogram is due to the effect of the ionosphere.

E. Refining the Offsets of Stack of SAR Images Versus the
Offsets of Individual Pairs

The theoretical uncertainty of the misregistration time series
obtained with NESD (Fig. 4) indicates the temporal accumula-
tion of uncertainty with respect to the stack master. However,
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Fig. 13. Example interferograms from track 149 over Northern Chile
with constant and variable azimuth misregistration. (a) 20150917–20151011
pair, (b) 20151128–20151222 pair, (c) azimuth misregistration at the overlap
regions of (a), and (d) azimuth misregistration at the overlap regions of
(b). The offsets are constant in (c) and variable in (d). The phase discon-
tinuities in (b) are due to the variable azimuth misregistration, which is most
likely associated with the ionospheric inhomogeneity.

due to two primary reasons, NESD should be used to refine
the offsets of a stack of TOPS images with respect to a stack
master instead of refining the relative offsets of TOPS image
pairs for each interferogram independently.

First, refining the offsets of the stack of SAR images using a
misregistration time series maintains geometrical consistency
within the stack, while individual pair refinement can lead
to inconsistencies. Consistency among interferograms can be
evaluated by computing a phase close circuit [32]. Even if
the individual pair misregistration is consistent, their uncer-
tainty propagates to InSAR time-series products similar to the
misregistration time series obtained with NESD. Therefore, a
stack of interferograms, in which the offsets between pairs are
refined independently for each pair, at best, results in the same
uncertainty as a stack corrected with NESD, but with the risk
of inconsistency.

Second, the impact of the misregistration on the InSAR
displacement time series, obtained with InSAR time-series
analysis techniques, such as small-baseline or permanent scat-
terer techniques [33], [34], is proportional to the misregistra-
tion time series. This is similar to the impact of geometrical
residuals such as the effect of DEM error on InSAR time
series, in which the impact is proportional to the baseline time
series of the SAR acquisitions and not on the baseline between
the individual pairs [35]. Accordingly, even if the impact of
misregistration cannot be identified in an individual inter-
ferogram formed from two SAR acquisitions with identical
misregistration relative to a stack master, the misregistration
of the two acquisition contributes to the time series with
respect to the stack master, and therefore, the offsets of both
acquisitions must be refined relative to the stack master.

IX. CONCLUSION

We developed a workflow for estimating the time series
of azimuth misregistration among TOPS acquisitions using
an NESD. Misregistration time series is required for precise
coregistration of a stack of TOPS acquisitions to a given
coordinate system. Time series of misregistration from five
stacks of Sentinel-1 TOPS acquisitions, obtained with NESD,
indicates maximum relative azimuth offsets of less than 0.01
azimuth cell and standard deviations of 1.1e-3 to 2e-3 azimuth
cell, equivalent to orbital uncertainty of 1.6 to 2.8 cm, respec-
tively, falling within the 1-sigma orbital uncertainty of the
Sentinel-1 precise orbits.

The NESD workflow can be potentially operationalized
to provide and update the time series of the misregistration
for each Sentinel-1 track. Evaluating the uncertainty of mis-
registration time series obtained with NESD based on the
misregistration uncertainty of the individual pairs indicates that
the uncertainty of the misregistration time series increase with
time. However, for constant azimuth misregistration obtained
from averaging the offsets from many coherent overlap pixels,
uncertainties better than 0.001 azimuth cell are achievable
even for long time series (e.g., ten years). We also evaluated
different challenges for operationalizing NESD, including the
impact of large ground displacement in the azimuth direc-
tion, and the effect of decorrelation and outliers on the
estimated misregistration time series. ESD and NESD can
mitigate the phase discontinuities due to constant (or smoothly
varying in the azimuth direction) azimuth misregistration.
However, adjusting spatially variable azimuth misregistration
(e.g., caused by inhomogeneous ionosphere) requires further
investigations.
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