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Separating and Unwrapping of Residual
Topographical and Time-Series Deformation Phases
in PS-InSAR Based on Zero-Temporal Baseline
Combination and Time-Domain Differentiation

Jingxin Hou ", Bing Xu"”, Zhiwei Li

Abstract—To separate and unwrap the residual topographical
and deformation components from the wrapped phases are the key
issues for persistent scatterer interferometric synthetic aperture
radar (PS-InSAR) technique. The current methods, such as grid-
search method based on the assumption that the deformation in
time-domain is linear, or the least squares ambiguity decorrelation
adjustment method that needs priori information to construct the
pseudo-observations, etc., are still difficult to tradeoff accuracy
against efficiency. In this article, we propose a new method to sepa-
rate and unwrap the differential phases for PS-InSAR by dividing
them into residual topographical phase and differential deforma-
tion phases and performing the phase unwrapping separately. First,
we calculate phase ambiguities caused by residual topographical
error by zero-temporal baseline combination and single param-
eter grid-search method. The calculated residual topographical
error is used to separate the differential phases dominated by
deformations from the original differential phases of PS-InSAR.
Then, we proposed time-domain differentiation to unwrap differ-
ential phases dominated by deformations without any assumption
of deformation model in time-domain. The performance of the
proposed method is tested by both simulated and real datasets. The
experimental results show that, compared with classic PS-InSAR,
the accuracy of residual topographical error estimation is compa-
rable; however, there is an accuracy improvement of 34.4% for
the deformation parameter estimation and 35.7% for nonlinear
deformation time-series extraction, as well as an improvement of
20—40 times in computational efficiency.
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I. INTRODUCTION

S AN advanced interferometric synthetic aperture radar

(InSAR) technique, persistent scatterer (PS) InSAR is
widely used to detect ground deformation with millimetric
accuracy in time series on a high density of PS points [1],
[2], [3]. However, since it was proposed, PS-InSAR has been
affected by the problem of components separating from the
wrapped phase. Phase separation resolution is a critical step in
PS-InSAR [4], [5]. The performance of phase separation can
directly determine the accuracy and reliability of PS-InSAR
products.

As we know, the differential interferometric phase can be
seen as combinations of the deformation phase, residual topo-
graphical phase, orbital error phase, atmospheric delay phase,
and other decorrelation noise phases. Phase separation means
extracting the parts of interest (such as the deformation phase and
residual topographical phase) from the mixed phase. Because the
interferometric phase is wrapped, a phase unwrapping process
is performed first or simultaneously during the phase separation.
Phase unwrapping is a process of recovering unambiguous phase
cycles from the phase data that are measured in modulo 27. Tra-
ditional phase unwrapping methods, such as the Branch-and-Cut
algorithm [6] and MCF method [7], are not performed well for
PS-InSAR because PS-InSAR is worked at sparse and irregu-
larly sampled PS points. In order to achieve the phase separating
and unwrapping, four kinds of parameterized methods have been
proposed. First, the wrapped phase was transformed by Euler’s
formula to avoid the effect of phase ambiguities, and defor-
mation parameters could be searched directly in the solution
space, which is called the bidimensional period-diagram method
[3] or grid-search method [8]. However, this kind of method
can only calculate deformation rate parameters and residual
topographical parameters for arc phase and does not really
unwrap the phase and phase ambiguities may still exist when
we extract the nonlinear deformation time series from residual
phase because underfitted deformation model may cause large
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residual arc phase, which may affect the accuracy of parameter
calculation and result in the existence of phase ambiguities in
residual arc phase. In addition, the accuracy of the deformation
parameters maybe affected by the upper and lower bounds of
the solution space, and partial nonlinear deformation may be
mistakenly removed during the atmospheric phase correction
process by spatial-temporal filtering. Second, the least squares
ambiguity decorrelation adjustment [9], [10] and its improved
methods [11], [12], [13] were applied to PS-InSAR to estimate
both ambiguities and deformation parameters simultaneously by
using the integer least square method and pseudo-observations.
Because of the lack of a priori information, it is difficult to
construct the pseudo-observations and weight matrices. Third,
three-dimensional phase unwrapping methods were applied to
PS-InSAR with a representative method proposed by [14] and
[15]. This method introduced temporal-dimension information
and improved the accuracy of phase unwrapping. However,
these methods require assumptions that are not always valid.
Moreover, the efficiency of these methods is low, and the reduce-
resolution process can result in new errors during parameter es-
timation. Fourth, the TCP-InSAR technique [16] was proposed
to estimate deformation parameters by eliminating PS arcs that
contain phase ambiguities. The process of elimination may break
the stability of the PS network and create some individual sub-
networks, which can cause the failure of parameter estimation.
The above four methods also have some common problems,
such as low efficiency and excessive time and computer memory
consumption.

The main principle of these parameterized methods is to
model phase components so that we can divide the deformation
time series into modeled and nonmodeled parts and calculate
them separately, which can be affected by the inapplicability
of the model [17]. In fact, real surface deformation is very
complicated in both temporal and spatial domains and hard to
be fit with a unified model [18]. Nonmodeled deformation often
partially lose during the temporal—spatial filtering process, and
the real deformation cannot be fully restored by these param-
eterized methods [19]. To avoid the effect of badly underfitted
deformation models, some nonparametric methods have been
proposed [20], [21], [22], but these methods are complex and
can exhibit low robustness. Therefore, separating, unwrapping
the phase, and extracting deformation time series accurately and
efficiently remain a key issue in further advancing PS-InSAR
applications.

Limited by the number of available SAR satellites and their
revisit periods, previous articles have focused more on the
advantages of high space resolution and wide ground coverage
of SAR images. However, with the rapid development of SAR
satellite technologies, some SAR satellites were launched in
constellation mode, and the revisit period of SAR satellites
has been shortened dramatically to several days. Intensive time
sampling can provide abundant observational information for
SAR datasets and improve the ability to depict actual ground
displacement, which can provide a practical basis for phase sep-
arating, unwrapping, and the recovery of deformation sequences
from the time dimension.

In the general phase model for PS-InSAR, the differential
interferometric phase consists of the deformation phase, residual
topographical phase, atmospheric phase, orbital error phase, and
other noise phases. Accordingly, ambiguities of the differential
interference phase are contributed by the above constituent.
When we construct PS arcs for PS-InSAR, common space phase
errors can be counteracted, and arc phase ambiguities can be
considered to be only caused by deformation and residual to-
pographical error. The residual topographical phase is irregular
in the time series and can be functionalized with the vertical
baseline, but the deformation phase accumulates gradually in the
time series and is wrapped regularly. The differential expression
of the deformation phase and residual topographical phase in
the time dimension offers a new approach to separating and
unwrapping phase for the PS-InSAR technique. In this article,
we proposed a new phase separating, unwrapping, and deforma-
tion time-series extraction method for PS-InSAR by using inten-
sive SAR datasets. This method follows the classic PS-InSAR
framework and separates the deformation phase and residual
topographical phase from the PS arc phase. Phase ambiguities
caused by residual topographical error and ground deformation
are calculated, respectively. Then, the weighted least squares
method is used to estimate the deformation parameters and thus
extract the deformation time series for the PS points.

The rest of this article is organized as follows. Section II
introduces the proposed method in detail. The performance
of our new method is tested by using synthetic datasets and
real SAR datasets in Section III. Some factors that affect the
estimation accuracy and success rate of this new method are
discussed in Section I'V. Finally, Section V concludes this article.

II. METHODOLOGY

Different from the classic methods, we deal with the phase
separating and unwrapping problem by considering phase com-
positions and their change rules directly. The PS arc phase
contains differential deformation phase, differential residual
topographical phase, and differential noise phase. In our method,
the zero-temporal baseline combination method and single pa-
rameter grid-search method are used to separate the differential
residual topographical phases and calculate phase ambiguities
caused by residual topographical error for the arc. Then, a
successive difference for the arc phase in the time dimension
is engaged to detect and correct the wrapped phase caused by
ground deformation. Finally, the weighted least squares method
is used to estimate deformation parameters and extract deforma-
tion time series for PS points. Section II-A-D describes these
innovative steps in detail, and Section II-E shows the improved
PS-InSAR processing chain compared with classical PS-InSAR
technique.

A. Separating and Unwrapping of Residual Topographical
Phase Based on Zero-Temporal Baseline Combination

Given N differential interferograms formed by N SAR im-
ages (containing a master—master differential interferogram), the
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interferometric phase of PS point x in the ith differential interfer-
ogram can be written as a combination of different contributions
as follows:

(I) (xv tl) - W [Sodefo + Sptopo + Porb + Patm + Spnoise] (1)

where ¢ represents the wrapped phase, ¢ represents the un-
wrapped phase, W] is the wrapping operator, and Ycfo, Piopos
Porbs Patm, and ppoise are the deformation phase, residual topo-
graphical phase, orbital error phase, atmospheric delay phase,
and noise phase, respectively.

After modeling, (1) can be expressed as

4 ‘
W | S (2)t; + Bleh+ o | (@)

O (z.t;) =
(@.%:) ) st ng i e

where A, R, and € are the wavelength, satellite-target distance,
and incidence angle of PS point x for the sensor, respectively;
t; and Bj- are the temporal baseline and perpendicular baseline
of the ith differential interferogram, respectively; v(x) and "
are the linear deformation rate and residual topographical error,
respectively, due to inaccurate DEM data of PS point z; and ¢} |
is the residual phase contributed by atmospheric delay, nonlinear
deformation, noise error, orbital error phase, and other obstacles.

After constructing the PS network, the differential phase for
an arc that connects two PSs x and y can be derived as

4

BLAEh + ()Ol‘mes y,t;
3)

where A® is the phase difference between two neighboring
pixels z and y; Av and Agy, are the differential residual to-
pographical error and differential linear deformation rate of PS
pair z and y, respectively; and 7, , is the differential residual
phase. Some error phases, such as atmospheric delay and orbital
error phases, can be counteracted [23] because PSs « and y are so
nearby in space that those error phases are nearly uniform. Thus,
@y 1, 18 contributed by differential nonlinear deformation and
noise.

The differential phase for arc A®(x,y,t;) is still a wrapped
phase. The noise phase of PSs is very small, which cannot lead
to phase wrapping. Phase ambiguities of the PS arc phase are
caused by differential residual topographical error and differen-
tial deformations. The unwrapped differential phase for the arc
can be described by

Ap (x,y,t;) =

47
— Avt;
. vt +

2 (kicfy + k‘;ofc;) T+ AD (z,y,t;) (4

kdef and P

where y o—y are the differential phase ambiguities
caused by differential deformation and differential residual to-
pographical error of PS pair x and y, respectively.

The differential deformation phase and differential residual
topographical phase show different characteristics in the time
dimension, so we can separate them from the arc phase. The
values of differential residual topographical phase are related
only to the geometric parameters of the SAR sensor. PS-InSAR
is suitable for continuous and slow-moving ground deformation,
so we can assume that the deformation values within adjacent
equal time intervals are uniform. Under this assumption, the
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Fig. 1. Diagrammatic map of pseudophase formation processing. We take
A®d,_5 as an example: search range for A®,4_5 is determined from image 2
to image 6, and then we can find that A®3_4 has the same temporal baseline
to Ad, 5 and APy 3 has double temporal baseline to AP,4_5. Then, two
pseudophases can be formed by (A®3z_4, AdDy4_5) and (APo_3, Ady_5).

zero-temporal baseline combination method and single param-
eter grid-search method are used to separate the differential
residual topographical phase and calculate phase ambiguities
caused by residual topographical error for the arc.

If the master image is Mth in N SAR images, the
wrapped differential phase dataset for an arc can be
represented as  [APy_p, ADo_py, - APy _py]  [the
expression is given in (3)]. We make differentiation again
for this dataset in the time dimension, and the differential
dataset is [A¢’1_2,A(I)2_3, s 7A(I)(N71)7N]7 with the time
baseline dataset being [At; o, Aty 3, -, At(y_1)_N]
and  the perpendicular baseline  dataset  being
[AB{ 3, AB3 5, ,AB{y_ 1)- ~]- Then, a zero-temporal
baseline combination process is performed and a diagrammatic
map of pseudophase formation processing is shown in

Fig. 1. More specifically, we search within a certain
search range (e.g., 30 days forward and backward) in
[A®; 5, Ady_3,--- ,AdD(y_1)_y] for each time-dimension

differential phase, and then we select those that are expected to
have the same temporal baseline or multiples temporal baseline
in search range to center phase. Then, a pseudophase can be
formed for this arc using

Ad, =W [A(pdef + ———ABFAgj, + Acpr“] (5)

4dm
ARsing

4 res
A Dy = [Agadef + TRt HABb Aep, + Agy ] (6)

where A®, and AP, are two time-dimensional differential
phases with equal or multiple temporal baselines, which means
ngA tqy = ny Aty and ng,ny € +1, £2. The small combinato-
rial number (n,, 1) is used to avoid the overexpansion of phase
errors, such as residual APS or orbit errors. According to the
assumption above, 1, A ‘Pfﬁf =np Agofjgf, SO

AD, p =n, AD, — A Oy =W
471- res
ARsind (naABy —npABy) Aep+(ng Apy® —npApy®)

(N
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Fig. 2. Diagrammatic map of deformation phase wrapping. Dramatic phase
changes occur due to phase wrapping (A) or long-time intervals (B).

where Ad,_; is the pseudophase with a “zero” temporal base-
line and n,AB+ — n,ABj is the pseudoperpendicular base-
line.

After traversing for all time-dimensional differential phases, a
series of pseudophases are obtained and used as observations to
calculate a single parameter Aej, by the single-parameter grid-
search method. Then, we can calculate the differential residual
topographical phase for the arc by

4m B

A Rsind Ach. ®)

A Ptopo =

Phase ambiguities kg’fﬁ; caused by residual topographical

error can also be calculated easily by measuring in modulo 27

red for Agopo. Therefore, we can complete phase unwrapping
of the differential residual topographical phase.

B. Separating and Unwrapping of Deformation Phases Based
on Time-Domain Differentiation

In this section, the differential residual topographical phase is
first subtracted from the wrapped differential phase dataset for
an arc. The differential deformation phase (with noise phase)
can be derived as

A (I)def = W [Aq) — A@topo] . (9)

As previously stated, the deformation phase continuously
varies in the time dimension due to the intensive acquisition of
SAR images, and the phase change is dramatic when wrapping
occurs (see Fig. 2); therefore, we can detect and recover the
phase wrapping according to the continuous change process of
the differential deformation phase in the time dimension.

Concretely, the wrapped differential deformation phase

: def def def
dataset for an arc is [AD{,, AP, - ADY 4]
We make a difference again for this dataset in
the time dimension, and the differential dataset is

[A{y, ATy -+ ADY ) \]. A phase change threshold
(e.g., 1.5m) is used to judge if phase wrapping occurred.
Each time-dimensional differential phase is judged, and
the corresponding wrap value is added or subtracted from
the differential deformation phase. After this process, the
differential deformation phase can be unwrapped preliminarily.

Because of the noise phase that is contained in the differential
deformation phase, or the absence of SAR images which cause
unevenly distributed time intervals, phase unwrapping for the
differential deformation phase may contain mistakes. Consider-
ing that phase wrapping is always countertrending for deforma-
tion time series [see Fig. 2(a)], but the noise phase or unevenly

distributed time intervals usually do not change the deformation
trend [see Fig. 2(b)], a correction process is performed in our
method. First, a low-pass filter is used separately for several
differential deformation phases before and after the moment of
phase wrapping, as judged by the phase change threshold. Then,
slopes are calculated before, during and after the moment of the
phase wrapping for the differential deformation phase, and we
denote them by Lj, Lo, and Ls. If Ly and L3 have the same
plus/minus sign but L, is different, phase wrapping occurred at
this moment. Otherwise, L1, Lo, and L3 have the same sign,
phase wrapping is misjudged, and we need to correct it.

After this correction process, the phase ambiguities caused by
deformation can be calculated precisely.

C. Parameters Estimation for Arcs
and k5P are calculated

After subsections B and C, k3!, oy
precisely, and we can restore the unwrapped differential phase
for the arc by (4), which can be derived as follows:

47
FTesmg i Ben + Ay

The least squares method is used by taking the unwrapped
differential phase for the arc as an observation, and the differ-
ential residual topographical error Aej, and differential linear
deformation rate Av of PS pair = and y can be estimated exactly.
The multi-image phase coherence proposed by [2] and [3] can
also be obtained by

A (.10 = = Aoty + (10)

Y= (1)

N v A
J* AP}
2 iz1©
N

where N is the number of interferograms; j is an imaginary unit,
and j = +/—1; Ap' can be derived using (10).

D. Nonparametric Estimation of Time-Series Deformation

Once we obtain the exact solution of arc parameters, the
unwrapped differential residual topographical phase can be sep-
arated accurately, and the rest of the unwrapped arc differential
phase contains the unwrapped differential deformation phase
and noise phase. Some arcs with low ~ (<0.7) are discarded.
Then, the weighted least squares network adjustment method
is performed to obtain the residual topographical error and
deformation rate for all PS points.

For the PS network with P points and @ arcs, error equations
can be formed as follows:

V=BxX-1L (12)

where V' is the correction matrix; B, X, and L are the design
matrix, parameter matrix, and observation matrix, respectively;
and B, X, and L have the following form:

1 -1 0 -0
10 -1 -0
B0 1 -1 0,
0 0 1 -1
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Ly X1
Lo X
L=|Ls| x =|Xs (13)
Lg Xp
Furthermore, we define the weight matrix as follows:
Al
Y2
P = (14)

TQ

According to the methodology of the weighted least squares
method, given the known starting data of the global reference
point, the parameter can be calculated by

X = (B"PB)' B"PL. (15)

We regard the differential residual topographical error and

differential linear deformation rate calculated in subsection C as

he common processes are labeled with black dotted-line boxes. Classic processes
d boxes. Five portions are labeled with gray symbols.

observations, respectively, and the residual topographical error
and linear deformation rate can be estimated for each PS point.

In the same way, we can calculate the deformation phase
for each PS point by regarding the rest of the unwrapped arc
differential phase as observations and perform for every dif-
ferential interferogram. Because master—master interferograms
do not have phase wrapping and ground deformation, we can
revise the deformation phase time series by subtracting the
master—master deformation phase value for each PS point. Af-
ter low-pass filtering to eliminate the noise phase and phase
transformation, we can extract the deformation time series
successfully.

E. Improved PS-InSAR Processing Chain

Compared with classic PS-InSAR, the workflow of the
proposed approach can be summarized as follows (see
Fig. 3).

1) We register SAR datasets and construct interferograms

with a single-master model. Moreover, PSs are selected,
and the network is constructed.
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TABLE I
BASIC PARAMETERS OF THE DATASETS CAPTURED FROM SENTINEL-1 SENSORS
No. Bperp Btemp Time No. Bperp Btemp Time No. Bperp Btemp Time
(m) (days) interval (m) (days) interval (m) (days) interval
1 -128.3 -600 24 24 -67.2 -144 12 47 -57.7 204 12
2 29.1 =576 25 -41.9 -132 48 35.2 216 12
3 116.3 -552 24 26 =553 -120 12 49 -27.2 228 12
4 3.2 -528 24 27 -2.2 -108 12 50 -29.4 240 24
5 -43.9 -504 24 28 60.3 -96 12 51 -26.0 264 12
6 -14.5 -480 24 29 6.5 -84 12 52 6.9 276 12
7 -49.8 -456 24 30 34.1 -60 24 53 -12.5 288 12
8 15.1 —432 24 31 28.4 -48 12 54 8.8 300 12
9 -31.8 -384 48 32 55.6 -36 12 55 -39.6 312 12
10 81.9 =372 12 33 1.3 -24 12 56 14.7 324 12
11 59.9 -360 12 34 -11.4 -12 12 57 -16.5 336 12
12 8.7 —348 24 35 0 0 12 58 43.9 348 12
13 -22.8 -336 12 36 31.3 12 12 59 =554 360 12
14 -50.1 -324 12 37 -59.7 18 6 60 -29.3 372 12
15 8.9 =312 12 38 64.9 24 6 61 0.1 384 12
16 0.9 =300 12 39 -56.7 48 24 62 45.4 396 12
17 42.5 -288 12 40 -127.4 60 12 63 70.6 408 12
18 -14.8 =276 12 41 11.6 120 60 64 9.2 420 12
19 -26.9 -252 24 42 10.1 132 12 65 -93.4 432 12
20 -8.8 -228 24 43 50.0 156 24 66 -147.2 444 12
21 4.2 =216 12 44 -0.8 168 12 67 -95.7 456 12
22 -18.5 -168 Ti 45 -69.1 180 z 68 -17.2 468 12
23 10.2 -156 12 46 -64.9 192 12 69 17.2 480 12

2) We separate the differential residual topographical phase
from the arc differential phase and calculate phase ambi-
guities caused by residual topographical error.

3) We separate the differential deformation phase from the

arc differential phase and calculate phase ambiguities

caused by ground deformation.

The differential residual topographical error and differ-

ential linear deformation rate of arcs can be estimated

exactly.

We estimate residual topographical error and linear de-

formation rates and extract deformation time series for

each PS point by using the weighted least squares network
adjustment method.

4)

5)

III. EXPERIMENTS AND RESULTS
A. Synthetic Dataset Test

The test is first carried out on 69 synthetic interferograms
with 512 x 512 pixels simulated from 69 C-band SAR images
from May 2015 to April 2018. The geometric parameters of
the SAR images are set with reference to Sentinel-1, as shown

in Table I. In these interferograms, the maximum perpendicular
baseline is 147 m, and the maximum adjacent time interval of the
SAR images is 60 d. A total of 9968 PSs are selected that were
evenly distributed in images, and 29 805 arcs are constructed
in a Delaunay network. During the simulation, we simulate
four types of phase signals: deformation, residual topographical
error, atmospheric artifacts, and phase noise. The linear defor-
mation pattern is simulated by a peak function with a range of
deformation rates from —3 to 1 cm/a, as shown in Fig. 4(a).
Moreover, a cyclic deformation is added in the northeast corner
of images with a fixed period of 1 year and variable amplitude
in space ranging from O to 2 cm, as shown in Fig. 4(b). The
residual topographical errors are randomly distributed and range
from —40 to 40 m for all PS points, as shown in Fig. 4(c). Then,
turbulent atmospheric signal based on Kolmogorov turbulence
theory [24] is simulated for each image, and random phase noise
is added to all images with a mean of 15°.

Under these conditions, the new method is used to estimate
the linear deformation rate and residual topographical error for
each PS point, as shown in Fig. 5. Based on Fig. 5, we find that
the calculated results are highly consistent with the simulated
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Fig. 5. (a) Calculated linear deformation velocities for all PSs. (b) Calculated
residual topographical error for all PSs. (c), (d) Differences between calculated
results and simulated values of linear deformation rate and residual topographical
error.

values. More than 98% of PSs have a deformation rate bias
within 1 mm/a, and more than 86% of PSs have a residual topo-
graphical error bias within 5 m. The RMSEs of the deformation
rate calculated value and residual topographical error calculated
value are 0.43 mm/a and 3.66 m, respectively. Fig. 5(d) shows
that residual topographical error biases in the nonlinear deforma-
tion region are larger than those in other regions because residual
topographical error estimation is sensitive to the residual phase,
and we use a linear model to estimate nonlinear deformation,
which can lead to a large residual phase.

Furthermore, deformation time series are extracted by both
classical PS-InSAR and new method with same time series filter

(a) Simulated linear deformation velocities for all PSs by the peaks function. (b) Simulated amplitude of cyclic deformation for all PSs. (c) Simulated
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Fig. 6. Deformation time series of P1, P2, and P3. Blue dots show the
simulated results, red triangles show the results of new method, and green
rectangle shows the results of classical method.

method (triangular filtering method) and same filter window,
and the results of three pixels [P1, P2, and P3, which are shown
in Fig. 5(a)] are shown in Fig. 6. The RMSEs of three points
are 4.5, 5.3, and 2.4 mm for new method, but 7.0, 6.1, and
2.9 mm for classical method. The results show that compared
with the classical method, the new method is competent for
linear deformation but an improvement of 35.7% for nonlinear
deformation. This may because linear model is used in clas-
sical PS-InSAR technique but new method does not relay on
deformation model during deformation time-series estimation.
We can also find that the deformation time-series results of new
method may be slightly inconsistent in P1. The inconsistence
appeared at a time point of 1 year after the initial observation
in which about 8 mm displacement occurred during 28 days.
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results of the above two methods.

Nonuniform time sampling and imprecise time-series filtering
may cause those inconsistence and error is accumulated in the
subsequent time-series results.

B. Real Dataset Test: Hong Kong Airport

For validation purposes, 24 spotlight model TerraSAR images
with a spatial resolution of 1 m were acquired from October 2008
to December 2009, as shown in Fig. 7(a). The spatial-temporal
baselines of the interferograms are shown in Fig. 7(b), and the
maximum adjacent time interval of SAR images is 66 d. A total

of 149 172 PSs were selected, and 447 589 arcs were constructed
from the Delaunay network.

Both the classic PS-InSAR technique and the new method
were utilized in this experiment, and the results are shown in
Fig. 8(a) and (b). The difference between the two methods
is shown in Fig. 8(c). The distribution and magnitude were
consistent for the two results, and 99.89% of the differences
in the deformation rate were within =2 mm/year. The inter-
comparison results [Fig. 8(d)] between the two methods show
that the correlation is 0.97 and the RMSE of the difference is
0.33 mm/year, revealing that the deformation rate mapped by
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the new method is in good agreement with the classic method
and that the new method is an alternative option in terms of
monitoring accuracy.

IV. DiscussiON
A. Superiority in Accuracy Compared With Classic PS-InSAR

When we use classic PS-InSAR, the parameters are estimated
by the grid-search method for the wrapped arc phase. The estima-
tion may be affected by the wrapped phase, and the differential
deformation rate and differential residual topographical error
interact during searching. Parameter accuracy depends on the
degree of agreement between the model and the actual situation.
In the new method, we separate the differential deformation
phase and differential residual topographical phase from the arc
phase and unwrap them. Parameters are estimated directly by
the unwrapped phase, and thus, parameter accuracy is improved
for arc calculation and point calculation.

To show the superiority of our method in terms of accuracy,
comparisons of classic PS-InSAR [25] and the new method have
been performed for both arc parameter calculations and point
parameter calculations by using the synthetic datasets described
in Section III-A. Bias histograms of the parameters are shown
for both arcs [Fig. 9(a) and (b)] and points [Fig. 9(c) and (d)].
The means and STDs of these results are given in Fig. 9. Fig. 9
shows that residual topographical error biases are similar for

both arcs and points, which may be because the influence of
model errors is similar for the grid-search method in classic
PS-InSAR and the least squares method in the new method when
we calculate residual topographical error. Compared with the
classic method, the STDs of the deformation rate parameter are
reduced by 29.17% and 34.38% for arcs and points when we use
the new method, respectively, revealing that the new method can
achieve a more accurate deformation rate. We also find that the
point parameter accuracy is lower than that of the arc results,
which may be because of the misestimation of multi-image
phase coherence, which is likely to increase random errors for
phase observable and deformation products due to inappropriate
weighting [26].

B. Superiority in Efficiency Compared With Classic PS-InSAR

Low efficiency is a major limitation in classic PS-InSAR.
Although a novel block method [27] was proposed to solve
this problem, it pays more attention to the space scale rather
than the phase resolution. In classic PS-InSAR, the grid-search
method is used to calculate arc parameters. The solution space is
a 2-D space, and each parameter combination is tried during the
search process. In this article, after simple phase combination
and difference, 2-D space can be compressed into 1-D, which
can reduce time consumption significantly. Table II lists the
computing time of the arc calculation process for the classic
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TABLE II The statistical results are given in Fig. 10. We find that the size
COMPARISON OF TIME CONSUMPTION . p
of the residual topographical error hardly affects the success rate
of phase unwrapping, implying that the new method is suitable
Time consumption :
Datasets  Number of for most external DEM datasets and scenarios. On the other
arcs Classic method New method hand, as the noise level increases, the success rate decreases
. . .. o
Synthetic o 505 1o - quickly, especu'ill}'/ When.the mean noise is larger than 20°.
datasets § s Although arc elimination is used in the new method, too many
d:::elts 447 589 11520's 594 5 failing—unwrapping phases will break the PS network and lead

*All tests were implemented using the same computer (CPU: 14 threads, 4.0 GHz).

method and the new method in both the synthetic dataset test
and the real dataset test.

C. Effects of Noise Level and DEM Error on Phase
Unwrapping and Parameters Estimation

The accurate estimation of the differential residual topograph-
ical error is the first and most important step for our method.
We can find from (3) that the model coefficient of Aey, is very
small, so differential residual topographical error estimation is
extremely susceptible to noise [28]. In addition, low-resolution
and imprecise DEM data may cause large residual topographical
error and reduce parameter estimation accuracy.

To assess the effect of the noise level and DEM error on the
arc phase unwrapping results and parameter estimation accuracy,
we take synthetic datasets with five residual topographical error
levels (£5, +15, £25, 435, and =45m) and nine noise levels
(0°, 5°, 10°, 15°, 20°, 25°, 30°, 35°, and 40°) as examples.

Compared to the true values, two types of phase unwrapping
success rates are counted for the arc phase: the network success
rate and the interferogram success rate. Network success means
that an arc phase has been unwrapped successfully in all inter-
ferograms, and interferogram success means that an arc phase
has been unwrapped successfully in one interferogram.

to some individual subnetworks, which reminds us that strict PS
point selection should be performed in the new method and the
noise level of PSs should less than 25°.

Furthermore, the parameter estimation accuracy is obtained
for multiple simulations, and the results are shown in Fig. 11(a)
and (b). The accuracy of the differential residual topographical
error and differential deformation rate slowly changes and then
greatly decreases with increasing noise level. Under a higher
noise level, the more imprecise the external DEM is, the lower
the accuracy of the differential residual topographical error for
the arc. After we discard some arcs with the multi-image phase
coherence threshold of 0.7, the effect of the noise level is obvi-
ously dominant, and the accuracy of the differential deformation
rate in all situations is less than 1 mm/a. It should be noted that
parameter errors still exist when the noise level is 0° because
there are still some atmospheric delay phases present in the
differential arc phase.

D. Effects of Image Time Intervals on Deformation
Time-Series Extraction

As described in the INTRODUCTION, the new method in
this article is proposed benefit from intensive time sampling
of SAR images with the rapid development of SAR satellite
technologies. Image time interval is an important parameter for
new method, which can affect the construction of pseudophase
with “zero” temporal baseline and phase wrapping detection of
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Fig. 11.

Effects of noise level and DEM error on parameter accuracy for five situations of residual topographical error and nine situations of noise level. (a), (b)

are the results of all arcs; (c), (d) are the results of arcs with multi-image phase coherence larger than 0.7.

deformation phases and thus affect the extraction of deformation
time series.

To assess the effect of image time intervals, we select part of
images from synthetic datasets described in Section III-A and
construct four datasets with average time interval of 12, 24, 36,
and 48 days, respectively. Deformation time series in two PSs
are estimated and the results are shown in Fig. 12.

We can find from Fig. 12 that compared with the estimation of
linear deformation time series, the nonlinear deformation time
series is more susceptible to the increase of image time interval.
With the increase of image time interval, the assumption in
Section II-A has become imprecise for nonlinear deformation
and the number of pseudophases is reduced, which may lead
to inaccurately calculation of residual topographical error and
the reduce of multi-image phase coherence (v) for arc phase.
Then, the network is changed after discarding some arcs with
low 7 and then estimation accuracy of time-series deformation
is reduced. In order to improve the accuracy and reliability of
the new method, it is suggested that the average time interval of
SAR images should be within 30 days for nonlinear deformation
monitoring.

E. Effects of Inaccurately Residual Topographical Error
Estimation on Deformation Time-Series Extraction

It should be noted that the differential residual topograph-
ical error estimation in Section II-A is an approximate value
because the assumption is not rigorous and the residual de-
formation phase may still exist in pseudophase. We can find
from Section IV-A and C that, after we set multi-image phase
coherence threshold of 0.7 for are calculation, the parameter
error of the differential residual topographical error is small
(small than 5 m). Cause of the small model coefficient of Agy,
in (3), the inaccurately residual topographical error estimation
is not enough to cause phase ambiguities. Phase ambigui-
ties caused by residual topographical error can be calculated
precisely.

Furthermore, in Section II-B, not only the phase ambigui-
ties caused by residual topographical error was subtracted, but
the residual topographical phase. Therefore, the inaccurately
estimation of residual topographical dose have impact on the
deformation time-series estimation. For the common SAR satel-
lites, such as PALSAR?2, Sentinel-1, and TerraSAR-X, the orbit
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TABLE III
EFFECTS OF INACCURATELY ESTIMATED TOPOGRAPHIC ERROR ON DEFORMATION TIME SERIES

Sensor Wavelength Slant-range inciﬁzzlc‘:gaengle c((?;:)n'i(t)l Effects per meter
PALSAR2 0.236 m ~808 km ~39° 500 m 0.98 mm
Sentinel-1 0.056 m ~900 km ~39° 100 m 0.17 mm

TerraSAR-X 0.031 m ~640 km ~37° 250 m 0.65 mm

positioning was controlled steadily. According to the basic ge-
ometric parameters [29], [30], [31], the effect of inaccurately
residual topographical error estimation (per meter) on deforma-
tion time series can be calculated and the results are shown in
Table III. We can find from Table III that the effect is slight.
As the perpendicular baseline of differential interferograms are
random in positive and negative numbers, the inaccurately esti-
mation of residual topographical error cannot cause a trend error
for deformation time-series estimation which can be weaken by
a low-pass filtering processing.

V. CONCLUSION

In this article, we proposed a novel phase separating, un-
wrapping, and nonparametric deformation time series extracting
method for PS-InSAR. Unlike classic methods, the PS arc
phase is divided into differential residual topographical phase
and differential deformation phase by phase differentiation in
time dimension so that we can unwrap them separately. We
use the zero-temporal baseline combination method and single

parameter grid-search method to calculate phase ambiguities
caused by residual topographical error, and direct detection and
correction are used to unwrap the differential deformation phase.
Hence, the arc phase can be unwrapped successfully, and then
deformation parameters can be calculated for each PS point.
Furthermore, the deformation time series can be extracted by
integrating the arc differential deformation phase in space using
the least squares network adjustment method. The new method
is tested by using both simulated datasets and real TerraSAR-X
datasets, and the experimental results show that the new method
can conveniently achieve high-precision phase unwrapping for
PS-InSAR and calculated deformation time series in a non-
parameterized form. The RMSE of the topographical residual
results and linear deformation rate results of the PS points are
3.66 m and 0.43 mm/year, respectively. Compared with the
classic methods, our new method provides insight for using time-
dimensional information to improve PS-InSAR. The accuracy
of topographical residual estimation is comparable with that of
classic PS-InSAR, but there is a 34.38% improvement in the
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deformation rate accuracy, as well as 20-40 times improvement
of computational efficiency.

There are three major advantages of the proposed method as
follows.

1) Time-dimensional phase differentiation is added to our
method, which gives us more constraints for phase un-
wrapping and improves the precision of deformation prod-
ucts.

2) Classic methods divide the deformation time series into
modeled parts and nonmodeled parts, and a temporal—
spatial filter is used to extract nonmodeled parts, which
likely causes deformation loss. Compared with classic
methods, the deformation time series is obtained by a
nonparametric process without the assumption of a de-
formation model and can be restored more completely in
our method.

3) The calculation efficiency can be greatly improved in our
method. However, it should be noted that the new method
is more suitable for SAR datasets with intensive time
sampling so that fewer errors would be introduced during
the phase difference in the time dimension. Moreover, the
noise level can seriously affect the success rate of phase
unwrapping; hence, we should select PS points carefully
when using the new method.

It should also be pointed out that it is difficult to give a
quantitative analysis for the maximum deformation that the
new method can handle because the threshold is affected by
a combination of multiple factors, such as wavelength of SAR
sensor, time interval for SAR data sampling, coherence of the
observed signal, and density of PSs. But itis definitely that some
abrupt deformations, such as earthquakes or ongoing landslides,
may cause large displacement and result in misjudgment when
we separate and unwrap of deformation phases based on time-
domain differentiation, so like traditional PS-InSAR technique,
our method is not suitable for abrupt deformations.
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