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A B S T R A C T

Sentinel−1 (S1) data enables effective monitoring of displacements using persistent scatterer interferometry
(PSI). S1 includes VV and VH polarization channels, allowing us to apply polarimetric techniques to PSI. In
short, polarimetric PSI (PolPSI) exploits the available polarization channels to enhance the identification and
processing of measurement points including persistent scatterers (PS) and distributed scatterers (DS). Previous
works have shown the benefits of using PolPSI for PS points with S1 data, but the corresponding analysis for
DS is missing.

DS points are processed by finding a neighborhood of statistically homogeneous pixels (SHP) and averaging
the phase within that neighborhood. In this work we show how dual-polarimetric data are stricter on the
selection of the SHP group than single-polarimetric data. Thanks to the information added by the second
channel, different land covers are not mixed in the SHP group. As a result, the number of points in the SHP
groups is generally smaller than with VV alone, but they are more reliable. The impact of this strategy on the
resulting deformation estimates is also investigated in this work, showing that the deformation areas are fully
preserved and the influence of nearby pixels associated with other scene elements is avoided.
1. Introduction

Persistent Scatterer Interferometry (PSI) is an important technique
for monitoring ground deformation. It exploits interferogram stacks
created from a time series of satellite Synthetic Aperture Radar (SAR)
images (Ferretti et al., 2000, 2001; Berardino et al., 2002; Hooper
et al., 2004, 2007; Rosi et al., 2016). This technique largely relies
on identifying pixels with consistently stable phase over time, for
example, buildings and infrastructures, which are defined as persis-
tent scatterers (PS). In addition to PS, advanced PSI approaches also
incorporate distributed scatterers (DS), located in roads, rural areas,
etc., and which require a special processing to derive the deformation
measurements (Ferretti et al., 2011; Wang et al., 2023). The joint use
of PS and DS enhances the capabilities of PSI techniques, allowing
for comprehensive ground deformation monitoring in heterogeneous
scenarios (Dong et al., 2021).

The launch of polarimetric SAR (PolSAR)-equipped satellites, like
TerraSAR−X, Radarsat−2, Sentinel−1 (S1), ALOS−PALSAR, ALOS2−
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PALSAR2, and, more recently, COSMO−SkyMed−2, SAOCOM, and
LT−1, makes it feasible to collect consistent time series of polarimetric
images. In the last years, particular emphasis has been placed on S1,
a constellation of two C-band SAR satellites, which offers VV and
VH images with a short revisit time (6 or 12 days) and under a free
and open access policy. With the available polarimetric data sets, it
is possible to explore the potential benefits of utilizing the additional
channels provided by these satellites to improve the results of PSI. With
this objective, polarimetric PSI (PolPSI) algorithms were proposed,
aimed at investigating how the integration of the polarimetric infor-
mation could lead to improvements concerning accuracy, reliability,
and spatial density of the measurement points (Navarro-Sanchez and
Lopez-Sanchez, 2012; Luo et al., 2022).

In PolPSI, the available polarimetric channels are combined into an
optimized one. This process is carried out for optimizing a cost function
associated with the pixel quality and used as a selection criterion.
With a common goal of providing a stable phase measure, the ampli-
tude dispersion index is chosen as the primary selection criterion for
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PSI (Navarro-Sanchez et al., 2010; Zhao and Mallorqui, 2019a; Iglesias
et al., 2015), whereas coherence is commonly used for distributed
scatterer interferometry (DSI) (Pipia et al., 2009; Navarro-Sanchez and
Lopez-Sanchez, 2012; Iglesias et al., 2014). For amplitude dispersion,
the deformation computation is straightforwardly performed using the
optimized channel. In contrast, in DSI the computation of coherence
necessitates an additional step before the PolPSI optimization, which is
the spatial filtering of the interferograms. Currently, efforts to enhance
PolPSI technology primarily focus on two key areas. First, different
adaptive spatial filtering strategies and specific processing workflows
for DSI have been proposed (Navarro-Sanchez and Lopez-Sanchez,
2014; Mullissa et al., 2017, 2018; Zhao et al., 2022; Shen et al.,
2022a,b). Second, researchers are working to make the processing
quicker and more effective (in terms of both PSI and DSI), as seen in
the work by Zhao et al. (2023).

The adaptive filtering in DSI requires identification of similar pixels
surrounding the reference point, for which several approaches have
been proposed (Parizzi and Brcic, 2011). The Kolmogorov–Smirnov
(KS) test (Stephens, 1970) was employed in DespecKS technique by Fer-
retti et al. (2011) (SqueeSARTM), which exploits the time series of
he amplitude of the SAR images. The generalized likelihood ratio
GLR) test can be used with amplitude data (Deledalle et al., 2015),
nterferometric data (Dong et al., 2018), polarimetric data (Luo et al.,
023), and polarimetric and interferometric data (Deledalle et al.,
015). Other approaches have been proposed in Sica et al. (2018,
021), Murdaca et al. (2022). Apart from the statistical properties
mployed in these approaches, Mullissa et al. (2017, 2018) and Zhao
nd Mallorqui (2019b) estimated the similarity between pixels based
n scattering mechanisms. In all cases, polarimetric or not, the pixels
imilar to a reference one are called the statistically homogeneous
ixels (SHP). Once the SHP set of each pixel has been identified, the
nterferograms are computed by averaging over the SHPs. Most PolPSI
tudies with DS (Navarro-Sanchez and Lopez-Sanchez, 2014; Mullissa
t al., 2018; Shen et al., 2022b; Zhao et al., 2022) have been focused
n the number of measurement points reached, showing an increase
hen polarimetric data are used with respect to single-pol data, thanks

o the optimization provided by polarimetry, in any of its forms. Such
n optimization entails an improved quality of the selected pixels with
espect to single-pol data.

However, despite the demonstrated contribution of PolPSI to PSs
nd DSs, the common practice in most companies and services provid-
ng ground deformation measurements from S1 data, e.g. the European
round Motion Service, consists of discarding the VH channel from

he beginning and computing the deformation products based on the
V channel alone. In the case of PS, we recently studied the physical
rigin of the advantage of PolPSI for S1 data (Luo et al., 2022). We
ound that the VH channel provided two different contributions: a
table response over time in many urban locations in which the VV
hannel exhibited fluctuations, and a stronger response in scene pixels
ominated by scatterers rotated with respect to the incidence plane. As
result, the optimized channel for PS outperformed the VV channel.

uch a study focused on the roots of the difference between single-pol
nd dual-pol data has not been carried out for DS yet. In this work, we
im at assessing the physical origin of the contribution of PolPSI to DSI
rocessing. Our purpose is to highlight the problems associated with
he use of VV alone, and how PolPSI helps avoid them.

In summary, with the focus on S1 data, we aim to answer the
ollowing questions:

1. What is the contribution of using dual-polarimetric data in the
SHP group identification, from the point of view of the scene
properties?

2. Is there a quantitative improvement in the final results in terms
of number of DS and/or quality of the estimated deformation?

3. Is it worth to use always the VH channel, in addition to VV, or
2

is it better to work with the VV channel alone?
To carry out this analysis we have made use of the GLR test as
the SHP selection criterion because it offers a common framework
for both single-pol and dual-pol data. In the same vein, we have
exploited the basic Coherent Pixels Technique (CPT) (Mora et al.,
2003; Blanco-Sanchez et al., 2009) for the deformation estimation.
It is important to clarify that more advanced techniques, especially
designed for polarimetric DSI, such as those proposed by Mullissa et al.
(2018) or Shen et al. (2022a), could provide better final results, but
the main conclusions regarding the advantages of dual-pol data over
single-pol data would remain unaltered. Consequently, a comparison
of polarimetric DSI techniques is also beyond the scope of this work.

2. Formulation

Each acquisition of S1 consists of a pair of VV and VH images. To
prepare the collection of S1 data gathered over the research area during
the selected period, a series of preprocessing steps were performed
using the ESA SNAP software1 (Luo et al., 2022). After obtaining the
stack of coregistered images, the PolPSI algorithm can be applied. The
processing steps are shown in Fig. 1.

2.1. Polarimetric optimization

A target vector 𝒌 is used for representing each pixel in S1 images as

𝒌 =
[

𝑆𝑉 𝑉 , 𝑆𝑉 𝐻 ]𝑇 (1)

where 𝑆𝑉 𝑉 and 𝑆𝑉 𝐻 stands for the vertical co-polar and cross-polar
channel, respectively. 𝑇 is the transpose operator. To facilitate the
projection of each vector 𝒌 onto a scalar 𝜇, a complex column vector 𝝎
is employed (Cloude and Papathanassiou, 1998). This projection allows
the fusion of the two polarimetric channels into a new channel denoted
as,

𝜇 = 𝝎∗𝑇 𝒌 (2)

where ∗ represents the conjugate operator, and 𝝎 is identical across
all images within one dataset under the equal scattering mechanism
(ESM) (Neumann et al., 2008) constraint.

The polarimetric optimization consists of finding the projection
vector that optimizes the selection criterion. This task can be car-
ried out using an exhaustive search on the available polarimetric
space (Navarro-Sanchez and Lopez-Sanchez, 2014), but it can be very
demanding from the computational viewpoint. As a more efficient alter-
native, we adopted the SNR-based (Signal-to-Noise Ratio) method (Wu
et al., 2015, 2016) to define the optimum projection vector 𝝎:

𝝎∗𝑇 = 1
√

1 + 𝑥12
[

1, 𝑥1𝑒𝑗𝜃1
]

{

𝑥1 ∈ [0,∞)
𝜃1 ∈ [−𝜋,+𝜋)

(3)

in which both 𝑥1 and 𝜃1 are real numbers. This method offers a reduced
computational burden by conducting two sequential one-dimensional
searches. The next step involves determining the optimal parameters 𝑥1
and 𝜃1 within 𝝎. This parameter selection process is typically guided by
two widely adopted criteria: minimizing the amplitude dispersion index
𝐷𝐴 for PS points or maximizing the average interferometric coherence
|𝛾| for DS points. In practice, the search grids of 𝑥1 and 𝜃1 for both 𝐷𝐴
and |𝛾| optimizations are set as [−𝜋,−2∕3𝜋,−1∕3𝜋, 0, 1∕3𝜋, 2∕3𝜋, 𝜋] and
[20, 22, 24, 26,… , 216], respectively.

The calculation of 𝐷𝐴 is performed using all single look complex
(SLC) images directly,

𝐷𝐴 =
𝜎𝑎
𝑎̄

= 1

|𝝎∗𝑇 𝒌|
√

𝑁 − 1

√

√

√

√

𝑁
∑

𝑖=1
(|𝝎∗𝑇 𝒌𝑖| − |𝝎∗𝑇 𝒌|)2 (4)

1 https://step.esa.int/main/toolboxes/snap/

https://step.esa.int/main/toolboxes/snap/
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Fig. 1. Processing flowcharts. (a) PSI for VV (or VH) channel; (b) PolPSI for VV and VH channels. The differing steps are marked in red. The SHP detection is based on GLR test
with false alarm rate = 5%. The search window is defined as 15 × 15 pixels. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
where 𝜎𝐴 and 𝑎̄ are the standard deviation and the mean value of image
amplitude, respectively. 𝑁 is the number of images in the time series,
and the overline indicates the empirical mean value.

The average interferometric coherence |𝛾| is computed based on
multi-look interferograms. The multi-look process within the spatial
neighborhood is employed to reduce the effect of speckle, which will
weaken the properties of the PS but improve the phase quality of DS.
For each pixel, the multi-look covariance matrices in each interfero-
gram are computed as,

𝑪 𝑖𝑖 = 𝐸
[

𝒌𝑖𝒌∗𝑇𝑖
]

,𝑪𝑗𝑗 = 𝐸
[

𝒌𝑗𝒌∗𝑇𝑗
]

,𝜴𝑖𝑗 = 𝐸
[

𝒌𝑖𝒌∗𝑇𝑗
]

(5)

where 𝐸 is the expectation operator computed by spatial averaging
pixels in the SHP set, and 𝒌𝑖 and 𝒌𝑗 represent images acquired at
different dates. |𝛾| is defined based on multi-look covariance matrices
and projection vector 𝝎:

|𝛾| = 1
𝐾

𝐾
∑

𝑘=1
|𝛾𝑘|, with 𝛾𝑘(𝝎) =

𝝎∗𝑇𝜴𝑖𝑗𝝎
√

𝝎∗𝑇𝑪 𝑖𝑖𝝎
√

𝝎∗𝑇𝑪𝑗𝑗𝝎
(6)

where 𝐾 is the number of selected interferograms.

2.2. Adaptive filtering based on SHP detection

As illustrated in Fig. 1, before the processing of DS, images are
adaptively filtered based on the SHP. SHP were detected by evaluating
pixel similarity within the spatial neighborhood using the GLR test.
The reason for choosing GLR test is that it can be applied conveniently
to both single-polarization or multi-polarization data using the same
3

principle and a well founded mathematical criterion for threshold selec-
tion. The similarity between pixels is measured based on the temporal
average of the covariance matrix,

𝑪 = 1
𝑁

𝑁
∑

𝑖=1
𝒌𝑖𝒌∗𝑇𝑖 (7)

When dual-polarization data are employed, the dimension 𝑚 of
matrix 𝑪 is equal to 2. In the case of single polarization data, 𝑪
becomes the intensity of VV or VH. As a result, 𝑚 reduces to 1.

If the number of looks 𝑝 fulfills 𝑝 ≥ 𝑚, the multi-look covariance
matrix obtained from (7) follows a complex Wishart distribution,

𝑝(𝑪|𝜮) =
|𝑪|

𝑝−𝑚

𝐾(𝑝, 𝑚)|𝜮|

𝑝 exp(−tr(𝜮−1𝑪)) (8)

where 𝐾(𝑝, 𝑚) = 𝜋𝑚(𝑚−1)∕2 ∏𝑚
𝑘=1 𝛤 (𝑝 − 𝑘 + 1), 𝛤 () represents the Gamma

function (Goodman, 1963).
The task of assessing the similarity between 𝑪1 ∈ 𝐖𝐶 (𝑚, 𝑝,𝜮)

and 𝑪2 ∈ 𝐖𝐶 (𝑚, 𝑝,𝜮) (independent and identically distributed with
the same covariance matrix 𝜮 and multi-looking samples 𝑝), can be
formulated as a hypothesis test.

𝐻0 ∶ 𝜮1 = 𝜮2

𝐻1 ∶ 𝜮1 ≠ 𝜮2
(9)

The criterion 𝑄, which is designed for the above hypothesis test
(Conradsen et al., 2003), is expressed as in (10). Higher values of 𝑄
indicate higher likelihood of 𝑪1 and 𝑪2 sharing a common distribution.

𝑄 =
(2𝑝)2𝑚𝑝

2𝑚𝑝
|𝑪1𝑪2|

𝑝

2𝑝 (10)

𝑝

|𝑪1 + 𝑪2|
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We quantify the probability of observing a smaller value of −2𝜌ln𝑄
as follows:

𝑃 (−2𝜌ln𝑄 ≤ 𝑧) = 𝑃 (𝜒2(𝑚2) ≤ 𝑧) (11)

where 𝜒2() is the chi-square distribution function, and 𝜌 = 1 − (2𝑚2 −
1)∕2𝑝𝑚.

The determination of the SHP group for the reference pixel is based
on,

𝑤 =

{

1, if − 2𝜌ln𝑄 ≤ 𝑅𝑡ℎ𝑟

0, if − 2𝜌ln𝑄 > 𝑅𝑡ℎ𝑟
(12)

where parameter 𝑤 quantifies the similarity between the reference pixel
and the neighborhood pixels with the predefined threshold 𝑅𝑡ℎ𝑟. The
alue of 𝑅𝑡ℎ𝑟 is determined by consulting the chi-square distribution
able, taking into account the degrees of freedom 𝑚2 and the desired
alse alarm rate or significance level 𝛼. In this context, we have chosen 𝛼

5%. For the dual-pol case, 𝑚2 equals 4, while for a single-pol channel,
𝑚2 equals 1. Consequently, consulting the chi-square table reveals that
for dual-pol (optimum channel) and single-pol (VV or VH), 𝑅𝑡ℎ𝑟 equals
9.48 and 3.84, respectively.

Ultimately, the filtered matrices 𝑪̂ 𝑖𝑖, 𝑪̂𝑗𝑗 , and 𝜴̂𝑖𝑗 for each interfer-
gram are computed by performing multi-looking over the correspond-
ng SHP set 𝛺 at the reference pixel.

̂ 𝑖𝑖 =
1
𝐿

∑

𝛺
𝒌𝑖𝒌∗𝑇𝑖 (13)

where 𝐿 is the number of pixels in the SHP set 𝛺.

2.3. Joint processing of PS and DS

The phase standard deviation 𝜎𝜙 was chosen to define a common
selection for jointly processing PS and DS (Navarro-Sanchez and Lopez-
Sanchez, 2014). Pixels with 𝜎𝜙 lower than an established threshold 0.25
will be selected as PS or DS.

For PS points, we directly consider the relationship between 𝐷𝐴 and
𝜙 as (Ferretti et al., 2001)

𝜙 ≈ 𝐷𝐴 (14)

While for DS points, we define two cases based on the number of
ndependent samples 𝐿𝑒, which can be obtained as a function of the
umber of pixels in the SHP set 𝐿, as

𝑒 ≈
𝐿

(ovsrange) ⋅ (ovsazimuth)
(15)

where ovsrange and ovsazimuth are the oversampling factors in range and
azimuth direction, respectively. For S1 data, ovsrange ≈ 1.60, ovsazimuth ≈
1.17.

1. For 𝐿𝑒 > 10, 𝜎𝜙 can be approximated as (Hagberg et al., 1995)

𝜎𝜙 ≈ 1
√

2𝑁

√

1 − |𝛾|2

|𝛾|
(16)

2. A more accurate 𝜎𝜙 is estimated in the case of lower 𝐿𝑒 values
through a lookup table based on Lee et al. (1994),

𝜎𝜙 =

√

∫𝜙
(𝜙 − 𝜙0)2pdf(𝜙)𝑑𝜙 (17)

with

pdf(𝜙) =
𝛤 (𝐿𝑒 + 1∕2)(1 − |𝛾|2)𝐿𝑒𝛾 cos(𝜙 − 𝜙0)

2
√

𝜋𝛤 (𝐿𝑒)(1 − |𝛾|2 cos2(𝜙 − 𝜙0))𝐿𝑒+1∕2

+
(1 − |𝛾|2)

2𝜋
𝐹1

(

𝐿𝑒, 1;
1
2
; 𝛾2 cos2(𝜙 − 𝜙0)

)

(18)

where 𝐹1 is the Gauss hypergeometric function, and 𝜙0 was set
to zero.
4

It is worth to note that as the number of SHP increases, the co-
herence threshold for classifying a point as a DS decreases, since it is
considered more reliable.

2.4. Ground deformation estimation

The deformation results are obtained by exploiting the phase of
the differential interferogram set. For single polarization images, the
interferograms are calculated through the original SLC images acquired
at dates 𝑖 and 𝑗,

𝑰 = 𝑆𝑉 𝑉
𝑖 𝑆𝑉 𝑉 ∗𝑇

𝑗 (19)

For dual polarization data, the interferograms result from an opti-
mized combination of two available SLC images through

𝑰 = 𝜇𝑖𝜇
∗𝑇
𝑗 (20)

In this study, we utilized the Coherent Pixels Technique (CPT) (Mora
et al., 2003; Blanco-Sanchez et al., 2009) for the selection of interfer-
ograms and for the deformation estimation. The PSI analysis was con-
ducted using the same algorithm for both single and dual-polarization
cases.

3. Data set

The first study area consists of 39 S1 images acquired between April
2017 and August 2018 over the Xiaolangdi Dam in Henan province,
China. The dam has a maximum height of 154 m, a crest length of
1667 m, and a width of 15 m. Considering the potential impact of
water level and precipitation on the central region of the Xiaolangdi
Dam, large deformation could arise (Liu et al., 2021). As a result, a
specific test area measuring 141 × 343 pixels around the dam center
was chosen. Under this scenario, in-situ data between March 2017 and
October 2020 is available as reported in He et al. (2022). He et al.
(2022) also employed the S1 dataset to deduce that the dam center
experiences deformation at a rate of 20–25 mm/year based on SBAS-
InSAR method (Berardino et al., 2002). Furthermore, in a related study
by Zhao et al. (2022), the PolPSI method was applied to joint analysis
PS and DS with S1 images, but different SHP detection methods were
used.

The second area of interest utilizes 189 dual-polarization S1 images
acquired from December 2016 to January 2021 over the airport of
Barcelona, Spain. The PSI processing method is applied on an excerpt
of 341 × 1486 pixels. The T1 terminal of the airport was inaugurated
in 2009, together with new access roads. Since then, this terminal
and part of the roads have exhibited ground deformation, as reported
in several studies (Monserrat et al., 2011; Iglesias et al., 2014). The
presence of ground deformation has also been captured through the
application of PolPSI techniques in previous works (Navarro-Sanchez
and Lopez-Sanchez, 2014; Zhao and Mallorqui, 2019b), so this test site
constitutes a good benchmark for comparing the performance of PS
and DS measured with dual-pol S1 data over an extended area with
man-made targets.

Fig. 2 illustrates the location of study areas, while Table 1 provides
the key characteristics of the two data sets.

4. Results

4.1. Selection of PS and DS

In this section, we first focus on comparing the selected PS and DS
in the two test areas. For each area, we analyze the results obtained
in two different cases: single-pol data (VV or VH channel) and dual-
pol data (VV and VH channels). The single-pol channel is directly
processed using the PSI method, while in the dual-pol case the data
are processed using the PolPSI optimization method, so the resulting
channel is referred to as the optimized (OPT) channel.
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Fig. 2. Location and Google Earth optical image of the test sites. Upper: Xiaolangdi Dam in China. Lower: Barcelona Airport in Spain. The red polygon denotes the S1 subimage
processed in this study. The location of pixels and areas in Figs. 5, 6, 7, 12 and 13 are marked here. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
.

Table 1
Key features of the S1 data sets.

Research area Xiaolangdi dam Barcelona airport

Acquisition mode Interferometric Wide-Swath
Polarization Dual-pol (VV and VH)
Pixel spacing (azimuth × range) 13.90 m × 2.33 m
Orbit Ascending
Images 39 189
Time span (start) 04/2017 12/2016
Time span (end) 08/2018 01/2021
Interferograms 411 4200

Table 2 shows the percentage and the number of detected PS
and DS points in each research area. The values clearly indicate the
effectiveness of the PolPSI method in increasing the number of PS
points. In the case of the Xiaolangdi Dam, there is an approximate
57% increase compared to the VV channel. It is unsurprising that the
VH channel, which has a low amplitude, results in a relatively small
number of selected PS points. Notably, for the Barcelona airport, the
OPT channel shows an increase of 105% in PS over the VV channel. It
is important to note that the physical reasons of the improvement in
PS number and quality with dual-pol S1 data with respect to single-pol
data were critically analyzed by Luo et al. (2022), therefore we do not
repeat that study in this work, which focuses on DS points.

On the other hand, there is an extreme reduction in the number of
DS points in both test areas when considering the OPT channel with re-
spect to single-pol data (VV or VH). This confirms the expected impact
of incorporating the second channel, since the augmented polarimetric
information leads to a stricter selection of DS points. The DS number
of the VH channel falls between that of VV and OPT.
5

Table 2
Percentage and number of selected PS and DS for different channels: VV, VH and OPT

PS DS Total
number (percentage) number (percentage) number (percentage)

Test site Xiaolangdi Dam

VV 1267 (2.61%) 7026 (14.52%) 8293 (17.13%)
VH 114 (0.23%) 3810 (7.88%) 3924 (8.11%)
OPT 1982 (4.09%) 1680 (3.47%) 3662 (7.46%)

Test site Barcelona Airport

VV 4356 (0.85%) 27938 (5.51%) 32294 (6.36%)
VH 3065 (0.60%) 8821 (1.74%) 11886 (2.33%)
OPT 8888 (1.75%) 4403 (0.87%) 13291 (2.62%)

To conduct further analysis, the spatial distribution of both PS
and DS is presented in Figs. 3 and 4 for Xiaolangdi and Barcelona,
respectively.

In Fig. 3(d) and (e), the DS points at VV and VH channel exhibit a
widespread distribution across the entire area, covering the main dam
as well as the surrounding vegetation areas. There are also DS points
along the white rock edge of the dam adjacent to the water. As for the
PS points detected by the VV channel they are concentrated in the bare
ground area (Fig. 3(a)). Fig. 3(c) reveals the increase in PS obtained at
the OPT channel, extending the coverage to a built area at the top of
the dam in which the VV channel did not identify PS points. Fig. 3(f)
illustrates that DS points are only detected in a small area of the dam.
In this case, the pixels on the white rock area adjacent to the water
are not selected as DS. This aspect will be further discussed in the next
sections.

For the Barcelona airport case in Fig. 4, the DS points found in the
OPT channel are located mainly within the runway, while PS points
are concentrated in nearby residential and industrial areas, roads and
airport buildings. The VV channel exhibits a lower density of PS and
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Fig. 3. Distribution of PS (a)–(c) and DS (d)–(f) over Xiaolangdi Dam. For DS points, the coherence value is shown.
Fig. 4. Distribution of PS (a)–(c) and DS (d)–(f) over Barcelona Airport. For DS points, the coherence value is shown.
a higher number of DS compared to the OPT channel. The VH is
unable to identify DS located on the runway due to its low amplitude
value, which leads to reduced coherence in this channel. As observed
in Fig. 4(d), the increase in DS contributes to a notably increased
coverage of measurement points. The distribution of DS in VV channel
extends beyond the runway and includes man-made structures. Both
VV and VH channel selects many points as DS in the airport buildings.
Nevertheless, these points were expected to be PS, based on their
physical properties.

4.2. Analysis of the quality of the DS points

Although the VV channel exhibits an increase in DS points, the
reliability of these points still needs to be discussed. Firstly, coherence
maps of the DS found at VV, VH and OPT channel were generated,
which are shown in Fig. 3(d)–(f) and Fig. 4(d)–(f) for Xiaolangdi Dam
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and Barcelona Airport, respectively. As illustrated in Fig. 3(d), the
coherence values in the borders of the areas covered by DS points
consistently fall below 0.4, since they usually include vegetation at
the boundaries of the dam zone. From the definition of 𝜎𝜙, these
pixels were selected mainly due to the higher number of similar pixels
determined through the GLR test.

The central area corresponds to bare ground and rocks, so in VV
channel, it shows a higher coherence value compared to the vegetation
zones in the border. VH exhibits notably lower coherence in contrast
to the VV due to its significantly smaller amplitude value within the
dam area. Notably, the number of DS in the OPT is lower, but they
exhibit higher coherence values (see Fig. 3(f)) than in VV channel.
Most coherence range from 0.6 to 1 in OPT channel and 0.4 to 0.8
in VV channel. In the next section we will analyze the deformation
results provided by DS points, which are influenced by the identified
SHP groups and the associated coherence values.
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Fig. 5. SHP groups of five selected pixels (marked in Fig. 2) in Xiaolangdi Dam. Selected similar pixels are marked in blue, the reference pixel is shown as a large circle (DS in
green, non-measurement point in yellow). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 6. SHP group of a single pixel (P6 marked in Fig. 2) adjacent to the water in Xiaolangdi Dam for (a) VV; (b) VH; (c) OPT. Selected similar pixels are marked in blue, the
reference pixel is shown as a large circle (DS in green, non-measurement point in yellow). (d) Time series of the amplitude of VV at the pixels labeled as P-1, P-2, and P-3. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
To analyze which ground targets contribute to the phase of DS
points, the SHP groups of five selected pixels are shown in Fig. 5. For
the first three pixels in each channel, the central (or reference) pixel is
located within an area of short vegetation. It is observed that the VV
and VH channels, when used alone, mix the vegetated area with the
bare ground and rock areas. For VV, it results in an improved coherence
value. Together with the large number of SHP points, these pixels were
selected as DS in the VV channel but rejected in the OPT channel.
The reason is that pixels in OPT channel show a more restricted SHP
group, i.e., formed only by pixels within the short vegetation area. This
results in final lower coherence values. The lower coherence values and
smaller SHP groups in the OPT channel produce their rejection during
the selection of these three pixels as DS points.

For the fourth and fifth cases, the central pixels are located on a
bare ground area, and they are selected as DS in OPT and VV channels.
Although VH identifies an accurate SHP map in Fig. 5(i)–(j), its low
coherence prevents these points from being chosen as DS. It is observed
that the coherence value in the OPT channel is higher than in the VV
channel, as the VV channel still mixes bare ground with vegetation
targets, resulting in lower coherence. Despite the lower number of
similar pixels in the OPT channel, the higher coherence values of these
pixels led to their selection as DS. Therefore, the conclusion from Fig. 5
is that the increase in the number of DS points provided by the VV alone
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is achieved at the price of mixing pixels which actually correspond
to different land covers. The homogeneity of the SHP groups is better
guaranteed by the dual-polarimetric data.

One interesting observation is that only VV and VH channel selects
DS points on the left side of the dam wall, specifically in the white rock
area, whereas the OPT channel does not select any pixel in this area.
Fig. 6 shows the SHP group for one typical pixel in this area and the
time series of the amplitude for the reference pixel and other two pixels
of the SHP groups found with VV, VH and OPT channels.

It is evident that from June to September, the central pixel repre-
sents a rock target (higher amplitude), while from November to May,
the central pixel (P-1) is located in the water (lower amplitude) as a
result of the rise of the water level due to an increase in water storage.
The pixel in the SHP group of OPT channel (P-3) shows a similar
amplitude change pattern as P-1, but the pixel in the VV channel (P-2)
has a different temporal behavior, since it is never covered by water.
By analyzing the location of the SHP groups with the help of the optical
images, it becomes clear that in VV and VH, many pixels in SHP group
are located in the water during an important part of the year, but this
kind of pixels is rejected to be a DS in OPT channel.

In the test area of Barcelona, similar mixtures of different land cov-
ers in the SHP group of VV and VH can also be observed, for instance
in Fig. 7(a)–(e) and Fig. 7(g)–(j), respectively. A pixel located on the
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Fig. 7. SHP groups of five selected pixels (marked in Fig. 2) in Barcelona Airport. Selected similar pixels are marked in blue, the reference pixel is shown as a large circle (DS
in green, PS in red, non-measurement in yellow). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 8. Linear velocity map for VV, VH and OPT over Xiaolangdi Dam.
roof or road might be misinterpreted as a pixel on grassland by VV
and VH channels. The OPT channel, utilizing polarization information,
demonstrates better capability in distinguishing between vegetation
and the road. These confusions can potentially affect the measurement
results, considering that different land covers are expected to exhibit
varying deformation rates, e.g. buildings have foundations but roads
do not.

4.3. Analysis of the influence on deformation estimation

4.3.1. Results in Xiaolangdi Dam
By analyzing the velocity map in Fig. 8, it becomes evident that

the deformation mainly occurs in the upper and middle sections of
the dam. The large number of DS points detected by VV and VH
channels contribute as additional measurement points to the existing
deformation areas but do not reveal new deformation areas. In fact, the
deformation measured over the white rock part of the dam (the wall
closest to the water) is a mere replica of the deformation measured
in the brown rock area. This result is an obvious consequence of the
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selection of SHP groups for the pixels in the white rock area, already
discussed in the previous section. The deformation estimation over
these pixels is really based on the higher quality pixels in the brown
rock area, which is never covered by water. Therefore, the deformation
measurement obtained by the VV and VH over that part of the dam is
not reliable. In addition, the PS points detected in the OPT channel
show the ability to detect a new deformation area located at the top of
the dam, which is not visible in the result of VV or VH.

To further compare the deformation obtained by the VV, VH and
OPT channels, a transect or fold line was defined along the dam, as
depicted in Fig. 9. The yellow fold line spans approximately 1500 m,
passing through the front of the dam. To calculate the average velocity
along the line, all measurement points within a 10 m buffer of the fold
line were selected. When considering the deformation measured by the
PS points alone, it becomes clear that the OPT channel reveals some
deformation concentrated in a small area (e.g. at 200 m) and provide
measurement points, e.g. at positions around 300 m and 1000 m, in
which VV or VH fails to detect any PS point. The difference between
VV, VH and OPT channels is also reflected in the deformation values
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Fig. 9. Deformation rate along a fold line (marked as yellow line) over Xiaolangdi dam. The linear velocity was calculated as the mean value of the PS, DS or ALL (PS and DS)
measurement points within a 10 m buffer of the fold line. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
Fig. 10. Average coherence for DS along a fold line over Xiaolangdi Dam, calculated
as the average of the DS within a 10 m buffer of the fold line. The number of DS in
VV, VH and OPT channel is 483, 312 and 169.

provided at the DS points. The average deformation rate obtained from
the OPT is larger than that of the VV and VH at most positions along the
transect. He et al. (2022) used in-situ data as a reference to verify the
deformation at the dam center is 20–25 mm/year between March 2017
and October 2020. The center of the dam corresponds to the range of
500–800 m in Fig. 9. It is evident that the result obtained from the OPT
is closer to this value. This proves that the large number of SHP points
identified by the VV and VH leads to a loss of deformation details. The
spatial averaging blurs the deformation phase gradients, resulting in a
decrease in deformation details.

The incorporation of the VH in OPT channel results in a higher
number of PS points. The number of PS in VV, VH and OPT channel
is 93, 44 and 165, respectively. In terms of DS, the average coherence
for DS points around the fold line is shown in Fig. 10. It is evident that
the advantage of using polarimetric information consists of detecting
higher quality DS points, i.e., with higher coherence values, and of
keeping the original deformation pattern by avoiding mixing pixels
from heterogeneous areas.

4.3.2. Results in Barcelona Airport
The linear velocity map over the whole Barcelona Airport is de-

picted in Fig. 11, and two specific areas within the airport are zoomed
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in and displayed in Fig. 12. In these images, the white-background
pixels are classified as DS in the VV channel but as PS in the OPT chan-
nel. The PS points obtained from the OPT Fig. 11(c,f) exhibit similar
deformation patterns as reported in other studies (Iglesias et al., 2014;
Navarro-Sanchez and Lopez-Sanchez, 2014). However, the deformation
rates at the DS points in VV and VH are lower compared to the OPT.
This is because the DS in VV and VH include different land covers with
varying velocities, as illustrated in Fig. 7.

5. Discussion

PolPSI studies with DS have been focused on the selection criterion
and on the number of measurement points reached in comparison with
single-polarimetric data.

Researchers have employed statistical tests such as KS and GLR to
analyze and compare single- and multi-polarimetric data, as utilized
by Navarro-Sanchez and Lopez-Sanchez (2014). Their findings revealed
interesting aspects when comparing the number of DS detected using
different channels. For example, in a test site in Barcelona city with
Radarsat−2 data, the number of DS identified through polarimetry was
lower than that using only the HH channel. Conversely, in a test site in
Murcia city using TerraSAR−X data, the number of DS was lower in the
HH channel than with dual-pol HH and VV data. This discrepancy was
attributed to the spatial resolution of the images. The high resolution of
TerraSAR−X (pixel dimension 2.44 m × 0.91 m) allows for the collec-
tion of sufficient pixels with single scattering mechanisms, thus meeting
the criteria for being DS. However, the pixels in images with coarser
resolution, for example Radarsat−2 (5.1 m × 4.7 m) and S1 (13.9 m
× 2.33 m), may be already composed of different scattering features.
This imposes higher requirements on potential ground objects that can
be identified with good quality and also restricts the number of pixels
available in an area of fixed size. Furthermore, the incorporation of full
polarization information (as in Radarsat−2) makes more demanding the
task of identifying enough similar pixels, resulting in a large reduction
in the number of DS.

In the study by Zhao et al. (2022), dual-pol S1 data were used,
and the SHP detection was based on the FaSHPS method (Jiang et al.,
2015). However, FaSHPS only works on amplitude images. Therefore,
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Fig. 11. Linear velocity map for VV, VH and OPT over Barcelona Airport.
Fig. 12. Two areas of the Barcelona airport show different deformation results in the
VV, VH and OPT channels (marked in Fig. 2). White circles indicate measurement
points classified as DS in VV but as PS in OPT. Green points represent stable points
with a linear velocity of −3 to 3 mm/year, while orange and rend points represent
points with a velocity of −5 to −3 mm/year and −20 to −5 mm/year, respectively.
(For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

the SHP set was detected separately by inspecting the VV and VH
amplitudes, instead of using a polarimetric covariance matrix. The final
SHP group of dual-polarimetric data was the combination of the VV
and VH groups, thus more DS were selected in dual-polarimetric data
than in any of the two individual channels. In that work the Xiaolangdi
dam was also employed as a test site, and interestingly, the pixels near
the left side of the dam (white rock area) were also selected as DS.
Since they were selected on the basis of the information contained
in the separate polarization channels (VV and VH), not jointly using
that information, the result is equivalent to the one obtained in our
work when using only the VV channel. As we have demonstrated
in this work with a more detailed analysis, these points are located
in the water during an important part of the year, so they should
not be selected for deformation measurement. If they are selected,
the estimated deformation just replicates the values measured in the
adjacent areas.

In Mullissa et al. (2017, 2018), Zhao and Mallorqui (2019b), a
different approach was employed to select the similar pixels that form
the SHP groups when data are polarimetric. The approach is based
on their scattering properties using decomposition methods. The re-
sults demonstrated that the inclusion of multi-polarimetric channels
increased the number of both PS and DS. In Mullissa et al. (2017),
it was observed that the deformation results derived from DS differed
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from the results obtained from nearby PS. Furthermore, as the number
of DS increased, the corresponding deformation rates for individual
pixels became smaller. This phenomenon was attributed to potential
unwrapping errors in that article. However, a more detailed analysis of
this phenomenon could be conducted by examining the homogeneity
of the SHP group for each pixel.

In our experiments, the pixels forming each SHP group were iden-
tified by their statistical properties using the GLR test for both single-
and dual-polarimetric cases. As observed in the experiments conducted
on Xiaolangdi Dam and Barcelona Airport, the introduction of the VH
channel leads to a substantial decrease in the number of DS and an
increase in the number of PS. However, when using the VV or VH alone,
the DS often include various scattering mechanisms (i.e., different land
covers) in the corresponding SHP groups. It is important to clarify that
this confusion primarily arises from the lack of polarization information
rather than the threshold used in the GLR test. In the Results section,
we employed the same false alarm rate for both the VV, VH and OPT
channels. In this section, we aim to illustrate this issue by tightening
the threshold for the VV channel in Fig. 13, so the selection of pixels
in that case becomes stricter than in the previous results. We selected
the VV for comparison because, when using S1 data for deformation
monitoring, the VH is usually discarded due to its lower amplitude. The
experiment detailed in this paper further confirms that the VH channel
yields fewer measurement points compared to the VV channel.

It is clear in Fig. 13(i)–(k) that even with a stricter threshold, the
mixing of different land covers still exists. Furthermore, when setting a
threshold that yields a comparable number of SHP around the dam as
the OPT channel (Fig. 13(m)–(o)), the pixels located at the vegetation
and rock boundary remain confused. With this modified threshold,
the identified SHP points fail to meet the filtering requirements for
subsequent PSI processing.

An important consideration arises concerning how to deal with
the trade-off between spatial coverage and accuracy of measurement
points, since the introduction of polarimetric information leads to a
decrease in the total measurement points but they are more reliable
than the obtained with single-pol data. In scenarios primarily involving
artificial structures, the PS provided by OPT channel are sufficient to
reveal the same or even more deformation areas compared with the VV
channel. When the study site is located at a natural area, the final user
needs to state what is the preferred result: a more reliable one with
areas not covered by measurement points, or an (almost) fully-covered
product in which many of the values are known to be not reliable. Since
the threshold selection is not a solution to get the desired trade-off,
more advanced techniques for DSI, as those envisaged in Mullissa et al.
(2018), Shen et al. (2022a), could contribute to this purpose.

6. Conclusions

In this study, we have analyzed the impact of using PolPSI with
S1 data on distributed scatterers. The experiments carried out have
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Fig. 13. Results obtained with different thresholds over Xiaolangdi Dam. VV and OPT denote selection with a 5% false alarm rate. VV 1 and VV 2 denote selections carried out
using a tighter threshold and an extremely tight threshold 𝑅𝑡ℎ𝑟 in (12). The first three lines represent SHP groups for selected pixels (marked in Fig. 2), and the last line shows
the number of SHP for the whole research area. The color bar represents the number of SHP for each pixel within the search window 15 × 15.
provided answers to the questions raised in the Introduction section,
as follows:

1. What is the contribution of using dual-polarimetric data in the SHP
group identification, from the point of view of the scene properties?
By incorporating the VH channel, a more stringent selection
of SHP is achieved. This is achieved by using the polarimetric
covariance matrix to characterize each individual pixel, not
the two channels independently. Pixels which exhibit different
scattering properties compared to the reference pixel are not
considered as SHP. Additionally, pixels representing different
behavior in the temporal dimension are also excluded.

2. Is there a quantitative improvement in PSI results in terms of number
of DS and/or quality of the estimated deformation? It has been
observed that the improvement in DS is in terms of quality
rather than quantity. Compared with the deformation results
in VV or VH alone, these enhanced DS points offer similar
deformation areas with reduced coverage, but providing more
reliable deformation details.

3. Is it worth to use always the VH channel, in addition to VV, or
is it better to work with the VV channel alone? If the focus is
on obtaining accurate and reliable measurement results for an
area of interest, it is recommended to use the OPT channel.
Otherwise, the larger number of measurement points and wider
coverage provided the VV channel may include unreliable mea-
surements characterized by points with replicated deformation
values (i.e. extracted from other points) or blurred estimates
which suffer from a lack of spatial detail or more extreme
deformation values.

In summary, despite the appealing aspect of the results obtained by
the VV channel alone, characterized by an extended spatial coverage
with a large amount of measurement points, it is important to be
cautious about the values measured at the DS, since they may represent
replicas from other nearby pixels or mixtures of different land covers.
Instead, the dual-polarimetric results are clearly more reliable, because
they avoid fake DS detected in the VV channel. The use of more
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advanced techniques especially designed for polarimetric DSI, such as
those proposed by Mullissa et al. (2018) or Shen et al. (2022a), could
provide better final results in the dual-pol case, e.g. by increasing the
number of final DS after processing the data with specific tools.
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