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ABSTRACT 

Proposed work aims to compare the effect of different frequencies and incident angles on hybrid polarimetric 

descriptors. The test site selected for this study is San Francisco area. L-band (AIRSAR and ALOS-2/PALSAR-2) 

and C-band (RADARSAT-2 and RISAT-1) data are collected for this study. The hybrid-pol descriptors such as the 

degree of polarization (DoP), Relative phase (Delta) and ellipticity angle (Chi) have been extracted for comparision. 

The analysis has been performed by taking around 10,000 pixels (100 x100 window) of urban and sea areas. These 

two classes are selected as their scattering response is closer to the dihedral and trihedral targets respectively. For  

AIRSAR L-band data, the distribution peak of DoP, Delta and Chi are around 0.98, +900 and +400 for sea area pixels. 

However, in urban areas, the distribution peak is around 0.80, -750 and -210.  In the ideal case, the values for a dihedral 

point target (dihedral CR) is 1.0, -90o, -450. The reason for the difference is due inhomogeneity in the urban areas. 

Similar values are obtained with ALOS-2 data.. However, the peaks of the histogram deviate from AIRSAR results. 

With C-band RADARSAT-2 simulated hybrid-pol data, no clear peak is observed for Delta in urban areas.  The delta 

values of large pixels are found in the range of -900 to -850. The real hybrid-pol data from RISAT-1 satellite shows 

peak histogram for DoP, Delta and Chi around 0.65, -600, -50 in Urban areas. The results indicate that hybrid-pol 

descriptors are sensitive to the change in frequency and incidence angle of the transmitted wave. 
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1. INTRODUCTION 

In compact polarimetry, only one polarization is transmitted and two orthogonal polarizations are received. Compact 

polarimetry SAR systems retain the relative phase between two received waves. The term compact polarimetry 

alternatively used for the transmission of three different kinds of polarizations; these are the π/4 mode, dual circular 

pol (DCP) and hybrid-pol mode (Souyris et al., 2005). The hybrid mode of compact polarimetry refers to transmission 

of any circularly (left or right) polarized wave and reception of two orthogonal linearly (H&V) polarized signal. 

Sometime this mode is also known as circular transmit and linear receive (CTLR) mode. The hybrid polarimetry mode 

provides a trade of between transmitted power and swath of the data (Raney 2007). Existing quad pol data obtained 

from full pol airborne and satellite platforms can also be simulated to any dual circular or hybrid pol mode. 

Hybrid/compact polarimetry offers several advantages over full polarimetry in terms of lower data rate, wider swath, 

less PRF, low power consumption and simpler antenna configuration (Charbonneau et al., 2010). The importance of 

hybrid-pol parameters obtained from Stokes vector is shown for various application such as oil spill (Haiyan li et al., 

2015) and ship detection (Shirvany et al., 2012), sea-ice detection (Daboor et al., 2014, Singha et al, 2017), agriculture 

(Ballester-Berman & Lopez-Sanchez, 2012) and soil moisture applications (Ponnurangam et al., 2016). The utility of 

relative phase (delta) from Stokes vector is shown for compact-pol phase calibration, feature detection (Raney 2007) 

and wind turbines identification in the ocean (Haiyan li et al., 2013). Haiyan et al., also show that the delta is not 

affected by the wind speed and incidence angle changes. However, when the transmitted wave is not perfectly circular, 

ellipticity angle (chi) is considered as a robust parameter to use (Raney et al., 2012). The estimation of the degree of 

polarization (DoP) and its application for feature identification is given in Shirvany et al., 2013. Similar to quad-pol 

decomposition, in hybrid polarimetry, model based decomposition has been proposed to understand the scattering 

from targets. The basic component of hybrid-pol decomposition is also double-bounce, surface and random scattering.  

In this study, a comparative assessment has been made to see the effect of frequency and incidence angle on hybrid-

pol parameters obtained from different SAR sensors. As the SAR data is collected on different dates, the comparison 

of the results may not be ideal.   

 

 



2. STUDY AREA AND DATASET 

The SAR datasets are collected from airborne and space borne platforms over the San Francisco Bay area, USA. The 

detailed characteristics of SAR data used in this study are given in Table 1. AIRSAR and RADARSAT-2 images used 

in this study are freely available to download in quad-pol mode. L-band AIRSAR image is in STK-MLC format with 

image size of 900 x 1024 rows and columns. RISAT-1 is the first SAR satellite operating in hybrid-pol mode for earth 

observation applications. The fine resolution stripmap-1 (FRS-1) SLC image of RISAT-1 is acquired for this study in 

hybrid-pol. The right circular transmission and linear H & V-pol reception facility are available in RISAT-1 hybrid-

pol data. ALOS-2/PALSAR-2 and RADARSAT-2 SLC images are collected in quad-pol mode. The simulation of 

hybrid-pol data is possible through existing quad-pol data. Details of the hybrid-pol simulation from full-pol are given 

in the following section. ALOS-2/PALSAR-2 and RISAT-1 images are acquired on the same date, i.e. August 09, 

2016 over the San Francisco Bay area. Urban areas, water body and vegetation, are the major land use land cover 

(LULC) in the area. 

 

Table 1: Satellite data acquisition date and parameters 

Date 

DD/MM/YY 

Satellite Incidence 

angle 

Pass Type/Look 

09/08/2016 ALOS-2 30.400 Ascending/Right 

09/08/2016 RISAT-1 38.190 Ascending/Left 

09/04/2008 RADARSAT-2 28.500 Ascending/Right 

 

3. METHODOLOGY 

By considering a coherent dual-polarized right circularly transmitted SAR, the four Stokes parameters in linear 

received polarization basis can be defined in eq. 1-4 (Raney et al., 2012). Where 〈… 〉 represents the ensemble average, 

* is a complex conjugate product, and RH/RV are right circular transmit and linear H & V received.  

𝑆1 = 〈|𝐸𝑅𝐻|2 + |𝐸𝑅𝑉|2〉        (1) 

𝑆2 = 〈|𝐸𝑅𝐻|2 − |𝐸𝑅𝑉|2〉        (2) 

𝑆3 = 2𝑅𝑒〈𝐸𝑅𝐻𝐸𝑅𝑉
∗ 〉         (3) 

𝑆4 − 2𝐼𝑚〈𝐸𝑅𝐻𝐸𝑅𝑉
∗ 〉        (4) 

The first Stokes parameter (𝑆1) is proportional to the total power of received wave. Stokes second parameter (𝑆2) gives 

information about the polarization, whether it is more vertical or horizontal. The third (𝑆3) and fourth (𝑆4) terms 

represents the phase difference between the received polarizations. Left or right-handedness of circular can also be 

determined by fourth Stokes parameter.  

As already mentioned that it is possible to simulate hybrid-pol data from existing quad-pol. The four Stokes parameters 

can be derived from 3x3 covariance [C3] (Raney 2007) or coherency matrix [T3] (Cloude et al., 2012). The 

formulation of [S1, S2, S3 and S4] from [T3] matrix is given in eq. 5. The upper (+) and lower (-) indicates left hand 

and right-hand circular polarization respectively. 

[

𝑆1

𝑆2

𝑆3

𝑆4

] =

[
 
 
 
 
1

2
(𝑡11 + 𝑡22 + 𝑡33) ± 𝐼𝑚(𝑡23)

𝑅𝑒(𝑡12) ± 𝐼𝑚(𝑡13)

𝑅𝑒(𝑡13) ∓ 𝐼𝑚(𝑡12)

𝐼𝑚(𝑡23) ±
1

2
(𝑡22 + 𝑡33 − 𝑡11)]

 
 
 
 

     (5) 

From these four stokes parameters; it is possible to derive the secondary hybrid-pol parameters such degree of 

polarization (DoP), relative phase (delta) and ellipticity angle (chi). 

Degree of polarization (DoP) = 𝑚 = 
√𝑆2

2+𝑆3
2+𝑆4

2

𝑆1
      0 ≤ m ≤ 1   (6) 

Ellipticity (chi) = 𝜒 =  
1

2
sin−1(−𝑆4 𝑚𝑆1⁄ )      -450 𝜒 ≤ +450   (7) 



Relative phases = 𝛿 = atan (
𝑆4

𝑆3
)  -1800 𝛿 ≤ 1800   (8) 

Except for RISAT-1 satellite data, which is already acquired in hybrid-pol, for all other sensors Stokes parameters are 

simulated from quad-pol data. The preprocessing steps for quad-pol data involve multi-looking and coherency matrix 

[T3] generation followed by speckle removal (Refined LEE filter, window: 5x5). Stokes vector is generated from the 

[T3] matrix as given in eq. 5. RISAT-1 data is multilooked at the time of 2x2 covariance [C2] matrix generation. 

Inherent speckle noise of RISAT-1 data is suppressed by applying Refined LEE filter of window 5x5. Stokes vector 

has been generated from [C2] matrix followed by hybrid-pol parameter extraction from RISAT-1 data. 

4. RESULTS AND DISCUSSION 

The DoP, delta and chi parameters are extracted from different SAR datasets. For this, an approximately common 

region of interest (ROI) is drawn over water body (sea) and built up areas (mainly building and roads) in the study 

area. The analysis has been performed by taking around 10,000 pixels (100 x100 window) of urban and sea areas. 

These two classes are selected as their scattering response is closer to the dihedral and trihedral targets. Figure 1 shows 

the RGB colour composite image over the study area. Built up areas, ocean surface and vegetation features can be 

seen clearly. 

 

Figure 1. Pauli RGB colour composite image over the San Francisco Bay area for four different sensors (a) RISAT-1 Raney RGB 

(b) RADARSAT-2 (c) ALOS-2/PALSAR-2 (d) AIRSAR. Red Boxes indicates the region of interest taken for analysis. 

4.1 Hybrid-pol Parameters for Ocean Surface 

Figure 2 shows DoP, delta and chi parameters extracted from the sea surface in row 1, 2 and 3 respectively. DoP is 

very important parameter to characterize partially polarized wave. For RISAT-1, the peak of DoP histogram can be 

observed near to 0.6, whereas for RADARSAT-2 its closer to 0.9. The peak of DoP histogram for L-band ALOS-2 

and AIRSAR is around 0.7 and 0.98 respectively. It has been observed as that the DoP values are confined to the very 

narrow range of values and variance is very low. The relative phase (delta) for the trihedral or odd bounce type of 

target should be closer to +900. The peak of histograms for different SAR systems in Figure. 2 shows that delta peaks 

are 900 in AIRSAR, ALOS-2 and RADARSAT-2 data. However, for RISAT-1 it is around 1060. The number of pixels 

from ocean surface are also concentrated in a narrow range for AIRSAR and RADARSAT-2, whereas for RISAT-1 

and ALOS-2 the pixels are distributed over a wider range. The received ellipticity angle histogram shows that peak is 

near to 400 for AIRSAR data, 320 for ALOS-2 data, 370 for RADARSAT-2 and 280 for RISAT-1 data. The variance 

in the distribution of ellipticity angle is also observed higher in RISAT-1 and ALOS-2 compared to the AIRSAR and 

RADARSAT-2 data. The major reason for the difference among SAR sensors and deviation from ideal value is the 

distributed nature of targets and sensor look direction and incidence angle. The ideal values mentioned are for point 

targets. However, backscattering from  ocean surface and urban areas is the combination of scattering from multiple 

targets within pixel. Another probable cause of deviation in RISAT-1 data is the non-circularity of the transmitted 

signal. The comparison of RISAT-1 and ALOS-2 histograms for all the hybrid parameters in Figure 2 shows that 

effect of frequency as well as incident angle on these descriptors as both the images are acquired on the same date. 



 

Figure 2. Histograms of DoP (first row), Delta (second row) and Chi (third row) over water area (sea surface) of San Francisco 

area for different SAR data sets. 

4.2 Hybrid-pol Parameter for Urban areas  

The response of hybrid parameters over urban area is shown in Figure 3. The Urban ROIs mainly consist of built-up 

area and roads. The DoP, Delta and Chi plots are not smooth for urban areas as compared to ocean observations. This 

is mainly due to the homogeneity of the ocean surface in comparison to urban features. This can be observed in the 

plots of DoP values, where histogram peak can be seen at around 0.6 for RISAT-1 and ALOS-2. The histogram peak 

for RADARSAT-2 and AIRSAR is near to 0.8. The relative phase (delta) peaks come in negative value range which 

is an indicator of double bounce scattering from Urban targets. Effect of radar signal frequency can be seen on the 

histogram of the delta. A clear peak is observed in the histogram of L-band ALOS-2 and AIRSAR data near -450 and 

-800, whereas in C-band RISAT-1 and RADARSAT-2 a clear peak of the delta is not visible. However, the maximum 

value of delta is occurred at -480 for RISAT-1 and at -880 for RADARSAT-2 data. 

Figure 3. Histograms of DoP (first row), Delta (second row) and Chi (third row) over Urban areas of San Francisco area for 

different SAR data sets. 



The one probable causes of similarity between RISAT-1 and ALOS-2 derived hybrid-pol parameters almost same of 

time of data acquisition. Hence, Urban features are almost in the same state on these acquisition dates. However, there 

may be few chances of different wind conditions over the ocean surface.  

5. CONCLUSION 

The result obtained from this study indicates that hybrid-pol parameters such as DoP, delta and chi can distinguish 

the ocean surface with urban areas. The distributed nature of targets and non-circularity of the transmitted wave may 

be the reason for the shift in the histogram peaks from ideal values. The results indicate that hybrid-pol descriptors 

are sensitive to the change in frequency and incidence angle of the transmitted wave. The best way one can compare 

different SAR systems using using dihedral and dihedral corner reflectors response. 
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