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ABSTRACT  

Forests comprise of the largest part of vegetation on Earth. Biomass is a measure of carbon dioxide 

emission, a significant contributor to global warming. The carbon content in the atmosphere can 

be measured using the stem volume and Above Ground Biomass (AGB). There are various 

methods to find out the biomass in the environment like in-situ measurements which comes across 

destructive and non-destructive methods, and also using remote sensing methods. Microwave 

remote sensing can be used for estimating the biomass and also have a great advantage, since it can 

penetrate through the canopy because of its longer wavelength. In polarimetric SAR, different 

polarization channels signifies the information about the target that has been interacting, 

combination of the entire polarized wave i.e. HH, HV, VH and VV; where HH and VV are called 

Co-Polarized and HV and VH are called Cross-Polarized channels; gives a potential way to find 

out the forest biophysical characteristics. RADARSAT-2 has the capability of acquiring all 

combination of polarized wave. C-band of Radarsat-2 have a wavelength of 5.5cm approximately 

have been extensively used for estimating biophysical parameter. Traditionally the cross polarized 

channels are assumed to be identical which signifies the condition of reciprocity. Many Polarimetric 

decomposition models have been made which consider the property of reciprocity condition. 

Cloude and Pottier proposed Eigen decomposition technique based on the eigenvalues and 

eigenvectors of the coherency matrix. The degree of randomness of the scattering process is 

described by entropy, anisotropy is the complementary of entropy which gives further 

distinguishable scattering processes and mean alpha angle describes the dominant scattering 

mechanism. Previous research have shown the potential of coherency matrix, under reciprocity 

condition, for evaluating the forest biophysical parameters like stem volume and biomass. The 

polarimetric scattering entropy retrieved from the coherency matrix under reciprocity and non-

reciprocity condition were used to investigate relationships with AGB.   Regression modelling has 

been used to estimate biomass by correlating polarimetric entropy and aboveground biomass. 

Keywords: RADARSAT-2, Reciprocity, Entropy, AGB, Eigen decomposition, Polarimetric 

SAR. 
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1. INTRODUCTION 

1.1. Background 

Forests comprise of the largest part of vegetation on Earth. Biomass is a measure of carbon dioxide 

emission, a significant contributor to global warming. RADAR stands for Radio Detection and 

Ranging; radar remote sensing utilizes the microwave region of wavelength 1mm to 1.3m of the 

electromagnetic spectrum (EMR) [1]. Extraction of  forest physical parameters from the observed 

scattering of microwaves by surface and volume structure have great deal of interest in polarimetry 

for radar remote sensing.[2]. Polarization is the orientation of the wave’s electric field at a point in 

space over one period of oscillation. To determine the backscatter coefficients of radar echoes, for 

any transmit and receive polarizations, polarimetry techniques are used[3]. In synthetic aperture 

radar (SAR) the method of processing the returned echoes to improve the azimuth resolution 

allowing the spatial resolution of image scene is used [4].  

SAR imaging is a well-developed coherent and microwave remote sensing technique for providing 

large-scaled two-dimensional (2-D) high spatial resolution images of the Earth’s surface 

reflectivity[5]. In SAR polarimetry, the polarized waves that are transmitted and received have 

specific polarization. Single polarization transmits horizontal (H) or vertical (V) polarization and 

receive the corresponding horizontal or vertical. Similarly in dual-polarized SAR there are four 

components HH, HV transmitted by H and VV, VH transmitted by V, were HH and VV are called 

co-polarized and HV and VH are called cross polarised, in a fully polarized all the four components 

are used[5]. 

Backscatter is the signal received by the sensor from the incident energy coming from the objects 

on the ground. Backscatter of the radar waves defines the features in the ground based on their 

dielectric property, surface roughness, water content and incident angle. 

Backscattering property of the target object can be described by a scattering matrix, S.  

     𝑆 = [
𝑆𝐻𝐻 𝑆𝐻𝑉

𝑆𝑉𝐻 𝑆𝑉𝑉
]     (1-1) 
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The scattering matrix describes the transformation of electric field of the incident wave to the 

electric field of the scattered wave [3].  In order to extract physical information about the target, 

vectorization of scattering matrix is done [6]. In reflection symmetry the cross polarized channels 

HV and VH are assumed to be identical in the case of space borne SAR systems, for which the 

Pauli matrix is 

     𝑘 =
1

√2
[

𝑆𝐻𝐻 + 𝑆𝑉𝑉

𝑆𝐻𝐻 − 𝑆𝑉𝑉

2𝑆𝐻𝑉

]     (1-2) 

The matrix defines three parameters i.e. Surface scattering(SHH+SVV), Double Bounce 

scattering(SHH-SVV) and volume scattering(2SHV)[2]. 

The covariance matrix and the coherency matrix, are the second order derivative of scattering 

matrix, vectorization of scattering matrix is used. In the coherency matrix, the scattering matrix is 

vectorised by using Pauli based vector [3]. 

            𝑇3 = 𝐾.𝐾∗𝑇                      (1-3) 

Here T3 is a 3×3 coherency matrix which uses the reflection symmetry polarimetric parameters. To 

retrieve the amount of scattering information from a coherency matrix a decomposition model 

such as Freeman and Durden, Yamaguchi, Dong is used [6]. 

Previous works have focused on reflection symmetry based polarimetry for the retrieval of forest 

biophysical characteristics. The current research focuses on retrieving these parameters using non-

reflection based polarimetry. The cross-pol channels in non reflection symmetry based polarimetry 

are not assumed to be identical. Yamaguchi et al [7] have focused their research on a scattering 

model that decomposes the elements of a coherency matrix using four components (single bounce, 

double bounce, volume scattering and helix). Their method of decomposition takes into 

consideration the non reflection symmetry based concepts of polarimetry. The central concept of 

Chen et al.’s [8] research was to reduce the over estimation of volume scattering due to orientation 

angle shift. It is difficult to synthesize the orientation angle to zero in reflection symmetry but is 

not the case in non reflection symmetry as orientation angle shift is not a major concern in non 

reflection symmetry based polarimetry. The current research focuses on the retrieval of forest 

biophysical characteristics using non reflection symmetry based polarimetry. 
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1.2. Motivation and Problem Statement 

Previous works have focused on reflection symmetry based polarimetry for the retrieval of forest 

biophysical characteristics. The current research focuses on retrieving these parameters using non-

reflection based polarimetry. The cross-pol channels, in non reflection symmetry based 

polarimetry, are not assumed to be identical. The coherency matrix is a second order derivative of 

scattering matrix where all possible scattering information can be retrieved. Cloude and Pottier has 

proposed Eigen decomposition providing physical information, but for simplification three 

secondary parameters are derived from the eigenvector and eigenvalue functions, i.e. entropy (H), 

anisotropy (A) and mean alpha angle (α) [9]. The current research focuses on the retrieval of forest 

biophysical characteristics using non reflection symmetry based polarimetry. 

1.3. Research Identification 

1.3.1. Research Objectives 

To retrieve scattering information contributed by forest vegetation and modelling for biophysical 

characterization using concept of non-reflection symmetry in PolSAR data. 

 

Sub-objectives:  

 To generate decomposition model for 4×4 coherency matrix. 

 To retrieve the scattering elements from both 3×3 coherency matrix and 4×4 coherency matrix. 

 To derive scattering parameters which will be used for estimating forest biophysical parameter. 

 Test the feasibility of non-reflection symmetry based polarimetric technique for retrieval of 

forest characteristics 

1.3.2. Research Questions 

To reach the above objective the following questions need to be answered. 

1. Which technique can decompose a 4×4 coherency matrix? 

2. Which scattering parameters will be needed for biomass estimation? 

3. To what degree are non reflection symmetry based polarimetry parameters different from 

reflection symmetry based parameters? 

4. Can non reflection symmetry be used for retrieval of forest biophysical characteristics? 

5. How viable is the non reflection symmetry based polarimetry technique for estimating forest 

biophysical parameters in comparison to the results obtained by the field data?  
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2. LITERATURE  REVIEW 

2.1. SAR Polarimetry 

Radar stands for Radio Detection and Ranging. The principle behind radar is it will measure the 

distance to an object by transmitting electromagnetic signal and receive the reflected signal from 

the object. Electromagnetic waves propagates at speed of light, if one can measure the propagation 

time(t) from sensor to object and also its echo, then it is easily to calculate the range(R) as 

𝑅 =
1

2
𝑐𝑡      (2-1) 

C is speed of light in vacuum. A radar system transmits radar signals of known wavelength, 

amplitude, phase and polarization. Figure 2-1 shows the three components in electromagnetic wave 

i.e. electric field(E), magnetic field(M) and speed of light(C), where electric and magnetic field are 

orthogonal to each other which are described by Maxwell’s equations[10]. 

 

Polarization describes the regularity of electric and magnetic field component of the 

electromagnetic wave. In polarization, electric field has two components horizontal and vertical, 

combining these two components yields a net electric field vector [11].  

 
Figure 2-1: Fundamental behaviour of electromagnetic wave consisting Electric field (E), 

Magnetic field (M) and Speed of light (c). 

Radar transmit microwave radiation according to which it is designed to transmit either horizontal 

(H) or vertical (V) polarized. A Radar polarimetry is the analysis of these transmitted polarized 

wave and its combination[12]. 

Using these radars there can be four combination of polarization which transmit and receives the 

polarized wave. 
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 HH - Horizontal transmit and horizontal receive 

 VV - Vertical transmit and vertical receive 

 HV - Horizontal transmit and vertical receive 

 VH -  Vertical transmit and horizontal receive 

HH and VV are referred as like-polarized or co-polarized since they transmit and receive 

polarization of the same. HV and VH are called as cross-polarized since they transmit and receive 

polarization of opposite to one another. In a fully polarimetric all the four components are used[9]. 

Synthetic Aperture Radar (SAR) polarimetric acquires four images each one of the component i.e. 

HH, VV, HV, and VH. The information in SAR polarimetry can consist about frequency, intensity 

or polarization of the electromagnetic wave. The interaction between the surface, the 

electromagnetic waves and the atmosphere depends on the frequency of the waves. Based on their 

transmission a SAR system can have single polarized consisting HH or HV or VH or VV, dual 

polarized i.e. HH and VV or HH and HV or VV and VH, and quad polarized transmit and receive 

all polarization [4][10]. 

2.2. Scattering Matrix 

When a target is being interacted with any polarized wave (either horizontal or vertical) the scattered 

wave from the target can have both horizontal and vertical polarized wave. A scattering matrix, S, 

describes the backscattering property of the target which will have a complete basis set of 

electromagnetic wave. 

[
𝐸ℎ

𝑠

𝐸𝑣
𝑠] = [

𝑆ℎℎ 𝑆ℎ𝑣

𝑆𝑣ℎ 𝑆𝑣𝑣
] [

𝐸ℎ
𝑖

𝐸𝑣
𝑖
]     (2-2) 

Where 𝐸𝑆  and 𝐸𝑖  are electric field of scattered wave and incident wave respectively. Since the 

elements in the scattering matrix are complex they are measured by magnitude and phase from its 

corresponding channel in the radar system[13], [14]. 

The scattering response from the target depend upon the geometry and reflectivity property of the 

target. Surface scattering is modelled when surface is meant to be rough or plane, Double bounce 

is modelled when the polarized wave is reflected from orthogonal surface, and Volume scattering 

is defined when the polarized wave are completely scattered a canopy layer (Figure 2-2) [1]. 
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Figure 2-2: Scattering mechanism (a) Surface Scattering, (b) Double Bounce scattering, and (c) 

Volume scattering. 

 

Using Polarimetric SAR (PolSAR) it becomes easier to extract all the possible scattering 

information from single SAR resolution cell. The scattering information can be derived using 

PolSAR decomposition model. 

 

2.3. Scattering target vector 

In order to extract physical information of the target, vectorization of scattering matrix is done, 

which yields to a target vector [6]. In polarimetric radar literature there are two bases which favor 

in the vectorization of scattering matrix which are, Lexicographic basis (𝜓𝐿) and Pauli spin matrix 

set (𝜓𝑃)[9][15]. 

A complex Pauli spin matrix basis setis given by 

   {𝜓𝑃} = {√2 [
1 0
0 1

] √2 [
1 0
0 −1

]√2 [
0 1
1 0

] √2 [
0 −𝑗
𝑗 0

]}           (2-3) 

Its corresponding pauli feature vector K is, 

     𝑘 =
1

√2
[

𝑆𝐻𝐻 + 𝑆𝑉𝑉

𝑆𝐻𝐻 − 𝑆𝑉𝑉

𝑆𝐻𝑉 + 𝑆𝑉𝐻

𝑗(𝑆𝐻𝑉 − 𝑆𝑉𝐻)

]     (2-4) 

The second basis is the lexicographic matrix basis set (𝜓𝐿) which is given by 

 

   {𝜓𝐿} = {2 [
1 0
0 0

] 2 [
0 1
0 0

] 2 [
0 0
1 0

] 2 [
0 0
0 1

]}   (2-5) 

Its corresponding lexicographic feature vector Ω is, 

      𝛺 = [

𝑆𝐻𝐻

𝑆𝐻𝑉

𝑆𝑉𝐻

𝑆𝑉𝑉

]       (2-6) 
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2.4. Coherency and Covariance 

In a dynamically changing environment many targets situated are dependent on the temporal and 

spatial variations, with which many scatters are comparable with partially polarized waves. For 

which, a second order moments can be extracted from coherency(T) and covariance(C) matrix 

which will evolve the different scatters which are involved in the radar targets[9]. 

The second order moment of a matrix is derived by multiplying the first order feature vector to its 

complex conjugate. 

𝑇 = 〈𝑘. 𝑘∗𝑇〉 and 𝐶 = 〈𝛺. 𝛺∗𝑇〉 

Traditionally the concepts of reciprocity have been used in second order derivative of scattering 

matrix. In reciprocity, the cross polarized channels are assumed to be identical or symmetrical i.e. 

SHV=SVH[1], [9], [16]–[18]. Under this assumption the second order moment of the scattering matrix 

will be a 3×3 matrix given as, 

   [𝑇3] = 〈𝑘. 𝑘∗𝑇〉 =
1

2
[[

𝑆𝐻𝐻 + 𝑆𝑉𝑉

𝑆𝐻𝐻 − 𝑆𝑉𝑉

2𝑆𝐻𝑉

] × [𝑆𝐻𝐻 + 𝑆𝑉𝑉 𝑆𝐻𝐻 − 𝑆𝑉𝑉 2𝑆𝐻𝑉]]  (2-7) 

 

[𝑇3] =
1

2
[

< |𝑆𝐻𝐻 + 𝑆𝑉𝑉|2 > < (𝑆𝐻𝐻 + 𝑆𝑉𝑉)(𝑆𝐻𝐻 − 𝑆𝑉𝑉)∗ > < 2(𝑆𝐻𝐻 + 𝑆𝑉𝑉)𝑆𝐻𝑉
∗ >

< (𝑆𝐻𝐻 − 𝑆𝑉𝑉)(𝑆𝐻𝐻 + 𝑆𝑉𝑉)∗ > < |𝑆𝐻𝐻 − 𝑆𝑉𝑉|2 > < 2(𝑆𝐻𝐻 − 𝑆𝑉𝑉)𝑆𝐻𝑉
∗ >

< 2𝑆𝐻𝑉(𝑆𝐻𝐻 + 𝑆𝑉𝑉)∗ > < 2𝑆𝐻𝑉(𝑆𝐻𝐻 − 𝑆𝑉𝑉)∗ > < 4|𝑆𝐻𝑉|2 >

] (2-8) 

and 

         [𝐶3] = [[

𝑆𝐻𝐻

√2𝑆𝐻𝑉

𝑆𝑉𝑉

] × [𝑆𝐻𝐻 √2𝑆𝐻𝑉 𝑆𝑉𝑉]]     (2-9) 

 

   [𝐶3] = [

〈|𝑆𝐻𝐻|2〉 √2〈𝑆𝐻𝐻𝑆𝐻𝑉
∗ 〉 〈𝑆𝐻𝐻𝑆𝑉𝑉

∗ 〉

√2〈𝑆𝐻𝑉𝑆𝐻𝐻
∗ 〉 2〈|𝑆𝐻𝑉|2〉 √2〈𝑆𝐻𝑉𝑆𝑉𝑉

∗ 〉

〈𝑆𝑉𝑉𝑆𝐻𝐻
∗ 〉 √2〈𝑆𝑉𝑉𝑆𝐻𝑉

∗ 〉 〈|𝑆𝐻𝐻|2〉

]               (2-10) 

 

This research consider the concepts of non-reciprocity, where the cross polarized channels are 

supposed to be not identical i.e. SHV≠SVH. Using this the second order moment of scattering matrix 

will be a 4×4 matrix given by, 
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[𝑇4] = 〈𝑘. 𝑘∗𝑇〉 =

1

2

[
 
 
 
 

< |𝑆𝐻𝐻 + 𝑆𝑉𝑉|2 > < (𝑆𝐻𝐻 + 𝑆𝑉𝑉)(𝑆𝐻𝐻 − 𝑆𝑉𝑉)∗ > < (𝑆𝐻𝐻 + 𝑆𝑉𝑉)(𝑆𝐻𝑉 + 𝑆𝑉𝐻)∗ > < −𝑗(𝑆𝐻𝐻 + 𝑆𝑉𝑉)(𝑆𝐻𝑉 − 𝑆𝑉𝐻)∗ >

< (𝑆𝐻𝐻 − 𝑆𝑉𝑉)(𝑆𝐻𝐻 + 𝑆𝑉𝑉)∗ > < |𝑆𝐻𝐻 − 𝑆𝑉𝑉|2 > < (𝑆𝐻𝐻 − 𝑆𝑉𝑉)(𝑆𝐻𝑉 + 𝑆𝑉𝐻)∗ > < −𝑗(𝑆𝐻𝐻 − 𝑆𝑉𝑉)(𝑆𝐻𝑉 − 𝑆𝑉𝐻)∗ >

< (𝑆𝐻𝑉 + 𝑆𝑉𝐻)(𝑆𝐻𝐻 + 𝑆𝑉𝑉)∗ > < (𝑆𝐻𝑉 + 𝑆𝑉𝐻)(𝑆𝐻𝐻 − 𝑆𝑉𝑉)∗ > < |𝑆𝐻𝑉 + 𝑆𝑉𝐻|2 > < −𝑗(𝑆𝐻𝑉 + 𝑆𝑉𝐻)(𝑆𝐻𝑉 − 𝑆𝑉𝐻)∗ >

< 𝑗(𝑆𝐻𝑉 − 𝑆𝑉𝐻)(𝑆𝐻𝐻 + 𝑆𝑉𝑉)∗ > < 𝑗(𝑆𝐻𝑉 − 𝑆𝑉𝐻)(𝑆𝐻𝐻 − 𝑆𝑉𝑉)∗ > < 𝑗(𝑆𝐻𝑉 − 𝑆𝑉𝐻)(𝑆𝐻𝑉 + 𝑆𝑉𝐻)∗ > < |𝑆𝐻𝑉 − 𝑆𝑉𝐻|2 > ]
 
 
 
 

  

                        (2-11) 

and 

 [𝐶4] = 〈𝛺. 𝛺∗𝑇〉 =
1

2

[
 
 
 
 
< |𝑆𝐻𝐻|2 > 〈𝑆𝐻𝐻𝑆𝐻𝑉

∗ 〉 〈𝑆𝐻𝐻𝑆𝑉𝐻
∗ 〉 〈𝑆𝐻𝐻𝑆𝑉𝑉

∗ 〉

〈𝑆𝐻𝑉𝑆𝐻𝐻
∗ 〉 < |𝑆𝐻𝑉|2 > 〈𝑆𝐻𝑉𝑆𝑉𝐻

∗ 〉 〈𝑆𝐻𝑉𝑆𝑉𝑉
∗ 〉

〈𝑆𝑉𝐻𝑆𝐻𝐻
∗ 〉 〈𝑆𝑉𝐻𝑆𝐻𝑉

∗ 〉 < |𝑆𝑉𝐻|2 > 〈𝑆𝐻𝐻𝑆𝑉𝑉
∗ 〉

〈𝑆𝑉𝑉𝑆𝐻𝐻
∗ 〉 〈𝑆𝑉𝑉𝑆𝐻𝑉

∗ 〉 〈𝑆𝑉𝑉𝑆𝑉𝐻
∗ 〉 < |𝑆𝑉𝑉|2 >]

 
 
 
 

              (2-12) 

 

2.5. Target decomposition theorem  

In order to determine various scattering mechanism which are involved by the scattering matrix, 

target decomposition theorems are applied. The decomposition techniques were basically comes 

under two group’s i.e. coherent and incoherent target decomposition. 

2.5.1. Coherent decomposition 

The scattering information from coherent decomposition are derived from the understanding of 

the scattering matrix. Many known coherent target decomposition theorems which were proposed 

by Pauli, Cameron and krogager. Pauli decomposition theorem decomposed the scattering matrix 

into three scattering mechanism under reciprocity condition: Surface scattering (Single or Odd 

bounce), Double bounce scattering (Even bounce scattering), Volume scattering. 

Krogager in [19]developed a decomposition which decomposes the scattering matrix into three 

coherent components having physical interpretation in terms of sphere, diplane and helix target 

under a change of orientation angle. The decomposition method takes the scattering matrix of the 

target and then transformed by a rotation operator, due to orientation of the target towards the 

antenna is not always aligned, and decompose into three scattering mechanism. 

2.5.2. Incoherent decomposition 

Incoherent decomposition decomposes second order derivative matrices i.e. coherency matrix and 

covariance matrix for describing the complex scattering behaviour of the targets. Significant 

incoherent decomposition was proposed by Freeman and Durden and Yamaguchi. 

Freeman and Durden in [16] proposed a three component scattering model for polarimetric SAR 

data, with the assumptions of reciprocity, the second order derivative scattering matrix is 

decomposed into three components. Using three scattering mechanism, first the Bragg scatter from 
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rough surface; second the double bounce from orthogonal surface having different dielectric 

constant; and canopy scatter from cloud of randomly oriented dipoles, the decomposition will 

make to discriminate between dense and sparse forest, scattering mechanism. The model-fitting 

approach on polarimetric SAR data works well without the ground truth data. 

Yamaguchi et al., in [20][21][22][23]proposed a four component decomposition model which uses 

both 3×3 coherency matrix and 3×3 covariance matrix which deals with the assumption of non-

reciprocity case. The decomposition model is an extension to Freeman and Durden decomposition 

model in this he involved another scattering element Helix which was introduced by krogager. 

Yamaguchi et al., in [20] also gave their contribution towards volume scattering matrix in the four 

decomposition model according to the magnitude of the backscattering. Volume scattering is 

dominant to vegetated areas due to its vertical structure, for which a new probability distribution 

is applied to the covariance matrix and two covariance matrixes from horizontal and vertical 

scatters are averaged. According to which Yamaguchi proposed appropriate volume scattering 

covariance matrix according to the magnitude difference. 

Cloude and Pottier in [24] proposed a decomposition technique based on the eigenvalues and 

eigenvectors of the coherency matrix. Different scatter process is described by the eigenvector 

analysis and their relative magnitude information is obtained by eigenvalue analysis [25]. The 

concepts was evolved to scattering matrix parameter of the target by employing three level 

Bernoullli statistical model [9]. This method was based on the eigenvalue analysis of the 3×3 

coherency matrix [24]. The eigen decomposition analysis provides physical information, but for 

simplification three secondary parameters are derived from the eigenvector and eigenvalue 

functions, i.e. entropy (H), anisotropy (A) and mean alpha angle (α) [9]. The degree of randomness 

of the scattering process is described by entropy, anisotropy is the complementary of entropy which 

gives further distinguishable scattering processes and mean alpha angle describes the dominant 

scattering mechanism [11]. Using eigen decomposition many classifications techniques were also 

developed to identify man made structure [26], [27] and forest parameters [28].  

 

2.6. Methods of  Estimating Forest Biophysical Parameters 

 

Biomass is a measure of carbon dioxide emission, a significant contributor to global warming. 

Biomass can be measured using different techniques like in-situ measurements, which comes again 

with destructive and non-destructive methods of estimating, and estimating by remote sensing data. 
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Destructive methods of estimating biomass deals with harvesting the vegetation like trees, trunks 

and stem. The harvested materials are then dried up and then biomass is calculated, these kind of 

methods cannot be used for regular use, but the intension of the destructive method is to calculate 

the biomass for different kind of species. 

Non-destructive methods of estimating the biomass deals with the characteristics of the tree like 

height of the tree, Diameter at Breast Height (DBH), and basal area. These components are used 

in empirical formulas to estimate the biomass. Non-destructive methods are time consuming when 

it comes to a dense forest but still is better than the destructive methods. 

Apart from the in-situ measurements, many conventional methods and approaches are derived to 

retrieve the biomass using remote sensing data. A semi-empirical model was developed by Attema 

et al. in [29], water cloud model (WCM) which will model the backscatter from the canopy. The 

model considers only the interaction of surface and the canopy; it does not consider the scattering 

came from the canopy gaps [29]. 

Santoro et al. [30] developed interferometric WCM which is similar to the WCM which uses the 

coherence generated from multi-temporal interferometric SAR data and then stem volume is 

retrieved [30]. Another contribution by Santoro was retrieval of stem volume from JERS-1 HH 

polarization for which he used the inversion of WCM to include radar backscatter from the canopy 

gaps[31]. 

Mette et al. [32] have estimated the biomass and height using polarimetric interferometric SAR data 

in L-band. Mette used a model inversion technique on Random Volume Over Ground (RVOG). 

Using the estimated height, biomass is retrieved using the height-biomass allometric equation [32].  

Regression modelling in [33]–[39] has also been used to estimate biomass by correlating Radar 

backscatter coefficient and biophysical parameter, like aboveground biomass, stem volume and 

basal area. Hoekman et al. [33] have worked with AirSAR C-, L- and P-band data, in which 

comparison between the backscatter of C-, L-, and P-band to the onsite Biomass measurement. A 

quantitative analysis by Hoekman showed there is a good correlation between the L- and P-band 

with the above ground biomass up to ~200 tons/ha. Dobson in [34] showed Regression analysis 

which was carried out between the backscattering values and aboveground biomass. The 

backscatter coefficient (σ°), retrieved from sample plots at HH, VV, VH and HV were used to 

investigate relationships with aboveground tree biomass. Highest sensitivity of the biomass was 

shown by the polarization which are more sensitive to specular scattering mechanism from the 

trunk and the ground surface, i.e. HH and HV. The linear regression analysis showed the biomass 

have a saturation point upon the backscatter, depending on the wavelength i.e. P- and L-band, with 

a region of 100-200 tons/ha.  
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3. STUDY AREA 

3.1. Introduction  

The study area, Barkot forest, is located in the valley next to the foothills of the Himalayas in 

India and is located at around 40 km away from Dehradun city. The study area lies between 

30.03º - 30.16 º N latitude and 78.07 º - 78.19 º E longitude.  

3.2. Significance of  the study area 

The area is known as Barkot and has a relatively flat terrain which does not require the use of 

external Digital Elevation Model (DEM). The elevation range of the Barkot forest ranges from 

300 to 600m. The Barkot Forest area has also been chosen as it is dominated by Sal (Shorea 

robusta) forests and its dense canopy makes it useful for studying volume scattering. The 

ground stem interactions (double bounce) that take place within the vegetative layer can also 

be observed making this particular area viable for studying the various scattering mechanisms 

that take place within a forest. Figure 3-1 shows the Fire line which is generally a strip of cleared 

land used for to arrest the advance of a fire. The climate of the area is moderate because the 

area is at the foothills of the Himalayas. 

 

 
 

Figure 3-1: Forest Fire line 
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Figure 3-2: Barkot forest, Rajaji National Park, Study area (Source: IRS ResourceSat-2 sensor 14 

October 2012) 
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4. MATERIALS AND METHODOLOGY 

4.1. Methodology Flow Chart 

The Figure 4-1 shows the methodology used in present study. 

 

 
 

Figure 4-1: Methodology Flow chart. 
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4.2. Dataset Description 

The data used in current study is of RADARSAT-2 in C-band. RADARSAT-2 is an earth 

observation satellite launched by Canadian Space Agency (CSA). The radarsat-2 data is provided 

by SOAR (Science and Operational Applications Research for Radarsat-2) program, for research 

and testing purposes, which is a joint program between MacDonald Dettwiler and Associates Ltd. 

and Canadian government through the CSA and Natural Resources Canada’s centre for remote 

sensing (CCRS) [40]. The satellite has a multiple polarization modes which includes a fully 

polarimetric mode in which a Quad (HH, HV, VH and VV) polarized data are retrieved [41]. The 

description of the dataset is given in table 4-1. 

Table 4-1: Data characteristics. 

Sensor RADARSAT-2 

Acquisition date 04-Mar-2013 00:44:48 

Wavelength 5.6cm 

Polarisation HH+HV+VV+VH 

Orbit direction Descending 

Orbit Number 27246 

Incidence Angle 40º 

Centre Latitude 30.1709 

Centre Longitude 78.1865 

 

 

4.3. Data Preprocessing  

The data acquired from radarsat-2 is in quad-polarization (HH, HV, VH and VV) having C-band 

data. The acquired radar data is projected in slant range geometry, which is the datasets are in SLC 

(Single look Complex) format, generally described by two spatial resolutions projected in a SAR 

system, i.e. Azimuth resolution and Range resolution. The resolution measured along the flight 

path is azimuth whereas the complimentary measurement is described by range resolution. Due to 

the slant range geometry of radar data, distortions can be observed in the images, where the objects 

appearing under near range will look like compressed compared to the object that are in far range. 

To overcome the distortion, the slat range geometry is converted to ground range plane, this 

process is called as Multilooking. Figure 4-2 shows the multilooked image of SLC format data of 

the study area. 
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                             (a)                                                                          (b) 

Figure 4-2: (a) SLC Image and (b) Multilook Image. 

 

4.4. 3×3 Coherency matrix generation 

Under the condition of reciprocity, the Pauli matrix into it complex conjugate transpose. Were the 

cross polarized channels are assumed to be identical; a T3 coherency matrix is generated. This 

coherency matrix is retrieved by multiplying  

 𝐾 =
1

√2
[

𝑆𝐻𝐻 + 𝑆𝑉𝑉

𝑆𝐻𝐻 − 𝑆𝑉𝑉

2𝑆𝐻𝑉

] (4.1) 

                                                       𝑇3 = 𝐾.𝐾∗𝑇 (4.2) 

 

𝑇3 =
1

2
[

< |𝑆
𝐻𝐻

+ 𝑆𝑉𝑉|
2

> < (𝑆
𝐻𝐻

+ 𝑆𝑉𝑉)(𝑆𝐻𝐻
− 𝑆𝑉𝑉)

∗
> < 2(𝑆

𝐻𝐻
+ 𝑆𝑉𝑉)𝑆𝐻𝑉

∗ >

< (𝑆
𝐻𝐻

− 𝑆𝑉𝑉)(𝑆𝐻𝐻
+ 𝑆𝑉𝑉)

∗
> < |𝑆

𝐻𝐻
− 𝑆𝑉𝑉|

2
> < 2(𝑆

𝐻𝐻
− 𝑆𝑉𝑉)𝑆𝐻𝑉

∗ >

< 2𝑆𝐻𝑉(𝑆𝐻𝐻
+ 𝑆𝑉𝑉)

∗
> < 2𝑆𝐻𝑉(𝑆𝐻𝐻

− 𝑆𝑉𝑉)
∗

> < 4|𝑆
𝐻𝑉

|
2

>

] (4.3) 
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 Where <> represents the ensemble averaging in the data processing, the superscripts * represents 

the complex conjugate and t represents the transpose.  

4.5. 4×4 Coherency matrix generation 

Under the condition of non-reciprocity, we consider the cross-pol channels meant not to be 

identical, i.e. 𝐻𝑉 ≠ 𝑉𝐻 . Based on that the linear combination of Pauli matrix will arise a 4×4 

coherency matrix. 

Using the first group of complex Pauli spin matrix basis set {𝜓𝑃}, the Pauli feature vector is given 

by, 

                                                      𝐾 =
1

√2
[

𝑆𝐻𝐻 + 𝑆𝑉𝑉

𝑆𝐻𝐻 − 𝑆𝑉𝑉

𝑆𝐻𝑉 + 𝑆𝑉𝐻

𝑗(𝑆𝐻𝑉 − 𝑆𝑉𝐻)

] (4.4) 

The coherency matrix (𝑇4) is generated from the product of Pauli target vector with its conjugate 

transpose, which is given by, 

                                                      𝑇4 = 𝐾.𝐾∗𝑇 (4.4) 

𝑇4

=
1

2

[
 
 
 
 

< |𝑆𝐻𝐻 + 𝑆𝑉𝑉|2 > < (𝑆𝐻𝐻 + 𝑆𝑉𝑉)(𝑆𝐻𝐻 − 𝑆𝑉𝑉)∗ > < (𝑆𝐻𝐻 + 𝑆𝑉𝑉)(𝑆𝐻𝑉 + 𝑆𝑉𝐻)∗ > < −𝑗(𝑆𝐻𝐻 + 𝑆𝑉𝑉)(𝑆𝐻𝑉 − 𝑆𝑉𝐻)∗ >

< (𝑆𝐻𝐻 − 𝑆𝑉𝑉)(𝑆𝐻𝐻 + 𝑆𝑉𝑉)∗ > < |𝑆𝐻𝐻 − 𝑆𝑉𝑉|2 > < (𝑆𝐻𝐻 − 𝑆𝑉𝑉)(𝑆𝐻𝑉 + 𝑆𝑉𝐻)∗ > < −𝑗(𝑆𝐻𝐻 − 𝑆𝑉𝑉)(𝑆𝐻𝑉 − 𝑆𝑉𝐻)∗ >

< (𝑆𝐻𝑉 + 𝑆𝑉𝐻)(𝑆𝐻𝐻 + 𝑆𝑉𝑉)∗ > < (𝑆𝐻𝑉 + 𝑆𝑉𝐻)(𝑆𝐻𝐻 − 𝑆𝑉𝑉)∗ > < |𝑆𝐻𝑉 + 𝑆𝑉𝐻|2 > < −𝑗(𝑆𝐻𝑉 + 𝑆𝑉𝐻)(𝑆𝐻𝑉 − 𝑆𝑉𝐻)∗ >

< 𝑗(𝑆𝐻𝑉 − 𝑆𝑉𝐻)(𝑆𝐻𝐻 + 𝑆𝑉𝑉)∗ > < 𝑗(𝑆𝐻𝑉 − 𝑆𝑉𝐻)(𝑆𝐻𝐻 − 𝑆𝑉𝑉)∗ > < 𝑗(𝑆𝐻𝑉 − 𝑆𝑉𝐻)(𝑆𝐻𝑉 + 𝑆𝑉𝐻)∗ > < |𝑆𝐻𝑉 − 𝑆𝑉𝐻|2 > ]
 
 
 
 

 

4.6. Eigevector-Eigenvalue Decomposition 

Based on Eigen decomposition of coherency matrix ([T]), Eigen vector and Eigen value based 

decomposition was proposed by Cloudie and Pottier. 

According to the Eigen decomposition, the coherency matrix 〈[𝑇3]〉 can be written as   

                                                    𝑇𝑖 = [𝑈𝑖] × [𝛴𝑖] × [𝑈𝑖]
𝑇 (4.5) 

Where i represent the dimension of the polarimetry, i.e. 3 under reciprocity condition and 4 under 

non-reciprocity condition,  [𝛴𝑖] represents the Eigen value and [𝑈𝑖] represents Eigen vector of the 

coherency matrix 〈[𝑇𝑖]〉 and is given by1 

[𝛴3] = [

𝜆1 0 0
0 𝜆2 0
0 0 𝜆3

]     &    𝛴4 = [

𝜆1 0 0 0
0 𝜆2 0 0
0 0 𝜆3 0
0 0 0 𝜆4

] 

 

[𝑈3] = [𝑈1 𝑈2 𝑈3]    &    𝑈4 = [𝑈1 𝑈2 𝑈3 𝑈4] 
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Based on second order statistics Cloude and Pottier proposed a method for extracting average 

parameters.  

4.7. Polarimetric scattering Entropy 

The polarimetric scattering entropy describes the global measure of scattering process, describing 

the distribution of scattering components. The degree of randomness of the scattering process is 

described by Entropy. The polarimetry entropy provides an efficient parameter describing each 

scatter type within ensemble, which is given by 

                                                          𝐻 = −∑ 𝑃𝑘 log𝑁(𝑃𝑘)
𝑁
𝑘=1  (4.6) 

 

Where, N is the dimension of the polarimetry, 𝑃𝑘 is the pseudo-probabilities which is retrieved 

from the eigenvalues 𝜆𝑖 which is given by 

                                                                    𝑃𝑘 =
𝜆𝑖

∑ 𝜆𝑖
𝑁
𝑖=1

=
𝜆𝑖

𝑆𝑃𝐴𝑁
 (4.7) 

The entropy H is defined by Eigen values of the coherency matrix.  It is a significant feature because 

it consider both the physical parameter, like biomass and canopy configuration, and also the 

randomness of the scattering media[42]. 

Coherency matrix under non reciprocity condition is 4×4 positive hermitian matrix having real 

non-negative eigenvalues [24]. The polarimetric scattering process of the terrain is shown by the 

amplitude and the difference of the four eigenvalues which are functionally associated to each 

other. The polarimetric scattering entropy generally varies from 0 to 1, if the H<0.3 then the system 

is considered as dominant scattering mechanism which describes that the point target is specifically 

identifiable.  If the entropy is high, i.e. H=1, then the system is considered as a noise since it doesn’t 

have a single equivalent point scatter [43]. 
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5. RESULTS AND DISCUSSIONS 

5.1.  Correlation between the cross polarization 

Backscatter image of HV and VH has been generated and the study area has been masked out from 

the Data. Figure 5-1 shows the regression analysis between the backscatter image of HV and VH. 

1000 random points were generated randomly and correlation has been carried out between the 

backscatter images.       

                 

        (a)           (b) 

                   

    (c) 
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Figure 5-1: (a) Backscatter image of HV polarization, (b) Backscatter image of VH polarization, 

(c) Random points for both HV and VH 

. 

 

Figure 5-2: Linear regression analysis between HV and VH polarization. 

Figure 5-2 shows the linear regression analysis between HV and VH polarization where the 

coefficient of determination known as R2 is 0.81 which shows 81 percent of the value between the 

cross-pol channels is correlated. 

5.2. Eigenvalue dcomposition and results 

Entropy parameter is extracted, using the H alpha decomposition, proposed by Cloudie and Pottier 

from both the matrix i.e. T3 and T4.  

The values of entropy ranges from 0 to 1, the equation for entropy is given as 

                                                       𝐻 = −∑ 𝑃𝑘 log𝑁(𝑃𝑘)
𝑁
𝑘=1  (5.1) 

Where 𝑃𝑖 represents the probability obtained from the eigenvalues, N represents the dimension of 

the polarimetry (N=3 in the case of reciprocity and N=4 in the case of non-reciprocity).  
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For a weakly depolarizing system the entropy is generally low i.e. H<0.3, where the scattering 

mechanism which is dominating can be easily identify. If the entropy value is high then there is no 

existence of equivalent point scatter. If the entropy is equal to 1 then the target scattering consist 

of random noise[43]. 

Entropy image generated from the coherency matrix decomposition under both reciprocity and 

Non reciprocity condition is shown in the Figure 5-3. Using the calculated biomass, the values of 

entropy is extracted for the particular field plot location. A linear regression model was applied on 

entropy and biomass in which 20 random points are chosen. 

  

 

   (a)      (b) 

Figure 5-3: (a) Entropy image from T3 coherency matrix, (b) Entropy image from T4 coherency 

matrix 

A plot which shows the variation for a sample of 100 points plotted from the study area responsible 

for Entropy from coherency matrix under reciprocity and non-reciprocity condition, shown in 

Figure 5-4. The line with blue colour shows the entropy for the coherency matrix under non 

reciprocity condition and the red line shows entropy from coherency matrix under reciprocity 

condition. It is visually visible from the graph that there is decrease in entropy under non-

reciprocity condition that from the entropy from coherency matrix reciprocity 
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(a)      (b) 

Figure 5-4: (a) Entropy for T4 (b) Entropy for T3 

 

 

Figure 5-5: Entropy for T3 and T4 

 

5.3. Regression Modelling for Biomass Estimation 

Estimating the biomass is done using regression modelling. A sample of 17 points was taken from 

the field data and biomass was calculated. To train the data entropy values generated by 

decomposing the coherency matrix under reciprocity condition were extracted for the same plot 
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of sample points retrieved for field biomass. A linear regression analysis was done between the 

Entropy and biomass for the 17 sample points to obtain the correlation between them. Figure 5-6 

shows linear regression model between the field biomass and the entropy, with R value of 0.50. 

 

.   

Figure 5-6: Regression analysis between Biomass and Entropy generated from the T3 coherency 

matrix 

 

The above regression analysis shows there is 50% correlation between the sample point of field 

biomass and the entropy. Using the equation generated from the regression model, Biomass is 

calculated for the entropy generated from the decomposition of coherency matrix under non-

reciprocity condition. A regression analysis was carried out between the estimated biomass from 

the field data to that of measured biomass using the above linear equation. Figure 5-7 shows the 

linear regression between the fields estimated and measured above ground biomass from both 

reciprocity and non-reciprocity condition. 

RMSE is calculated for both the entropy from reciprocity and non-reciprocity condition with 

respect to the field measured above ground biomass, which is obtained by using 

                                          𝑅𝑀𝑆𝐸 = √∑ (𝐴𝐺𝐵𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑−𝐴𝐺𝐵𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑)2𝑁
𝑖=1

𝑁
 (5.2) 

Where, 𝐴𝐺𝐵𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 is AGB obtain from field calculations, 𝐴𝐺𝐵𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 is the model estimated 

AGB and N is the number of plots used in modelling i.e. 28 
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(a)      (b) 

Figure 5-7: Regression Analysis over AGB for measure and estimated (a) Reciprocity (b) Non-
Reciprocity 

 

 

Table 5-1: RMSE and R-Square obtained from Modelled AGB under Reciprocity and Non-
Reciprocity 

B
io

m
a
ss

 

Reciprocity Non-Reciprocity 

RMSE 

(tons/ha) 
R-Square 

RMSE 

(tons/ha) 
R-Square 

89.30519 0.183 68.50243 0.403 

 
 

Table 5-1 shows  the RMSE and the R-square calculated for the AGB obtained from the entropy 

decomposed from coherency matrix generated from both reciprocity and non-reciprocity 

condition. AGB obtained under non-reciprocity condition shows better RMSE and coefficient of 

determination (R-square). 

 
 

5.4. DISCUSSION 

 
 

The major focus of the research was to study how viable is the non-reciprocity symmetry suitable 

for retrieving upon the reciprocity using Radarsat 2 satellite c-band polarimetry data. C-band have 
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a wavelength of 5.5cm approximately and gives a scattering of forest canopy, not much penetrating 

trough canopy up to ground.  

A 4×4 coherency matrix is retrieved under the concepts of non-reciprocity, where the cross 

polarized channel are meant to be not identical. Eigen decomposition was applied for both 

coherency matrix, i.e. under reciprocity and non-reciprocity condition. Using the eigenvalues of the 

coherency matrix, entropy is obtained using the eigen decomposition. In general, entropy values 

ranges from 0-1, if the entropy is low the, i.e. H<0, describes that the point target is specifically 

identifiable where the system is having dominant scattering mechanism. If the entropy is high, i.e. 

H=1, then the system is considered as a noise since it doesn’t have a single equivalent point scatter. 

 

(a)      (b) 

Figure 5-8: (a) Entropy under reciprocity, (b) Entropy under non-reciprocity 

Figure 5-8 shows the entropy retrieved from eigen decomposition of coherency matrix of both 

reciprocity and non reciprocity condition, significantly the values from above 0.9 is considered as 

noise which is particularly viewed from the figure representing in blue of the entropy image under 

reciprocity condition where the entropy of non-reciprocity. Figure 5.5 also shows the line plot for 

the two entropy’s achieved and also shows that entropy decreases for the coherency matrix under 

non-reciprocity that from the reciprocity condition. 
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The objective of the research was to achieve the forest biophysical parameter using the concepts 

of non reciprocity. The entropy achieved by Eigen decomposition of the coherency matrix helped 

to find the biophysical parameter using the regression modelling. Regression analysis over biomass 

and entropy from both the condition shows a promising the correlation of coefficient, though a 

negative correlation exists between them. The regression analysis was though done for 45 plots 

only which doesn’t give effective concentration for the correlation between the biomass and the 

entropy. 
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6. CONCLUSION AND RECOMOMDATIONS 

6.1. Conclusion  

 

1) Which technique can decompose a 4×4 coherency matrix? 

The research was concentrated on the techniques for decomposing the coherency matrix under 

non-reciprocity condition. Yamaguchi four decomposition model and Eigen decomposition by 

Cloudie concepts were used for the decomposition of coherency matrix. Using Eigen 

decomposition of the coherency matrix under non-reciprocity condition polarimetric scattering 

entropy was retrieved. Entropy defines the degree of randomness of the scattering process. It is a 

significant feature because it consider both the physical parameter, like biomass and canopy 

configuration, and also the randomness of the scattering media. 

2) Which scattering parameters will be needed for biomass estimation? 

The entropy H, defined by Eigen values of the coherency matrix, has significant feature because it 

consider both the physical parameter, like biomass and canopy configuration, and also the 

randomness of the scattering media. 

3) To what degree are non reflection symmetry based polarimetry parameters different from reflection symmetry 

based parameters? 

The research was focused in accessing the contribution of polarimetric scattering entropy from 

both reciprocity and non-reciprocity condition. Entropy values ranges from the 0-1, if the value is 

low then the point scatter obtained from the target can be specifically identified, and if the entropy 

is high i.e. if it tends to 1 then the system is considered as a noise since it doesn’t have a single 

equivalent point scatter. Therefore, using Eigen decomposition technique entropy was obtained 

from both the coherency matrices, of which the entropy obtained from the 4×4 coherency matrix 

has less noise compared to the entropy from 3×3 coherency matrix. 

4) Can non reflection symmetry be used for retrieval of forest biophysical characteristics? 
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Coherency matrix under non reciprocity condition is 4×4 positive hermitian matrix having real 

non-negative eigenvalues. The polarimetric scattering process of the terrain is shown by the 

amplitude and the difference of the four eigenvalues which are functionally associated to each 

other. Polarimetric scattering entropy, obtained from the Eigen decomposition of coherency 

matrix, is a significant feature because it consider both the physical parameter, like biomass and 

canopy configuration, and also the randomness of the scattering media. Consequently, Regression 

analysis was carried out between the entropy values and the biophysical parameters. 

 

5) How viable is the non reflection symmetry based polarimetry technique for estimating forest biophysical 

parameters in comparison to the results obtained by the field data?  

The correlation between the polarimetric scattering entropy, retrieved from coherency matrix 

under non-reciprocity condition, and the AGB is negative. Though the correlation is negative, the 

correlation of coefficient was found to be better than that of traditional method of reciprocity i.e. 

the r-squared value is 0.403 for the non-reciprocity case and 0.183 for reciprocity case. The RMSE 

also showed a slight variance, i.e. 68.50 for non-reciprocity and 89.30 for reciprocity case, which 

shows there is decrease of RMSE value describing that it is more effective than the reciprocity case. 

 

6.2. Recomondations 

 

The present research was focused on the decomposition of coherency matrix under non reciprocity 

condition where the cross polarized channels are meant to be not equal. The work was carried out 

using Eigen decomposition of coherency matrix. The following recommendations can be 

considered taking account the results obtained from this research. 

 

 The present research was carried on the decomposition of coherency matrix using Eigen 

decomposition techniques. Other model based decomposition can also be used for the 

coherency matrix under non reciprocity condition like Yamaguchi and Freeman Durden 

decomposition to retrieve other scattering information. 
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 A semi-empirical model can also be used for the retrieval of biophysical parameters using 

a model based decomposition. Which can use other scattering information like Volume 

scattering information from the vegetation, scattering information from the surface and 

scattering information from the ground stem interaction. Which can possibly show a 

difference from the of coherency matrix under reciprocity condition. 

 

 Research’s has been done on deorientation on the coherency matrix under reciprocity 

condition, it will be difficult for apply the concepts of deorientaion on the coherency matrix 

under non reciprocity condition but the concepts can be done using scattering matrix. 

 

 Present work was carried on the regression modelling, using 45 field samples of biomass 

which is consequently very less for analysis, the analysis can be more promising if more 

field data can be used which can be used in regression modelling which can give a better 

correlation between the polarimetric scattering entropy and the biomass.  
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