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Kinematic Coregistration of Sentinel-1 TOPSAR
Images Based on Sequential Least

Squares Adjustment
Bing Xu , Zhiwei Li , Yan Zhu, Jiancun Shi, and Guangcai Feng

Abstract—The Sentinel-1 provides an unprecedented opportu-
nity for InSAR research and applications, especially in the field
of fast and accurate damage assessment, thanks to its extra wide
swath, short revisit interval, and free policy. Challenges also exist in
Sentinel-1 terrain observation by progressive scans mode synthetic
aperture radar (TOPSAR) interferometric processing, for exam-
ple, the coregistration of TOPSAR images requires an accuracy of
0.001 pixels to reduce the phase jumps at the burst overlap region
to 3°. To obtain the accuracy of 0.001 pixels for the coregistration of
a stack of multitemporal TOPSAR images, joint estimation method
and network-based method were proposed and implemented stat-
ically. However, when new images are added, the existing methods
cannot coregister them kinematically. In order to resolve this issue,
we first give a brief review for the existing static methods, including
the single master-, temporally transferred-, and network-based
methods, for coregistering multitemporal TOPSAR images. Then,
we propose a kinematic coregistration method to coregister newly
added TOPSAR images by introducing the sequential weighted
least square adjustment. Experimental results demonstrate that
the proposed method can achieve an accuracy of 0.001 pixels
for kinematic coregistrations of multitemporal TOPSAR images.
Compared with the static network-based coregistration method,
the proposed method is superior in terms of both coregistration ac-
curacy and computational efficiency. It will contribute a great deal
to the globally acquired big SAR data (e.g., Sentinel-1 TOPSAR)
and their near real-time processing.
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I. INTRODUCTION

THE terrain observation by progressive scans (TOPS) pro-
posed by De Zan and Guarnieri [1] was first implemented

and validated by on-orbit satellites, including Radarsat-2 [2]
and TerraSAR-X [3]–[7]. Meanwhile, a lot of theory analyses on
TOPSAR (TOPS mode synthetic aperture radar) interferometric
processing have been done [3]–[8]. New generation Sentinel-
1A/-1B satellites provide wide-swath TOPSAR images, fa-
vorable for interferometric synthetic aperture radar (InSAR)
research and applications. Particularly, Sentinel-1 provides an
unprecedented opportunity for the fast and accurate damage
assessment of natural disasters, which will improve the fast
crisis response and understanding on disasters. However, great
challenges exist in the InSAR data processing, for example, the
coregistration of TOPSAR images requires an extremely high
accuracy of 0.001 pixels [1], [4].

The coregistration of conventional strip-map mode synthetic
aperture radar (SAR) images is based on the cross correlation
of intensities (ICC) between two SAR images. In case of a long
spatial baseline, the topographic relief will introduce additional
local offsets, which will bias the affine transformation between
images. Thus, the local offset shall be eliminated with an external
digital elevation model (DEM) before using the ICC method for
coregistration [9]. As reported, the ICC method could achieve
an accuracy of up to 1/32 pixels [10], meeting the requirement
of SAR interferometric processing of the strip-map mode data.
Besides, the Doppler centroid of the SAR image of that mode is
so small that the misregistration caused by the traditional ICC
method is negligible.

Unlike traditional SAR satellites, Sentinel-1 acquires SAR
data with the TOPS imaging mode that the azimuth beam elec-
trically steers from the aft to the fore, resulting in a large linear
Doppler centroid in the azimuth direction [1]. Consequently,
a small misregistration could induce a rapidly changing phase
ramp superimposed on interferograms of each burst. As a result,
the interferometric phases on the overlap regions of consecu-
tive bursts would be inconsistent and show as obvious phase
jumps. For example, a misregistration of 1/32 pixels will cause
a phase jump of about 90° for Sentinel-1 TOPSAR. Therefore,
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for TOPSAR data processing, the misregistration becomes non-
negligible. In order to reduce phase jumps on the burst overlap
region to 3°, the coregistration accuracy should be 0.001 pixels.
To meet the extremely high accuracy, the enhanced spectral
diversity (ESD) method [3]–[8] was proposed, which determines
the misregistration by the relationship between interferometric
phase difference and spectral separation on the overlap region
of adjacent bursts. The accuracy of the azimuth misregistration
using the ESD method, however, is controlled by the coherence
between the forward and backward looking interferograms that
are exploited to obtain the interferometric phase difference on
the overlap region. Therefore, when the ESD method is applied
to coregister multitemporal Sentinel-1 SAR images under single
master scenario [11] (SM-method), the temporal decorrelation
will decrease the accuracy of the azimuth coregistration, es-
pecially in low-coherent areas. With the increasing time spans
of image series, the coregistration errors under the SM-method
constantly accumulate, resulting in large misregistrations. As a
consequence, the multitemporal SAR images are not accurately
coregistered mutually, and obvious phase jumps remain [12].

Regarding the coregistration of multitemporal Sentinel-1
TOPSAR, joint estimation-based [13], [14] and network-based
methods [15] are proposed aiming at mitigating the azimuth
coregistration errors by network adjustment [16]. Using these
two methods, the multitemporal images are combined according
to a given criterion, e.g., short temporal and spatial baseline [16],
or n-connection [13], [15], and all the interferometric pairs are
selected to construct a single network. Then, the ESD algorithm
is exploited to estimate the coregistration offset of each selected
pair in the network. Finally, the network adjustment is used to
calculate the coregistration offsets for each slave image relative
to the common reference image. For simplicity, we refer to this
method as the network-based method (NB-method) in this study.
Apart from the NB-method, Wegmüller et al. [17] proposed a
method that uses the image-by-image transferring coregistration
to reduce the effect of long time decorrelation, which is referred
to as the temporally transferred method (TT-method) hereinafter.
The TT-method uses a coregistered image as the reference to
coregister the image with the shortest temporal baseline, and
then exploits the ESD method to correct the misregistration of
current interferometric pairs. Then, the coregistered image is
used as the reference image to coregister the next image.

However, the NB- and TT-methods have their deficiencies.
For the NB-method, it does not establish a scenario for kine-
matical multitemporal TOPSAR images coregistration. When
new images added, all the previously coregistered multitempo-
ral TOPSAR images shall be recoregistered together with the
newly added images. The TT-method may alleviate the temporal
decorrelation to some extent. However, coregistration offset
errors in any previous coregistration propagate and accumulate,
and finally bias the true offsets. Therefore, the TT-method
does not solve the coregistration problem of multitemporal
images.

In this study, we focus our attention on the kinematic coreg-
istration for multitemporal TOPSAR images. By introducing
the sequential weighted least square adjustment (SWLSA), we
extend the static coregistration method into a kinematic one to

coregister newly added TOPSAR images. The article is orga-
nized as follows. Section II introduces the principle and existing
methods of TOPSAR image coregistration. In Section III, the
kinematic coregistration methods for multitemporal TOPSAR
images are developed. Section IV presents the experimental val-
idation of the proposed methods, followed by the comprehensive
analysis and discussions in Section V. Finally, conclusions are
drawn in Section VI.

II. EXISTING METHODS FOR MULTITEMPORAL SENTINEL-1
TOPSAR IMAGE COREGISTRATION

A. Principle of TOPSAR Coregistration

The antenna electronically steers from backward to forward
when acquiring data in the TOPS mode, causing the Doppler
centroid running through a relatively steep spectral ramp in
each burst. As a consequence, a small coregistration error could
introduce an azimuth phase ramp onto the interferogram for each
burst. Thus, the interferometric phase with bias can be expressed
as follows [5], [18]:

φ = −4π

λ
(rM − rS) + φazerr (1)

where rM and rS denote the range from radar to the same target
in the master and slave acquisitions, respectively, and φazerr

represents the phase bias, which can be expressed as follows
[7], [18]:

φazerr(t) = 2πf(t) ·Δt (2)

where f(t) is the Doppler centroid that varies linearly within
a TOPS mode burst in the azimuth dimension, Δt is the az-
imuth misregistration in seconds. Assuming a constant azimuth
misregistration for a single slice of TOPSAR dataset, we have
Δt = Δp · dt, with Δp denoting the azimuth misregistration in
pixels, and dt the azimuth time interval in seconds. For simplic-
ity, only a constant coregistration error [7], [8] is considered in
this study. Since the Doppler centroid f(t) changes rapidly and
linearly within a single burst, even a very small coregistration
errorΔpmay cause significant phase errors in the interferogram.
Consequently, phase discontinuities or phase jumps inevitably
manifest themselves in the burst overlap regions, see the example
illustrated in Fig. 1. Such phase discontinuity can be expressed
as follows:

φsd = φf − φb (3)

where φf and φb denote the forward and backward looking
interferometric phases of the overlap region, respectively. Sub-
stituting (1) into (3) and considering the common InSAR phase
observation equation φ = −4π(rM − rS)/λ = φflat + φtopo +
φdef + φatm + φnoi, we obtain the following:

φsd = Δφflat +Δφtop +Δφazdef +Δφatm +Δφnoi +Δφazerr

(4)
with

Δφflat = φflat,f − φflat,b

Δφtop = φtop,f − φtop,b
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Fig. 1. Sentinel-1 TOPSAR image coregistered by the ESD method. (a) Orig-
inal differential interferogram with the misregistration of 0.032 azimuth pixels.
Due to the coregistration error, the overlap region of adjacent bursts (e.g., burst
k and k + 1) shows obvious phase discontinuities. (b) Differential interferogram
after applying the ESD method, in which the phase discontinuities are less
obvious. (c) Simulated phase ramps for each burst using the misregistration
estimated by the ESD method.

Δφazdef = φdef,f − φdef,b

Δφatm = φatm,f − φatm,b

Δφnoi = φnoi,f − φnoi,b

Δφazerr = φazerr,f − φazerr,b

whereφflat,k,φtopo,k,φdef,k,φatm,k, andφnoi,k(k= f, b) represent the
flat-earth phase, topographic phase, deformation phase, atmo-
spheric phase, and noise phase in forward and backward looking
geometries, respectively. Δφazdef is the azimuth deformation
phase. Δφazerr denotes the phase difference in the overlap region
caused by coregistration errors, which can be inferred from (2)

Δφazerr = 2π ·Δf(t) ·Δp · dt (5)

where Δf(t) is the Doppler centroid difference on the overlap
region of consecutive bursts, representing the spectral sepa-
ration. As the difference between the forward and backward
looking geometries is so small that the phase differences for
flat-earth, topographic component and atmospheric delay are
always negligible, i.e., Δφflat ≈ 0, Δφtop ≈ 0 and Δφatm ≈ 0.
Additionally, given that there is no azimuth displacement among
the images to be coregistered, i.e.,Δφazdef = 0, (4) can be further
simplified as follows:

φsd
∼= Δφazerr +Δφnoi. (6)

If the noise is neglected, i.e., Δφnoi ≈ 0, Δφazerr could be
replaced with φsd when estimating the azimuth coregistration
offset Δp by (5)

Δp =
φsd

2π ·Δf(t) · dt . (7)

It is worth noting that φsd is modulo 2π, and the integer
part could not be recovered. Thus, the ESD algorithm can only
estimate the offsets corresponding to the non-integer part [–π,
π). For Sentinel-1 TOPSAR, the maximum estimable offset of
the ESD algorithm is

Δpmax = ± 1

2ΔfDC
· 1

dt
≈ ±0.05 pixels (8)

where ΔfDC = fDC,f(t)− fDC,b(t) represents the Doppler cen-
troid difference between forward and backward looking on the
overlap region of consecutive bursts.

As shown in (8), due to the phase ambiguity, the ESD al-
gorithm has a prerequisite that the misregistration is smaller
than 0.05 pixels. To meet this requirement, one can initiate the
image coregistration using the orbit state vectors assisted with an
external DEM (e.g., shuttle radar topography mission, SRTM),
and refine the coregistration offset based on the intensity cross
correlation to ensure the misregistration varying within ±0.05
pixels [17], [19].

According to the error propagation law, as well as the rela-
tion between the coherence coefficient and the phase standard
deviation [20], [21], and ignoring the covariance between the
forward and backward looking interferograms, the accuracy of
the estimated azimuth offset is

σΔp =

√
2σφ

2π ·Δf(t) · dt =
1

2π ·Δf(t) · dt ·
1√
Ns

√
1− γ2

γ
(9)

where Ns is the number of independent samples (that is the
multi-look number applied to interferometric phase) and γ is
the interferometric coherence.

B. Existing Methods

1) Single-Master Coregistration Method: The Single-
Master coregistration method (SM-method) selects the optimal
reference image based on temporal baselines, spatial baselines,
and Doppler baselines [11], [16], then coregisters all slave
images to the geometry of the reference image. Such a
strategy can be applied to coregister multitemporal TOPSAR
images. First, every interferometric pair is coregistered with
the traditional SAR image coregistration algorithm, then the
ESD algorithm estimates the misregistration by the forward
and backward looking interferometric phase difference on the
overlap region, which occupies 10% of the whole image [19].
However, the ESD is vulnerable to temporal decorrelation [22]
in areas exposed to fast temporal decorrelation [14], [23], and
the impact becomes significant with the temporal baseline
increasing. In addition, the number of valid observations
decreases dramatically, reducing the accuracy of ESD method
or even leading to errors. Consequently, the offsets among
any three images will be unclosed, which is the coregistration
closure error.

2) Temporally Transferred Coregistration Method: To solve
the effect of temporal decorrelation, especially the fast temporal
decorrelation [23], Wegmüller et al. [17] proposed a strategy
for coregistering TOPSAR images with available coregistered
images, which is referred to as the TT-method in this article.
It selects the temporally adjacent coregistered image as the
reference image to reduce the temporal decorrelation. In the ESD
algorithm [7], the coregistration accuracy is subject to the quality
of the forward and backward looking interferometric phase dif-
ference on the burst overlap region. Therefore, the TT-method is
to find an available coregistered image, and set it as the reference
image. Such image shall have been coregistered with the com-
mon reference image and have the shortest temporal baselines
relative to the image to be coregistered. Based on this, the first
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image of the multitemporal TOPSAR images can be selected as
the common reference image. Then slave images are coregis-
tered one by one in chronological order, which are then succes-
sively transferred as the reference images for the ESD algorithm.

The revisit intervals are 12 days for both Sentinel-1A/B
satellites, and are 6 days for the Sentinel-1 constellation. So,
the TT-method can alleviate the effect of temporal decorrelation
for the ESD algorithm to a certain extent. However, it is worth
noting that any local coregistration error of the interferometric
pairs would accumulate and propagate to subsequent images,
which will be significant as the image amount increases and
induce enclosure errors finally.

3) Network-Based Coregistration Method: The NB-method
was first proposed by Hooper [16], aiming at bypassing the
temporal decorrelation in coregistering long time strip-map SAR
images. The NB-method estimates the image offsets for each
interferometric pair in a short-baseline (spatial or temporal)
network, then offsets relative to the common reference image
are inverted by network adjustment with the offsets extracted
previously. As the strip-map SAR image has relatively small
Doppler centroid, the improvement in coregistration accuracy
is not significant when the NB-method is used. However, for
the coregistration of multitemporal TOPSAR images, the mis-
registration caused by temporal decorrelation is significant in
the situation of rapidly changing Doppler centroid. To deal
with such a problem, joint estimation methods [13], [14] and
network-based methods [15] were proposed to estimate TOP-
SAR misregistration. This is similar to the Hooper’s method
[16]. First, a short-baseline network is established, then all
TOPSAR images are coregistered by the traditional ICC coreg-
istration method. The ESD algorithm is subsequently employed
to estimate residual coregistration offsets for each image pair in
the network. The precise misregistrations relative to the common
reference image are finally obtained by the network adjustment.

Note that the NB-method does not have a unified network con-
struction scheme. For the same image set, different thresholds of
temporal or spatial baselines correspond to different networks.
Besides, a large temporal threshold would increase the amount
of image pairs in the network dramatically, causing a huge
computation burden. In addition, the NB-method only provides
solutions for the static coregistration of a set of multitemporal
TOPSAR images, but cannot perform kinematic coregistration
for newly added images.

III. NB AND SWLSA-BASED MULTITEMPORAL TOPSAR
IMAGES COREGISTRATION METHOD

In this section, we divide image sets acquired in different
phase into two parts, existing and newly added. First, we perform
a coregistration method based on least squares adjustment for the
coregistration of existing multitemporal images. Then, by intro-
ducing the SWLSA, we implement the kinematic coregistration
of newly added images.

A. Network-Based Static Coregistration Method for
Multitemporal TOPSAR Images

Given N TOPSAR images to be coregistered, for simplicity,
we select the first image as the common reference. Note, the N

refers to the number of TOPSAR images, which is different from
theNs in (9). Actually, the common reference is always selected
arbitrarily or via some optimal selection criterion [16]. In order
to reduce error propagation, the series of images (sorted in
chronological order) are combined to construct a short-baseline
network, with M image pairs (or edges). The number of image
pairs, M, satisfies the inequality

(N − 1) ≤ M ≤ N(N − 1)

2
. (10)

M = (N − 1) is an extremely critical condition, which means
1-connection condition. In this condition, there are no redun-
dant observations for error adjustment. Actually, M is greater
than N − 1. Considering enough redundant observations and
the lowest temporal decorrelation, the triangulation network is
recommended, which means that each acquisition is connected
to two following acquisitions (i.e., the 2-connections), then,
M= 2N − 3.

Let us define the misregistration of each image pair (images
i and j) in the triangulation network as Δpi,j , with i < j and
i, j ∈ [1, N ]. Δpi,j can be estimated by the ESD algorithm.
Define the misregistrations of all images (including the reference
image) relative to the common reference image as Xall =
[x1,1, x1,2, x1,3, . . . , x1,N ]T . Then, the relationships between
the unknown parameters xall and the observations Δpi,j can
be expressed as follows:

L = GXall + e (11)

where G is the design matrix with a size of M ×N , whose
nonzero elements are given by G(k, i) = +1 and G(k, j) =
−1, with k being the index of the image pair and k ∈ [1,M ]. An
example of the matrix form is provided as follows:

G =

⎡

⎢
⎢⎢⎢
⎣

−1 +1 0 0 · · · 0
0 −1 +1 0 · · · 0
−1 0 +1 0 · · · 0
0 0 −1 +1 · · · 0
· · · · · · · · · · · · · · · · · ·

⎤

⎥
⎥⎥⎥
⎦
. (12)

Refer to Appendix A for the establishment of the design ma-
trix. L = [Δp1,2,Δp2,3,Δp1,3, . . . ,Δpi,j ]

T is the observation
vector with a size of M × 1, e is the error of observation vector.

The first image is set as the reference, that is, x1,1 = 0, which
means the misregistration between the reference image and itself
is zero. Thus, (11) can be written as (13) by removing the first
column of matrix G and the first element of Xall, then

L = AX + e (13)

where matrix A is composed of columns 2 to N of ma-
trix G, and has a size of M × (N − 1). The unknown pa-
rameter vector is X = [x1,2, x1,3, . . . , x1,N ]T . Additionally,
taking D as the variance-covariance matrix of the obser-
vation L, and P = σ2

0D
−1 as the weight matrix and ig-

noring the covariance between observations, we have D =
diag(σ2

Δp1,2
, σ2

Δp2,3
, . . . , σ2

Δpi,j
), where σ2

Δpi,j
can be calcu-

lated by (9). The unit weight variance σ2
0 can be set to 0.0012

pixels (the expected accuracy of coregistration). Rewriting (13)
into the error equation, we obtain the following:

V = Ax̂−l (14)
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where l = L−AX0, x̂ = X −X0, and X0 denotes the
approximate value of parameter vector X . According to the
principle of weighted least squares, we obtain the following:

x̂ =
(
ATPA

)−1
ATPl. (15)

Then, we can estimate the parameter vector X̂ = X0 + x̂,
corresponding to the azimuth misregistrations. The posteriori
variance factor is given by σ̂2

0 = V TPV
M−(N − 1) , and the posterior

variance–covariance matrix of parameter vector is defined as
Dx̂ = σ̂2

0(A
TPA)−1. The diagonal elements of Dx̂ represent

the variance of the estimated misregistration X̂.

B. Kinematic Coregistration Method for Newly Added
TOPSAR Images

In this section, we combine the existing image sets with
newly added images and implement the kinematic coregistra-
tion of two TOPSAR image sets by introducing the SWLSA.
Given two sets (S1 and S2) of TOPSAR images acquired
in two different phases, with N1 and N2 images, respec-
tively. The first image in S1 is selected as the reference
image. Let the observation vectors be L1 and L2, and the
unknown vectors be Xa = [x12, x13, . . . , x1N1

]T and Xb =
[x1N1+1, x1N1+2, . . . , x1N2

]T , respectively. Then, the observa-
tion equations of the two sets are

L1 = A1Xa + e1 with weight matrix P1 (16)

L2 = A2Xa +B2Xb + e2 with weight matrix P2 (17)

where Xa is the vector of the common unknown parameters,
Xb is the newly added unknown parameters after extending the
triangulation network to incorporate more (the newly added)
multitemporal TOPSAR images. For details of the establishment
of the design matrices A1, A2, and B2, refer to Appendix B.
The two images sets are processed separately, since they are
not simultaneously acquired. First, S1 acquired in Phase I is
coregistered with the proposed static coregistration method

x̂′
a =

(
AT

1 P1A1

)−1
AT

1 P1l1 (18)

Dx̂′
a
=

V 1
TP1V 1

M1 − (N1 − 1)

(
AT

1 P1A1

)−1
(19)

X̂
′
a = X0

a + x̂′
a. (20)

Then, the images of S2 acquired in Phase II are coregistered
to the reference image in S1. As the images in S1 have been
coregistered, these coregistration results [obtained with (18)–
(20)] shall be taken into consideration for the coregistration
of S2. Using SWLSA [24] and taking the previous adjustment
results of S1 (18)–(20) as the priori information, we establish
the pseudo-observation equation

V X̂′
a
= Ix̂′′

a with weight matrix

PX̂′
a
= AT

1 P1A1 (21)

where I is an identity matrix with a size of (N1 − 1)× (N1 − 1),

and x̂′′
a are the unknowns. Besides, taking X̂

′
a = X0

a + x̂′
a as

the initial value of Xa, and X0
b as the initial value of Xb, and

substituting them into (17), we obtain the corresponding error
equation

V 2 = A2x̂
′′
a +B2x̂b − l̄2 with weight matrix P2 (22)

where l̄2 = −(A2X̂
′
a +B2X

0
b −L2). Combining (21) and

(22), the error equations can be rewritten as follows:
[
V X̂′

a

V 2

]
=

[
I 0
A2 B2

] [
x̂′′
a

x̂b

]
−
[
0
l̄2

]

with weight matrix

[
PX̂′

a

P2

]
(23)

By the weighted least squares adjustment, we obtain the
estimate of the parameters
[
x̂′′
a

x̂b

]
=

[
AT

1 P1A1 +AT
2 P2A2 AT

2 P2B2

BT
2 P2A2 BT

2 P2B2

]−1 [
AT

2 P2l̄2
BT

2 P2l̄2

]
.

(24)
Then, the final parameter vectors (the azimuth misregistra-

tions of all images) can be estimated by

X̂
′′
a = X̂

′
a + x̂′′

a = X0
a + x̂′

a + x̂′′
a (25)

X̂b = X0
b + x̂b. (26)

It follows that the adjustment results of S1 are taken as the
priori information in coregistering S2. And its coregistration
offsets are updated to achieve a high coregistration accuracy
during the coregistration of S2, see (25).

IV. EXPERIMENTS

A. Dataset and Preprocessing

To validate the kinematic multitemporal TOPSAR image
coregistration method, we select Mexico City as the experimen-
tal area, which processes a large number of TOPSAR images
and has been used for validating TOPS imaging mode with
TerraSAR-X [6] and Radarsat-2 [2] satellites. The experimental
data consist of 101 TOPSAR images acquired on track 143 from
November 8, 2014 to July 13, 2017, with a time span of 978
days (see Table S1 in Supplementary A for details). Nearly 2/3
of the area is either vegetation-covered or decorrelated, so it is
well suited to test the validity of an algorithm in the long-time
decorrelation area. In this study, the proposed methods, as well
as existing coregistration methods for multitemporal TOPSAR
images, including SM-method, TT-method, and NB-method, are
tested and compared. For simplicity, six bursts on subswath
3 are processed in the experiment. The data coverage and
corresponding mean intensity image are shown in Fig. S1 in
Supplementary A.

In data processing, the first image, acquired on November 8,
2014, is selected as the reference image. Before estimating the
misregistration of TOPSAR images by the ESD algorithm, the
images shall be coregistered to limit the offsets within ±0.05
pixels [17], [19]. Such a process can be implemented by the
traditional ICC coregistration method, assisted by the orbit state
vectors and external DEM (e.g., SRTM DEM), to correct the
local topography induced image offset. And such a process could
be easily accomplished by sophisticated InSAR data processing
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Fig. 2. Static coregistration results. (a) Estimated misregistrations of the SM-method, TT-method, and NB-method. (b) Comparison of misregistration between
NB-method and other two methods (SM-method and TT-method). The results of NB-method is taken as the reference. The black diamonds denotes the difference
between the results of SM-method and NB-method, and orange rectangle denotes the difference between TT-method and NB-method.

software, such as GAMMA [17] and GMTSAR [25]. We do
not discuss this specific implementation because it is out of the
scope of our study.

Subsequently, the misregistrations (residual offsets) are es-
timated by the multitemporal TOPSAR images coregistra-
tion methods, including the SM-method, TT-method, and NB-
method, as well as the proposed method.

B. Static Coregistration

In order to make a reliable comparison, we first coregister all
101 TOPSAR images by treating them as only one set of images.
The TT-method, SM-method, and NB-method are respectively
exploited to get the static coregistration results, which are shown
in Fig. 2(a). We can see that the three results are different from
each other. As manifested in the previous articles [13], [15],

the NB-method can coregister a single set of multitemporal
TOPSAR images. Because the NB-method uses a network for
coregistration error adjustment, we can use the root mean square
error (RMSE) of the residual errors from the adjustment. The
RMSE for NB-method is 1.11× 10−3 pixels, demonstrating that
the NB-method has a high accuracy for coregistering multitem-
poral TOPSAR images.

To evaluate the performance of SM- and TT-methods, we
select the result of NB-method as reference and calculate the
differences [see Fig. 2(b)] among the results in Fig. 2(a). It shows
that, within a short time period (image index < 30), the SM-
method has few errors. However, the errors become large and
random with the time span increasing. For the TT-method, the
errors propagate and accumulate continuously as time goes on,
showing an obvious trend. Based on these analyses, we believe
that both SM- and TT-methods cannot meet the requirement for
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Fig. 3. Comparison between the static coregistration and kinematic coregistration. The red dash line divides the image series into two sets, S1 (left) and S2 (right).
The purple diamonds denote the static coregistration results, the black stars denote the kinematic coregistration results, the cyan dots denote the difference of the
two results, corresponding to x̂′′

a in (25).

coregistering multitemporal TOPSAR images. Therefore, we do
not discuss SM- and TT-methods, and the NB-method is selected
as static method in subsequent analysis.

C. Kinematic Coregistration of Newly Added TOPSAR Images

The first 95 images, indexing from 1 to 95 with a time span of
942 days, compose S1 for the coregistration experiment. And the
rest 6 images are treated as the newly added TOPSAR images,
acquired on the same coverage with S1, to form S2 that shall be
coregistered to the reference image of Subset S1.

The NB-method, however, has no available kinematic coreg-
istration scheme. Thus, the newly added images (S2) shall be
combined with S1 to form one set and be coregistered by the
static coregistration scheme. For the NB-method, all possible
interferometric pairs could be exploited to form the network
theoretically. However, the ESD algorithm is affected by the
temporal decorrelation, which shall be considered in selecting
interferometric pairs for the network construction. In order to
construct a reasonable short-baseline network with considera-
tion of computational efficiency, we set the temporal baseline
threshold as 36 days, which is 3 times of the revisit interval
of Sentinel-1 satellite. Under the circumstances, the mean co-
herence remains at the level of 0.75 (see Supplementary B).
And the spatial baseline threshold is set as 150 m, 1.5 times
of the Root Mean Square (100 m) of the Sentinel-1 orbital
tune diameter [26]. Then, a short-baseline network consisting
of 367 interferometric pairs is established. Furthermore, the
misregistration of each interferometric pair in the network is
estimated by the ESD algorithm. After getting all the misreg-
istrations, the misregistrations of all the slave images relative

to the common reference image (index 1) are inverted by the
network adjustment.

The proposed method can simply implement the kinematic
coregistration, see details in Section III-B. Specifically, the im-
ages in S1 are coregistered via the static coregistration process,
see (18)–(20). The coregistration results are taken as the priori
information for the triangulation adjustment of the coregistration
of S2, which can avoid unnecessary repeated coregistration
process. Then, we construct the short-baseline network with the
images in S2, and calculate the misregistrations referring to (24)–
(26). Consequently, the kinematic coregistration is implemented
for the newly added images.

1) Coregistration Results: Fig. 3 shows the misregistration
results when new images are added, see the right part of the
red dashed line. For the static method, all images have to be
coregistered by reconstructing a new network when new images
are added. While for the proposed method, the coregistration
results of S1 are considered as the priori information for the
adjustment of the second coregistration, and simultaneously get
updated [ see (25)] to obtain the optimal coregistration.

Additionally, the RMSE of the residual errors from the ad-
justment for both the static method and the proposed method
are 1.11 × 10−3 pixels and 1.02 × 10−3 pixels, respectively,
indicating that the two methods have achieved high-precision
coregistration. And the accuracy of the proposed method is 8.1%
higher than that of the static method.

For the static method, when new images are added, all im-
ages including the coregistered ones must be recoregistered.
Nevertheless, the proposed method takes the previous results
as the priori information for the error adjustment, rather than to
repeatedly estimate the offsets of the former coregistered images
in S1 with the ESD algorithm.
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Fig. 4. Phase jump error check results. Interferograms generated by two images (acquired on June 7, 2017 and July 7, 2017) that were coregistered by (a) static
method, and (b) kinematic method; (c) histogram statics of phase differences between the forword and back interferomgram on the burst overlap region. The purple
dotted line denotes the result of static method, and the red dotted line denotes the results of the kinematic method. The circles are the histogram extreme values,
and the corresponding phase values represent the level of coregistration accuracy. The smaller the value, the higher the coregistration accuracy.

Fig. 5. Statistical histograms of residual offsets of (a) the static method and
(b) the kinemaitc method.

TABLE I
RESIDUAL ERRORS FOR THE TWO METHODS

For the kinematic coregistration after adding new images, the
coregistration offsets of S1 is updated, see the updated value x̂′′

a

in (25). We calculate the difference between static and kinematic
coregistrations. The results in Fig. 3(a) (cyan dots) show that
the value of correction x̂′′

a (<0.5 × 10−3) is too small to be
considered.

2) Phase Jump Error Check: If multitemporal TOPSAR im-
ages are precisely coregistered, the residual offsets for any inter-
ferometric pair would be zero. We select two images, acquired
on June 7, 2017 and July 7, 2017 from S1 and S2, respectively,
to generate interferogram and analyze the enclosure error of
coregistering images, see Fig. 4. We can see that The NB-method
has suspected phase jump [see the white arrow in Fig. 4(a)]. For
the proposed method, the burst overlap area [see Fig. 4(b)] also
shows a slight phase jump. However, the phase jump of the static
result is more significant than the kinematic one.

Furthermore, we conduct histogram statistics on the phase
difference of the forward and backward looking interferometric
phase on the overlap region (see Fig. 4). The residual offset
is proportional to the statistic mean value, see (5). The mean
value of the static result is 6.1°, showing a relatively apparent
phase jump. While the equivalent of kinematic result is much
smaller, which is –2.9°, demonstrating a higher accuracy. In
particular, the phase value φsd of kinematic result is within the
range of ±3°, which means the kinematic method can coregister
multi-temporal TOPSAR images with high accuracy.

V. ANALYSIS AND DISCUSSION

In order to achieve an accuracy better than 0.001 pixels, we
propose a kinematic method for multitemporal TOPSAR images
by introducing the SWLSA. Here, we make a comprehensive
comparison between the proposed method and static method, as
well as discussions concerning the results.

A. Comparisons of Coregistration Accuracies

The coregistration accuracy could be assessed by the RMSE
of residual errors in observation vectors for the static method
or our method. For our method, the kinematic coregistration
accuracy is 1.02 × 10−3 pixels after adding six new images.
While the RMSE for the static method is 1.11 × 10−3 pixels. It
is 8.1% higher than that of the NB-method.

Furthermore, if all images have been coregistered to a com-
mon reference image, the residual offset of any two images
would be zero, and the nonzero value indicates misregistration.
Thus, in this case, we can evaluate the coregistration accuracy by
reestimating the image residual offsets with the ESD algorithm.
Theoretically, any interferometric pairs could be employed for
accuracy evaluation. However, the accuracy of the ESD algo-
rithm is affected by decorrelation, as explained in Section II.
To avoid the temporal decorrelation, interferometric pairs with
a temporal baseline smaller than 60 days are selected, which
ensures the mean coherence larger than 0.7, see Supplementary
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TABLE II
CUNSUMED TIME OF THE TWO METHODS FOR COREGISTERING SIX NEWLY ADDED TOPSAR IMAGES

1Consumed time of ESD = consumed time of one interferometric pair × number of interferometric pairs.
2Consumed time for resampling = consumed time of one SLC resampling × number of SLC images to be resampled.
3Total consumed time = consumed time of ESD + consumed time of resampling.

B for details. We obtain 545 interferometric pairs, and then esti-
mate their residual offsets using the ESD algorithm. Histograms
of these residual offsets are subsequently computed. As Fig. 5
shows, the coregistration residual offsets of the four methods
are mostly within the range of [–0.001, 0.001] pixels, with a few
outside the range, and some even outside the range of [–0.005,
0.005] pixels. Note that the errors of the proposed method and
NB-method are concentrated around zero.

The accuracy is further accessed by the RMSE, the mean
absolute error (MAE), and the percentage of the errors within
±10−3 pixels of the residual offsets. The results listed in Table I
show that, among the 545 interferometric pairs, the percentages
of residual offsets within ±10−3 pixels for these two methods
are respectively 78.4% and 72.7% for our method and the
NB-method, indicating high accuracies. The accuracy of our
method is even higher than that of the static method. Besides,
the RMSE and MAE for the NB-method are 1.10 × 10−3 pixels
and 0.83 × 10−3 pixels, respectively. And the equivalents of
our method are 1.02 × 10−3 pixels and 0.71 × 10−3 pixels,
respectively, showing improvements of 7.3% and 14.5% over
the static method, respectively. The results demonstrate that the
images have been coregistered by our method with an accuracy
of 0.001 pixels. We shall bear in mind that, the previous static
coregistration results of the 95 images are taken as prior in-
formation for the error adjustment in kinematic coregistration.
Therefore, we believe that the improvement of kinematic results
over the static results is reliable.

B. Evaluation of the Computation Performance

Currently, the Sentinel-1A and -1B satellites have already run
on orbit, and they share one orbital plane with an orbital cycle
phase difference of 180°. The revisit interval is 12 days for a
single satellite, while 6 days for the combination of Sentinel-1A
and -1B satellites. With such a high time resolution, unnecessary
repeat recoregistration will dramatically increase the compu-
tational burden and the efficiency of the whole process will
decrease.

We compare the computational performance of the static and
kinematic methods, in terms of the elapsed time for kinemati-
cally coregistering the newly added six TOPSAR images, see
Table II. For the static method, the previous coregistered 95
images shall be recoregistered together with the newly added
6 images. While for the kinematic method proposed in the

article, only the newly added images shall be coregistered. For a
reasonable comparison, we assumed two-connections network
construction scenario for both static and kinematic methods.
Besides, we assumed that images of Subset S1 have already
been coregistered.

For the static method, when new images are added, the static
method shall recoregister both new and old images together.
Thus, 199 times of ESD and 100 times of Single Look Com-
plex (SLC) image resampling shall be performed to coregister
the 101 TOPSAR images. The total consuming time is about
12165.8 s. While kinematic method only needs to estimate the
coregistration offsets of the extended network of the newly added
images and resample the new images. And the total consuming
time is only 732.0 s. Therefore, the computational efficiency is
obviously higher.

At present, satellites Sentinel-1A and -1B have systematically
acquired TOPSAR image data with a short revisit interval,
allowing the systematical and periodical geological disaster
monitoring. However, processing such big SAR data is a great
challenge, especially when the near real-time data processing
is needed. The proposed kinematic method for multitemporal
TOPSAR images coregistration method giving new idea for
TOPSAR data near real-time processing.

C. Potential Error Sources

According to the ESD algorithm (see section II-A), the mis-
registration is estimated based on the difference of forward and
backward looking interferometric phases on the burst overlap
region. It implies two assumptions: first, the difference between
the two looking geometries is small, so that the flat earth phase
and topographic phase of corresponding interferometric pairs
can be cancelled out; second, the deformation along the az-
imuth direction is zero or can be ignored. If the assumptions
were satisfied, the random phase noise would be the only er-
ror source affecting the estimation of misregistration [see (6)],
which could be eliminated by our triangulation constraint based
coregistration method or the NB-method. Thus high-accuracy
misregistration estimates are provided.

However, if the difference between the forward and backward
looking geometries is large, the flat earth phase and topogra-
phy phase cannot be canceled out, leading to nonzero residual
flat earth phase (Δφflat) [27] and topography phase (Δφtop).
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Fig. 6. Example of short-baseline network.

Besides, the possible existing deformation in the azimuth di-
rection would also induce additional signals. Furthermore, the
impacts of the ionospheric disturbances and earth tides also can
cause additional phase errors, which may not be eliminated
by adjustment. Thus, before using the proposed method, we
need to correct the geometric difference errors [28], azimuth
deformation [8], ionospheric disturbances and earth tides [29].

VI. CONCLUSION

The accuracy of long time-series TOPSAR image coregis-
tration is subject to the coherence of the burst overlap region.
To obtain the accuracy of 0.001 pixels for the coregistration of
a stack of multitemporal TOPSAR images, as well as newly
added images, we first gave a brief review for the existing static
methods, including the single master-, temporally transferred-,
and network-based methods, for coregistering multitemporal
TOPSAR images in this article. Then, we proposed a kine-
matic coregistration method to coregister newly added TOPSAR
images by introducing the SWLSA. The Sentinel-1 TOPSAR
images covering Mexico City was selected to test the proposed
kinematic method. The results demonstrate that the kinematic
method can achieve an accuracy of 0.001 pixels for kinemat-
ically coregistering newly added multitemporal TOPSAR im-
ages. Compared with the static network-based coregistration
method, the proposed method has an improvement of 7% over
the static method. And the computational efficiency of kinematic
method is significantly higher than the static method. For the big
SAR data and the corresponding near real-time processing, our
method provides a reference solution.

APPENDIX

DESIGN MATRIX CONSTRUCTION

A. Design Matrix for Multitemporal TOPSAR Images
Static Coregistration

Given N images, indexing from 1 to N in chronological
order, we select the first image (index 1) as the reference for
coregistration (it can be any image actually). Then, we construct
a network similar to the connections in Fig. 6, and establish the
connection matrix G, with the size of M × N, according to the
relationship of image connections. The corresponding connected
relation matrix for Fig. 6 is shown in Fig. 7. Because the first
phase image is selected as the reference, the design matrix A
of the triangulation chain network is obtained by deleting the
corresponding column in matrix G, namely the design matrix
A = G(:, 2 : N) with a size of M × (N – 1). The blue, green,

Fig. 7. Example of short-baseline adjustment design matrix. Note: The first
column (with grey background) is the reference image that has been deleted.

purple, and orange blocks compose the triangulation adjustment
design matrix A in Fig. 6.

B. Design Matrix for Multitemporal TOPSAR Images
Kinematic Coregistration

Given two sets S1 and S2 withN1 andN2 images, respectively.
The images are indexing from 1 to N1 and N1 + 1 to N1 +N2.
Combining the two sets to construct the short-baseline network
in the same way stated in Appendix A, we obtain the overall
design matrix A, with a size of (M1 +M2)× [(N1 +N2)− 1].
Blocking matrix A, we obtain the following:

A1 = A (1 : M1, 1 : N1 − 1)

B1 = A (1 : M1, N1 + 1 : (N1 +N2)− 1) = 0

A2 = A (M1 + 1 : M1 +M2, 1 : N1 − 1)

B2 = A (M1 + 1 : M1 +M2, N1 + 1 : (N1 +N2)− 1) .

For example, there are 7 images in Fig. 6. The first four
images compose S1, and the rest three images compose S2.
The short-baseline network of S1 is denoted by the solid link
section, and the expanding network is denoted by the dotted
link section. Then, in Fig. 7, the blue, purple, green, and orange
blocks correspond to matrix A1, B1 (Note: All elements of B1

are zero), A2, and B2, respectively.
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