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Abstract- While polarimetric Persistent Scatterer InSAR (PSI) is an effective technique 10 

for increasing the number and quality of selected persistent scatterer (PS) pixels, existing 11 

methods are suboptimal; a polarimetric channel combination is selected for each pixel 12 

based either on amplitude, which works well only for high amplitude scatterers such as 13 

man-made structures, or on the assumption that pixels in a surrounding window all have 14 

the same scattering mechanism.  In this study, we present a new polarimetric PSI method 15 

in which we use a phase-based criterion to select the optimal channel for each pixel, which 16 

can work well even in non-urban environments. This algorithm is based on polarimetric 17 

optimisation of temporal coherence, as defined in the Stanford Method for Persistent 18 

Scatterers (StaMPS), to identify scatterers with stable phase characteristics. We form all 19 

possible co-polar and cross-polar interferograms from the available polarimetric 20 

channels and find the optimum coefficients for each pixel using defined search spaces to 21 

optimise the temporal coherence. We apply our algorithm, PolStaMPS, to an area in the 22 

Tehran basin that is covered primarily by vegetation. Our results confirm that the 23 

algorithm substantially improves on StaMPS performance, increasing the number of PS 24 



 

 

pixels by 48%, 80% and 82% with respect to HH+VV, VV and HH channel, respectively, 25 

and increasing the signal-to-noise ratio of selected pixels.       26 

Keywords: polarimetric Persistent Scatterer InSAR, StaMPS, temporal coherence. 27 

1. INTRODUCTION 28 

Persistent Scatterer InSAR (PSI) is a well-known technique to address decorrelation and 29 

atmospheric noise in conventional interferometry. This method identifies only those scatterers 30 

which display coherent scattering behaviour over time, known as persistent scatterers. A PSI 31 

algorithm was outlined first by Ferretti et al. [1], [2] with further algorithms quickly following 32 

[3], [4], [5] and [6]. In these algorithms, an initial set of PS pixels are identified by analysis of 33 

their amplitude scintillations in a series of co-registered SLC images and then refined based on 34 

the match of their phase with a pre-defined deformation model. Thus, in general, only bright 35 

scatterers with a deformation behaviour close to the assumed model are identified as PS pixels, 36 

and these algorithms work best where there are large numbers of man-made structures. 37 

Moreover, small baseline SAR differential interferometry approaches were presented by [7]  38 

and [8] based on appropriate combination of different interferograms produced by data pairs 39 

with small orbital separation (baseline) in order to limit the spatial decorrelation. In these 40 

methods, coherent pixels are selected through spatial coherence estimation. 41 

An alternative PSI method, was put forward by [9] to identify large numbers of PS pixels in all 42 

terrains, including non-urban areas that lack man-made structures. This approach uses the 43 

spatial correlation of phase for identification of PS pixels. The parameter used to characterize 44 

phase stability in this approach is similar to a measure of coherence in time [10] and we refer 45 

to it as temporal coherence [9]. The ensemble phase coherence defined by [2], is not quite the 46 

same as the temporal coherence we refer to, as it requires a predefined deformation model. 47 

Before the launch of radar sensors operating with a polarimetric configuration, SAR 48 

interferometry applications had been limited to a single polarimetric channel. Radar 49 



 

 

polarimetry is a valuable technique for the extraction of geophysical parameters from SAR 50 

images [11] and [12]. Varying approaches to achieve this are based either on the statistical 51 

analysis of the polarimetric information [13] , [14] or on scattering models, which provide an 52 

understanding of the physics of the scattering process [15] , [16] and [17]. Therefore the 53 

introduction of polarimetric techniques in interferometric applications can improve 54 

performance of SAR interferometry. A general formulation for coherent conventional 55 

interferometry using polarimetry was introduced by Cloude and Papathanassiou [18]. This 56 

method sets up a spatial coherence optimisation problem using different polarimetric channels 57 

and then solves it to obtain the optimum linear combination of channels that leads to the best 58 

phase estimates. The decorrelation terms are decreased with the spatial coherence optimisation, 59 

and signal-to-noise ratio is therefore increased [19]. Another spatial coherence optimisation 60 

method was proposed by Colin et al., [20]. This approach optimises the coherence using the 61 

same complex unitary vector for both antennae. This coherence is called single-mechanism 62 

coherence. Given a multi-baseline data set in this method, coherence can be optimised 63 

independently for every baseline. This can lead to identification of different dominant 64 

scattering centres depending on the chosen baseline. A more robust polarimetric optimisation 65 

approach to find the most coherent and dominant scatterer is a simultaneous optimisation of 66 

multi-baseline coherence, a technique first outlined by Neumann et al., [19]. This approach 67 

generally leads to lower coherence magnitudes, but the corresponding linear combination of 68 

channels and their interferometric phases are estimated on the basis of all the available data 69 

and thus more accurately.  70 

As density and quality of PS pixels are important factors in PSI algorithms, the concept of 71 

polarimetric optimisation in the PSI algorithms was proposed in [21] and [22] with zero-72 

baseline ground based SAR (GB-SAR) data, to improve the number of reliable pixel 73 

candidates. In [21], the simplest coherence optimisation approach is performed based on 74 



 

 

selection of the polarimetric channel with the highest average coherence value. A polarimetric 75 

PSI approach, known as ESPO (Exhaustive Search Polarimetric Optimisation), using 76 

spaceborne data set was presented first by Navarro-Sanchez et al., [23]. This method finds the 77 

optimal weights for each available polarimetric channel to obtain an optimum combination of 78 

those channels that maximises the PS selection criterion.  A study of the different polarimetric 79 

optimisation techniques using both zero-baseline and multi-baseline data was carried out by 80 

Iglesias et al., [24]. The main goal was the exploitation of the available polarimetric 81 

optimisation methods, in the framework of differential interferometry, to improve the density 82 

and quality of PS pixels. Moreover, Sadeghi et al., compared the efficiency of different multi-83 

baseline polarimetric optimisation techniques in terms of increasing the number of PS pixels 84 

and the signal-to-noise ratio, and also presented an enhanced multi-baseline coherence 85 

optimisation method [25]. It should be noted that the use of polarimetric SAR data entails two 86 

main drawbacks when compared to conventional single-polarimetric data: an increase in the 87 

amount of data to be processed (proportional to the number of polarimetric channels) and a 88 

reduction in the size of the images in the swath direction (hence the spatial coverage) due to 89 

the doubled pulse repetition frequency required to acquire fully polarimetric data. 90 

Polarimetric PSI implementations, up to now, either optimise amplitude-based criteria for 91 

identification of PS pixels [23] , [24] , [26] and [27], or select the polarimetric channel 92 

combination that maximises the ensemble coherence of surrounding pixels [26] , [25] and [24]. 93 

The former approach can be quite successful for bright scatterers, such as buildings, but less 94 

for natural PS. A limitation of the latter approach is the common failure of the assumption that 95 

PS pixels are surrounded by scatterers with the same scattering properties, which leads to non-96 

optimal weights for the polarimetric channels, and to a loss of spatial resolution. In this paper, 97 

we present a new method, PolStaMPS (Polarimetric StaMPS), which uses polarimetric 98 

optimisation of temporal coherence to increase the number of selected PS pixels in all terrains, 99 



 

 

with or without buildings. We implement the temporal coherence optimisation after computing 100 

different interferogram channels for each master and slave image. The temporal coherence 101 

optimisation method was inspired by ESPO, as it finds the weights for each interferogram 102 

channels over search spaces. PolStaMPS codes will be included in the next release of 103 

StaMPS/MTI, with full instructions added to the manual.    104 

This paper is organised as follows. Section 2 contains the basic principles of polarimetric 105 

interferometry and a brief review of ESPO, which is a polarimetric persistent scatterer 106 

interferometry method. The concept of temporal coherence in StaMPS is introduced in Section 107 

3, followed by our new algorithm for optimisation of the temporal coherence, PolStaMPS, in 108 

Section 4. Section 5 describes the test site and the available dual polarimetric data set to 109 

evaluate the new algorithm. In Section 6, experimental results of PolStaMPS are shown and 110 

discussed. Finally, the main conclusions are summarized in Section 7. 111 

2.   POLARIMETRIC INTERFEROMETRY 112 

Since there is a vector value for each pixel instead of a scalar one, polarimetric interferometry 113 

can be referred to as vector interferometry [18]. The general formulation is defined in Section 114 

2.1. One of the most effective polarimetric PSI algorithms up to now, ESPO, was presented in 115 

[26]. This technique was formulated for two different criteria of PS selection to increase the 116 

number of PS pixels, which are amplitude dispersion index and average spatial coherence. A 117 

brief overview of this method is presented in Section 2.2. 118 

2.1 GENERAL FORMULATION 119 

A general formulation for polarimetric SAR interferometry, presented in full by Cloude and 120 

Papathanassiou [18], is reviewed in this section. Fully polarimetric radar systems measure a 121 

2	 × 2 complex scattering matrix [S] for each pixel in an image [28]. Through vectorization of 122 

the scattering matrix, a coherent scattering vector 𝑘 can be extracted to generalise 123 



 

 

interferometric phase and spatial coherence. Using Pauli basis matrices, the scattering vector 124 

for each pixel can be found as [18] 125 

𝑘 = 1
√2 [𝑆**+,, , 𝑆**.,, , 2𝑆*,]0, 126 

                                                                                                    (1) 127 

where T indicates the matrix transposition operation, and 𝑆12  (i , j = H or V) is the complex 128 

scattering coefficient for j transmitted and i received polarization in the HV polarisation basis. 129 

In the case of dual-polarisation interferometry, considering there is no data from the cross-polar 130 

channel, as provided by TerraSAR-X, the scattering vector changes to  131 

𝑘 = 1
√2 [𝑆**+,, , 𝑆**.,,]0. 132 

                                                                                               (2) 133 

Using the outer product formed from the scattering vectors 𝑘4 and 𝑘5 for master and slave 134 

images, a 4×4 matrix can be defined,  135 

𝐓7 = 8 𝐓99 Ω45Ω45* 𝐓55 ;,              (3) 136 

where  H stands for conjugate transpose, and 𝐓99 , 𝐓55 and Ω45 are 2×2 complex matrices 137 

given by 138 

𝐓99 = 〈𝑘4𝑘4* 〉 139 

𝐓55 = 〈𝑘5𝑘5*〉 140 

          Ω45 = 〈𝑘4𝑘5*〉.       (4) 141 

In order to extend standard SAR interferometry, which uses a scalar formulation, into a vector 142 

formulation, two normalised complex vectors 𝜔4 and 𝜔5	 for master and slave images, are 143 

introduced. These vectors can be called projection vectors and interpreted as linear combination 144 

of channels. The scalar complex value for each pixel can be defined as 𝜇 = 𝜔*𝑘, which is a 145 

linear combination of the elements of 𝑘. The vector interferogram is obtained as 146 



 

 

𝜇4𝜇5∗ = A𝜔4*𝑘4BA𝜔5*	𝑘5B* = 𝜔4*Ω9C𝜔5, 147 

                                           (5) 148 

where * is the conjugate operation. The interferometric phase can be extracted using 149 

𝜑1EF = argA𝜔4*Ω9C𝜔5B.      (6) 150 

Optimum values of the projection vectors can be found through polarimetric optimisation of 151 

spatial coherence. The generalised vector expression for the spatial coherence 𝜌 is given by 152 

𝜌 = KL(NOPΩQRNS)K
UL(NOP𝐓QQ	NO)L(NSP𝐓RRNS)

, 153 

                                                                                               (7) 154 

where 𝐸(… ) indicates the expectation operator. In order to estimate the spatial coherence, a 155 

window is required and it is assumed that the surrounding pixels in the window have similar 156 

scattering properties. Therefore, in addition to the loss of the spatial details, the optimisation 157 

process will not work properly in the common case where this is not true.  158 

The 𝜔 vector can be constrained to be the same all along the whole stack of images. This is 159 

referred to as Equal Scattering Mechanisms (ESM), which selects the most stable scattering 160 

mechanism over time for each pixel of an image set covering a case study [26]. Moreover, in 161 

the case of multi-baseline spatial coherence optimisation, the averaged spatial coherence, 𝜌, is 162 

optimised according to (8).  163 

|𝜌|=Y
Z∑ |𝜌\|Z\]Y ,	164 

                                             (8) 165 

where K is the number of interferometric pairs. 166 

2.2 ESPO 167 

Polarimetric PSI was first introduced by Navarro-Sanchez et al. in [23] through ESPO, which 168 

is a multi-baseline ESM optimisation method. This optimisation approach consists of searching 169 

for the unitary vector 𝜔 that maximises the PS selection criteria, which can be either average 170 



 

 

spatial coherence or amplitude dispersion index. The optimum interferogram can be found with 171 

a parametrisation of 𝜔(𝛼, 𝜓), in the case of dual-polarimetry, as 172 

𝜔 = [cos𝛼	 , sin 𝛼 𝑒2f]0, g0 ≤ 𝛼 ≤ 𝜋/2−𝜋 ≤ 𝜓 < 𝜋 . 173 

 174 

                                            (9)                      175 

This parametrisation of the projection vector assumes that it is unitary, K𝜔K = 1, and rotated 176 

such that the phase of the first element is zero. Through an exhaustive search, optimum values 177 

are found for α and ψ for each pixel. The α parameter we define here should not be confused 178 

with the α angle widely used in polarimetry after its definition in [17].  179 

After optimisation of the quality criteria, PS pixels are selected based on a threshold average 180 

spatial coherence in multi-looked data, or a threshold amplitude dispersion index in single-181 

looked data. More recently, the amplitude dispersion index was optimised through ESPO to 182 

improve the PS analysis in [27]. Moreover, an alternative way to optimise the coherence was 183 

proposed to decrease the computation time [29]. 184 

3. TEMPORAL COHERENCE IN StaMPS 185 

StaMPS is a PSI technique designed to work in non-urban environments, with deformation that 186 

may be highly non-linear in time. The PS identification step in this method is based primarily 187 

on phase characteristics and can identify low-amplitude pixels more effectively than traditional 188 

amplitude-based algorithms [9]. 189 

The main criterion of PS identification, temporal coherence, is estimated using phase analysis.  190 

After forming interferograms and removing most of topographic phase, the residual phase of 191 

the xth pixel in the kth interferogram,𝜑1EF,n,\ , contains a contribution from several sources as 192 

𝜑1EF,n,\ = 𝜑opq,n,\ +𝜑s,n,\ +𝜑tuv,n,\ +𝜑w,n,\ + 𝜑E,n,\, 193 

                                                 (10) 194 

where 𝜑opq,n,\  is the phase change due to deformation in the satellite line-of-sight (LOS) 195 

direction, 𝜑s,n,\	is the phase due to difference in atmospheric delay between passes, 𝜑tuv,n,\  is 196 



 

 

the phase due to orbit inaccuracies,  𝜑w,n,\ is the residual topographic phase due to error in the 197 

DEM, and 𝜑E,n,\ is the decorrelation noise term. 198 

Quantification of the noise term is used to identify which scatterers are persistent [30]. 199 

Assuming spatial correlation of most of phase contributions over a specified distance, the 200 

spatial average of residual phase, 𝜑x1EF,n,\ , is estimated using a spatial filtering as 201 

𝜑x1EF,n,\ = 𝜑opq,n,\ +𝜑s,n,\ +𝜑tuv,n,\ +𝜑w,n,\, 202 

                                     (11) 203 

where the bar denotes the spatially filtered phase, and  𝜑w,n,\  is the spatially filtered sum of 204 

𝜑w,n,\  and 𝜑E,n,\. Subtracting the spatially correlated phase, equation (11), from residual phase, 205 

equation (10), yields 206 

𝜑1EF,n,\ −𝜑x1EF,n,\ = 𝜑w,n,\ + 𝜑E,n,\ − 𝜑yw,n,\, 207 

                                          (12) 208 

where 𝜑yw,n,\ = 𝜑w,n,\ − z𝜑opq,n,\ − 𝜑opq,n,\{ − z𝜑s,n,\ −𝜑s,n,\{ − z𝜑tuv,n,\ −𝜑tuv,n,\{, 209 

and is assumed to be insignificant. The residual topography phase is proportional to the 210 

perpendicular component of the baseline, 𝐵⏊,n,\  , so 𝜑w,n,\ = 𝐵⏊,n,\𝐺w,nwhere 𝐺w,n is a 211 

proportionality constant that can be estimated. Temporal coherence, which is a measure of 212 

phase noise level and indicator of whether the pixel is a PS [30] and [31], is defined as follows 213 

𝛾n = Y
Z K∑ 𝑒𝑥𝑝�√−1	(𝜑1EF,n,\ −𝜑x1EF,n,\ −𝜑�w,n,\)�Z\]Y K, 214 

                                             (13) 215 

where K is the number of available interferograms and 𝜑�w,n,\  is the estimate of residual 216 

topographic phase. For each PS candidate,	𝜑x1EF,n,\ , 𝜑�w,n,\  and relevant 𝛾n are estimated in an 217 

iterative process until temporal coherence convergence is achieved. Finally, PS pixels are 218 

selected based on the probability that their phase time series is not just noise, by comparing  219 

the joint probability density function (PDF) of coherence and amplitude dispersion index to 220 

that for simulated pixels with random phase.   221 

 222 

 223 



 

 

4. TEMPORAL COHERENCE OPTIMISATION IN PolStaMPS 224 

All polarimetric PSI algorithms to date have utilised spatial coherence or the amplitude 225 

dispersion index to optimise the weights for the different polarimetric channels.  Amplitude-226 

based polarimetric PSI is only useful for high amplitude PS. On the other hand, using spatial 227 

coherence to select PS pixels relies on surrounding pixels having the same mechanism, which 228 

is often not the case for PS pixels.  229 

In our new algorithm we extend the approach of StaMPS, which uses temporal coherence to 230 

select PS with high-density in non-urban areas. The main goal of the algorithm is to find the 231 

weights for the polarimetric channels that optimise the temporal coherence for each pixel. In 232 

addition to optimising the phase-based criterion, implementing the optimisation process after 233 

forming interferograms and removing the topographic contribution is a difference of 234 

PolStaMPS compared to other polarimetric PSI algorithms. 235 

The optimum interferogram phase, 𝜑t�F.1EF,n,\, obtained from substituting equation (2) in 236 

equation (5) is  237 

𝜑t�F.1EF,n,\ = arg	(𝜔4*Ω9C𝜔5)238 

= arg	(12 [𝜔41∗ 𝜔411∗] 8𝑆4**+,, . 𝑆5**+,,∗ 𝑆4**+,, . 𝑆5**.,,∗𝑆4**.,, . 𝑆5**+,,∗ 𝑆4**.,, . 𝑆5**.,,∗; �
𝜔51𝜔511�) 239 

 240 

= arg	(𝑓Y. 12 (𝑆4**+,, . 𝑆5**+,,∗) + 𝑓�. 12 (𝑆4**+,, . 𝑆5**.,,∗) + 𝑓�. 12 (𝑆4**.,, . 𝑆5**+,,∗)241 

+ 𝑓7 . 12 (𝑆4**.,, . 𝑆5**.,,∗))																																		 242 

  243 = arg	(𝑓Y. 𝛷1EF.Y,n,\ + 𝑓�. 𝛷1EF.�,n,\ + 𝑓�. 𝛷1EF.�,n,\ + 𝑓7. 𝛷1EF.7,n,\),                     (14) 244 

 245 

where 𝛷1EF.Y,n,\  … 𝛷1EF.7,n,\ , elements of [Ω45], are 4 different types of interferogram, whose 246 

linear combination forms the optimum kth interferogram for the xth pixel. 𝜔1 and 𝜔11 are the 247 

first and second element of  𝜔.  𝑓Y … 𝑓7  are coefficients for the 4 types of interferogram as 248 

𝑓Y = 𝜔41∗. 𝜔51  249 𝑓� = 𝜔411∗. 𝜔51  250 



 

 

𝑓� = 𝜔41∗. 𝜔511 251 𝑓7 = 𝜔411∗. 𝜔511. 252 

                    (15) 253 

The polarimetric expression of temporal coherence is introduced in (16). Similar to 254 

standard StaMPS, there is an iterative process to estimate 𝜑xt�F.1EF,n,\, which is 255 

substituted by the spatially correlated phase of 𝛷1EF.Y,n,\  in the first iteration. In 256 

every iteration, after applying a spatial filtering to calculate 𝜑xt�F.1EF,n,\, the 257 

optimum values for 𝑓Y … 𝑓7 and 𝜑�w,n,\  are found in the defined search spaces to 258 

optimise 𝛾�t�,n  and then the final value of the 𝜑�w,n,\ is estimated through the 259 

obtained optimum phase. In the final iteration, polarimetric temporal coherence 260 

converges, and the coefficients and the optimum interferograms, according to (14), 261 

are obtained.           	262 

𝛾�t�,n = 1𝐾 ��𝑒𝑥𝑝�√−1(𝜑t�F.1EF,n,\ − 𝜑xt�F.1EF,n,\ − 𝜑�w,n,\)�
Z

\]Y
�. 263 

                   (16) 264 

In order to optimise 𝛾�t�,n , the coefficients are parametrised based on the definition of 𝜔 in 265 

ESPO as  266 

𝑓Y = cos 𝛼	 . cos𝛼	 = cos𝛼	� 267 𝑓� = sin𝛼 𝑒.2f . cos𝛼 = sin𝛼. cos 𝛼. 𝑒.2f 268 𝑓� = cos𝛼	 . sin 𝛼 𝑒2f = cos 𝛼	 . sin 𝛼 𝑒2f 269 𝑓7 = sin 𝛼 𝑒.2f . sin 𝛼 𝑒2f = sin𝛼�. 270 

               (17) 271 

Therefore, only a two-dimensional search space is defined by α and 𝜓 in each iteration, and the 272 

best values are extracted for each one. In order to define coefficients and then optimise the 273 

temporal coherence, we specified a grid for the search space of α and 𝜓 values, with 10 degrees 274 

steps.  Steps larger than 10 degrees would yield a shorter computing time, but due to the 275 

relatively complex pattern of the temporal coherence function, may cause convergence on a 276 

local maximum rather than the absolute one. 277 

 278 



 

 

5. CASE STUDY AND DATA SET 279 

Since the main priority of this research is increasing PS density in non-urban areas, we selected 280 

Tehran basin, which contains areas primarily covered by vegetation, as a test case. The Tehran 281 

basin suffers from a high-rate of land subsidence and is located in the north of Iran, between 282 

the Alborz Mountains to the north and the Arad and Fashapouye mountains to the south. This 283 

subsidence was first revealed by geodetic observations from precise levelling surveys carried 284 

out across the area between 1995 and 2002 [32]. Due to poor coherence, conventional 285 

interferometry has generally not been successful in measuring deformation. Therefore, a 286 

number of enhanced algorithms based on PSI have been applied to this region [33], [34] and 287 

[35]. We applied our new PolStaMPS method to a 2.6 × 1.2 km portion of the Tehran basin 288 

containing pixels with the highest rate of deformation and covered mostly by agricultural fields 289 

(Figure 1).  290 

 291 

 
 (a)  

 
(b) 

 
Fig. 1 (a) Spatial location of the case study (outlined polygon) over the composite RGB of master image 

(20131211), Channels: R=HH, G=VV, B: Absolute value of the difference between channels. (b) The case 

study (outlined rectangle) with detailed features.  

 292 

1 km 1 km 



 

 

In order to optimise the temporal coherence using polarimetric data, we tasked TerraSAR-X to 293 

acquire dual-polarisation (HH/VV) images. A set of 22 dual-polarisation Strip-map images 294 

from 21 July 2013 to 22 April 2014 were obtained. Azimuth and slant-range resolution are 6.6 295 

and 1.17 m, respectively, whereas pixel dimensions are 2.4 and 0.91 m, respectively. Fig. 2 296 

illustrates the spatial and temporal baselines of all slave images with respect to the master one. 297 

 
Fig. 2.  Spatial baselines vs. temporal baselines of slave images with respect to the master (20131211). 

 298 

6. PolStaMPS RESULTS AND DISCUSSION 299 

 In addition to the linear channels (HH and VV), we also ran StaMPS on the HH+VV channel, 300 

which forms the initial co-polar interferogram in PolStaMPS, 𝛷1EF.Y,n,\  ,  as its phase values 301 

are expected to be more stable over surface scattering areas, e.g. rural ones, than the linear 302 

channels. 303 

Figure 3 displays the polarimetric temporal coherence values as a function of (α, 𝜓) for four 304 

representative pixels with different values of optimum temporal coherence. The shape of the 305 

temporal coherence function is smooth enough to allow numerical methods to approximate the 306 

maximum value. For this reason, a point close to the absolute maximum of the temporal 307 

coherence is first found using a grid search, and then a gradient-based method is used to find 308 

the maximum, hence reducing the computational cost.  309 



 

 

(a)  (b)  

(c) (d) 
Fig .3. Temporal coherence values as a function of  (α, 𝜓) for four representative pixels with different values 

of 𝛾�t�,n. (a) 𝛾�t�,n=0.456, (b) 𝛾�t�,n=0.711, (c) 𝛾�t�,n =0.871, (d)	𝛾�t�,n=0.962. 

Histograms of the estimated  𝛾�t�,n in PolStaMPS and the estimated 𝛾n in standard StaMPS for 310 

initial selected pixels are compared in Figure 4. This comparison shows a significant increase 311 

in the number of pixels with high temporal coherence for the optimum channel, compared to 312 

the HH, VV and HH+VV channels. The increase in coherence will be, in part, due to an 313 

increase in the bias. For instance, coherence estimated on the sea is not zero (as it should be 314 

theoretically) due to the estimation bias in any single channel and, moreover, increases in the 315 

optimum polarimetric combination. To test whether the entire coherence increase can be 316 

explained by an increase in the bias, we check (below) the spatial distribution of the optimum 317 

coefficients, and compare the noise levels of selected points in the original channels to those 318 

in the optimum channel. We note, however, that in any case, the increase in bias should not 319 

lead to more pixels being selected, due to the StaMPS mechanism for pixel selection, which 320 

depends on a comparison of the coherence distribution to that for simulated pixels, rather than 321 

simple thresholding. 322 
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Fig. 4. Histogram of the 𝛾n  and the 𝛾�t�,n  for initial selected pixels related to (a) HH and Optimum channel, 

(b) VV and Optimum channel, (c) HH+VV and optimum channel. Blue and red line indicate the optimum and 

single-pol channel behaviour, respectively. 

 In homogeneous areas, the scattering properties of neighbouring pixels are expected to be 323 

spatially similar. Therefore, if the projection vectors and the optimum coefficients reflect the 324 

actual scattering properties, rather than taking values that just increase the coherence bias of 325 

each pixel, they will generally be spatially smooth. 326 

As can be seen in Figure 5., the estimated coefficients are not randomly distributed and there 327 

is spatial consistency for the distribution of all coefficients, especially  𝑓Y and 𝑓7, which are real 328 

numbers and correspond to the two co-polar interferograms. The coefficient of the first co-329 

polar interferogram, 𝑓Y, which enhances surface scattering behaviour, has large values in most 330 

of the areas. Moreover, a clear complementarity between 𝑓Y and 𝑓7 is observed since where 𝑓Y  331 

is small, 𝑓7 is large.  𝑓� and 𝑓� are complex coefficients for the two cross-polar interferograms 332 

and their maps are similar for amplitude and phase. 333 
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Fig. 5. Maps of optimum coefficients and parameters for an interferogram. (a) 𝑓Y , (b) amplitude of 𝑓� , (c) 

phase of 𝑓� (d) 𝑓7, (e) amplitude of 𝑓� , (f) phase of 𝑓�, (g) 𝛼, (h) 𝜓. 
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The number of final selected PS pixels over the case study using standard StaMPS for different 334 

channels (HH, VV, HH+VV) and PolStaMPS is presented in Table. 1. It is clear that the 335 

increase in the number of PS pixels using the HH+VV channel in standard StaMPS compared 336 

to the linear channels is trivial. However, using PolStaMPS the number increases by 48%, 80% 337 

and 82% with respect to HH+VV, VV and HH channel, respectively. There are some PS pixels 338 

which are not identified by StaMPS with linear channels, but they are selected by both 339 

PolStaMPS and StaMPS with HH+VV. In fact, approximately 40% of the additional PS pixels 340 

that are selected by PolStaMPS with respect to StaMPS with linear channels are also selected 341 

by StaMPS with HH+VV channel. 342 

Table 1. Number of identified PS pixels 343 

HH VV HH+VV Optimum 

26322 26694 32374 47997 

 344 

Figure 6 shows the wrapped phase of selected pixels for optimum interferograms and HH, VV 345 

and HH+VV interferograms. As can be seen, the additional PS pixels in the optimum channel 346 

look clearly coherent. Furthermore, there are some common PS pixels whose phases are less 347 

noisy in the optimum interferogram. In order to assess the phase quality for the interferograms 348 

obtained by PolStaMPS in comparison to the original StaMPS, phase noise is estimated 349 

according to [9]. First, the PS pixels are connected to form a network using Delaunay 350 

triangulation. Then for each arc connecting two PS pixels, a weighted-average phase is 351 

calculated from the entire time series, and removed from the original phase of the arc, which 352 

is then low-pass filtered in time. The resulting phase, with the weighted-average phase added 353 

back in, provides an estimate for the smooth underlying signal. Phase noise is estimated by 354 

subtracting the smooth phase from the original phase of the arc. Finally, the phase noise of each 355 

PS pixel is obtained from the phase noise of its corresponding arcs. Figure 7 shows a 356 

comparison of histograms of phase noise standard deviation for commonly identified PS pixels 357 

in single-polar and optimum channels. The optimum channel shows a 7%, 16% and 17% 358 



 

 

reduction in the number of PS pixels with standard deviation above 0.5 radians with respect to 359 

HH+VV, VV and HH channel. This confirms that, in addition to increasing PS density, the 360 

proposed algorithm is also successful in reducing the noise level of those PS pixels selected by 361 

standard StaMPS, although the reduction in the noise level is less pronounced than the increase 362 

in the number of selected PS pixels. 363 

The resulting velocity maps of PolStaMPS and standard StaMPS are plotted in figure 8. The 364 

pattern of deformation rate is very similar, as expected, but the density of measurements is 365 

greater in the PolStaMPS case. The maximum velocity for this case study is -139.7 mm/year 366 

for the optimum channel. 367 

   
 

 

    



 

 

    

 

 
Fig. 6. A selection of wrapped interferograms formed from available data set acquired using HH, VV, 

HH+VV and Optimum channel over the case study. The master acquisitions date is 11 Dec 2013. Each colour 

fringe represents 1.55 cm of displacement in the LOS. 

  368 

 

(a) 

 

(b) 

 

(c) 
Fig. 7. Histogram of phase noise standard deviation for commonly identified PS pixels between optimum 

channel and (a) HH channel, (b) VV channel and (c) HH+VV channel. Blue and red bar indicate the optimum 

and single-polar channel behaviour, respectively. 
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 (d) 
Fig. 8. Mean LOS velocities on the case study between 21 July 2013 and 22 April 2014 plotted on interferogram 

amplitude,  (a) HH channel, (b) VV channel, (c) HH+VV channel, d) optimum channel.  

The polarimetric PSI method leads to an increase in the number of selected PS pixels when 370 

compared to standard PSI, although this comes with a computational cost. PolStaMPS is 371 

inspired by ESPO and consequently finds the coefficients in the defined search spaces to 372 

optimise the temporal coherence. This leads to an increase in the computation time of ~80 times 373 

with respect to standard StaMPS.  The computation time depends on the defined step in the 374 

search spaces; larger steps decrease the computation time, although they could lead to 375 

convergence on local optima instead of global ones. Optimising the temporal coherence using 376 

other existing optimisation methods, e.g. Union, in which the optimum channel is selected from 377 

1 km 



 

 

a polarimetric channel with limited availability [21], may work with a lower computational 378 

cost, but the solutions are suboptimal. It should be mentioned that PolStaMPS can be applied 379 

over areas larger than the case study in this research, and the computation cost increases 380 

approximately linearly with the number of pixels of the scene.  381 

7. CONCLUSIONS 382 

In this study, we present a new polarimetric PSI approach that i) is applicable in areas lacking 383 

man-made structures and ii) retains the full spatial resolution of the input images.  Using this 384 

technique we are able to identify natural targets that the standard PSI approach fails to select: 385 

the number of PS is improved by 48%, 80% and 82% with respect to the HH+VV, VV and HH 386 

channels, respectively. Moreover, the phase quality of the selected PS pixels is also improved. 387 

We have successfully applied this new algorithm to a rural part of the Tehran basin to monitor 388 

high-rate land subsidence and envisage that it can be used to estimate crustal deformation in 389 

most terrains. Future work should include a comparison of the results and performance of 390 

PolStaMPS with respect to other polarimetric PSI methods. 391 
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