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“You can know the name of a bird in all the languages of the world, but when you're finished,
you'll know absolutely nothing whatever about the bird. You'll only know about humans in
different places, and what they call the bird. So, let’s take a look at the bird and see what it’s
doing — that’s what connts.”

- Richard P. Feynman






ABSTRACT

Polarimetric Synthetic Aperture Radar (PolSAR) calibration is an essential preprocessing step which must
be performed to ensure that the data quality is adequate. This, in turn, helps to minimise the propagation
of errors in any further data processing or information extraction. The measurements acquired by the SAR
sensors are stored as digital numbers which cannot be directly related to the actual ground information.
The main purpose of the radiometric correction is to represent these numbers in terms of backscatter
energy. However, it cannot rectify the distortions present in the data. The crosstalk and channel imbalance
are two major distortions found to be present in the uncalibrated polarimetric SAR data. The PolSAR
calibration mainly aims to reduce these two distortions revealing the true scattering pattern of the targets.
In this regard, Quegan’s algorithm and Ainsworth algorithm are two widely used algorithms for the
PoISAR calibration. However, the accuracy and efficiency of these algorithms vary. In this research, the
accuracy and efficiency of these two algorithms have been thoroughly compared using suitable metrics. It
has been shown that the Ainsworth algorithm performs better than the Quegan’s in terms of accuracy at
the cost of poor computational efficiency. Evidently, the Quegan’s algorithm fails to meet the Committee
on Earth Observation Satellites (CEOS) calibration requirement for the residual crosstalk for all the cases.
In contrast, Ainsworth’s estimates are more accurate while complying with this standard. Moreover, the
data quality metrics also highlight the better calibration accuracy of the Ainsworth algorithm. The issue of
higher computational complexity has been effectively addressed by coupling both of these algorithms.
Evidently, the computational cost has been reduced in the case of the proposed algorithm. The
polarisation orientation angle (POA) shift is another distortion caused by the topographic variations
present in the target scene. Therefore, correction of POA shift has been incorporated in this research by
coupling it with the PolSAR calibration. Subsequently, the improvement in the scattering has been
observed. In essence, the proposed algorithm coupled with the correction of POA shift rectifies the major
polarimetric distortions with adequate accuracy and computational efficiency.
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1. INTRODUCTION

11. Background

1.1.1. Synthetic Aperture Radar (SAR): A Brief Overview

Synthetic Aperture Radar (SAR) being a prominent remote sensing instrument having all-weather, day-
and-night imaging capability, has gained unprecedented popularity in the recent trends of remote sensing.
In addition, the polatimetric information in SAR data can be used to retrieve the geomorphological
properties such as soil moisture and surface roughness (Skriver et al., 2003). SAR is an active microwave
remote sensing system which transmits polarised microwave pulse and measures the power of the
backscattered signal from the target in the form of complex values (Moreira et al., 2013). The radar
observation of each pixel is the coherent sum of the backscatter response from all the distributed targets
within the spatial extent of that pixel (Doring, Looser, Jirousek, & Schwerdt, 2011). These measurements
represent the geophysical and geometric properties of the corresponding targets. Also, the radar
measurement of a specific target must be consistent irrespective of the sensors, given that the influences
of other factors (frequency of the radar, viewing geometry and so on) on the radar observation are
compensated. In this regard, the calibration of SAR data plays a pivotal role to ensure the quality of the
dataset.

1.1.2. SAR Polarimetry

There are different variations of SAR systems depending upon their implementation and use cases. SAR
systems commonly make use of two linear polarisation channels namely horizontal polarisation and
vertical polarisation (Cloude, 2009). Typically, a single-pol radar transmits microwave pulses with a single
polarisation and receives the signal in the same polarisation as well. In the case of dual-pol radar systems,
the polarisation of the transmission channel and receiving channel are different. The quad-pol or full
polarimetric radar transmits in both the polarimetric channels alternatingly but receives signal in both the
channels simultaneously. Thus, a full-pol system is capable of acquiring data in all possible combinations
of transmitting and receiving polarisation channels. In hybrid-pol radar, the circularly polarised signal is
transmitted, and the backscattering response is received in both the standard polarisation channels. The
transmission signal of hybrid-pol radar is either left circular or right circular. A hybrid-pol radar capable of
transmitting both left circular and right circular signal is known as compact-pol radar system (Jet
Propulsion Laboratory NASA, 2016). Among all these variations of SAR, the full-polarimetric mode is
widely popular, and the term ‘PolSAR’ commonly refers to the quad-pol SAR unless specified otherwise.
The critical advantage of the PolSAR is that observations from multiple polarisation channels can be used
to retrieve additional information about the target (Cloude, 2009).

1.1.3. Calibration

The term ‘calibration’ is defined as, “Operation that, under specified conditions, in a first step,
establishes a relation between the quantity values with measurement uncertainties provided by
measurement standards and corresponding indications with associated measurement uncertainties and,
in a second step, uses this information to establish a relation for obtaining a measurement result from an
indication” (Clifford, 1985). Essentially, the calibration process ensures that all the measurements by the
respective instrument are quantifiable and reproducible under the same conditions with acceptable
accuracy and precision. Thus, every scientific device needs to be appropriately calibrated before being used
for reliable measurements.

1.1.4. Need for SAR Calibration

The measurements from the different polarisation channels, however, require to be quantitively
comparable to take advantage of the added benefits from the PolSAR data (Freeman, 1989). The anomaly
which hinders this comparability of measurements from different polarisation channels is known as
channel imbalance (van Zyl & Kim, 2011b). The radar observations contain amplitude as well as phase
information (Cloude, 2009). Therefore distortion may occur in the phase of the radar measurement along
with its amplitude.
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Consequently, channel imbalance represents both amplitude imbalance and phase imbalance (van Zyl &
Kim, 2011b). Additionally, the polarisation channels need to be completely isolated to reduce the
undesirable attenuation by one polarisation channel on the measurements of the other polarisation
channels (Al-kahachi, 2014). Distortions in PolSAR data due to improper channel isolation are commonly
known as crosstalk (Baffelli, Frey, Werner, & Hajnsek, 2018). The working principle of SAR dictates that
the pixel spacing in the SAR image is smaller compared to the spatial resolution. Due to this reason, a
typical point target occupies more than one pixel. This, in turn, leads to the error in the estimation of
Radar Cross Section (RCS) (van Zyl & Kim, 2011b). At the time of SAR data acquisition, it is challenging
to avoid all these issues entirely (Freeman, 1992). For this reason, SAR data require additional correction
and pre-processing.

Proper calibration of PolSAR data is a reasonably complex process which is mostly based on the statistical
comparison of the data with the ideal theoretical models assuming the backscattering symmetry (Al-
kahachi, 2014). This typically involves three crucial steps. The antenna gain of the SAR sensor is
appropriately estimated, and the corresponding dataset is corrected through the absolute calibration of the
polarimetric dataset. This, in turn, minimises the errors in the estimation of RCS. Rectification of channel
imbalance ensures the cross-pol reciprocity and the crosstalk minimisation reduces the error in the data
due to imperfect isolation of the polarisation channels. There are well established theoretical models for
radiometric correction (Doring et al., 2011; El-Darymli, McGuire, Gill, Power, & Moloney, 2014; Gray,
Vachon, Livingstone, & Lukowski, 1990; van Zyl & Kim, 2011a). However, calibration techniques for
crosstalk and channel imbalance minimisation are still under active research.

1.1.5. Recent Advancements in PoISAR Calibration

Currently, there are two widely popular methods for crosstalk calibration (Fore et al., 2015). The approach
of Quegan, (1994) is based upon the assumption of reciprocity of the cross polarised channels.
Additionally, it also assumes azimuth symmetry, which means that the co-pol and cross-pol channels are
truly uncorrelated in any scene dominated by distributed targets (Quegan, 1994). Kimura, Mizuno,
Papathanassiou, & Hajnsek, (2004) further improved the Quegan’s algorithm by incorporating the cross-
channel noise imbalance; this algorithm is populatly known as the improved Quegan’s algorithm.
However, the Quegan’s assumptions do not always hold in the raw SAR dataset. Later on, Ainsworth,
Ferro-Famil, & Jong-Sen, (2006) proposed a posteriori model to estimate the crosstalk which is only based
upon the weak constraint of scattering reciprocity (Ainsworth, Ferro-Famil, & Lee, 2000).

A comparative analysis of the uncalibrated and the calibrated SAR data shows the significance of the
Polarimetric SAR calibration. The Maximum Normalised Error (MNE) and the decomposition etror are
the two widely accepted metrics to assess the SAR data quality (Wang, Ainsworth, & Lee, 2011). A study
by Wang, Ainsworth, & Lee (2011) shows that both crosstalk and channel imbalance increase the MNE
and decomposition error.

1.2. Motivation and Problem Statement

The PolSAR calibration as a whole is not streamlined (Freeman, 1989). In this research, the focus is on
estimation and minimisation of crosstalk and channel imbalance of NASA Uninhabited Aerial Vehicle
Synthetic Aperture Radar (UAVSAR) L-Band dataset. For this purpose, both Quegan’s and Ainsworth
algorithm has been adopted, and their accuracies are thoroughly compared by observing the change in the
polarimetric signature and the accuracy of the polarimetric decompositions. Besides, the shift in
Polarisation Orientation Angle (POA) due topography of the surface has been considered and
appropriately corrected.

1.3. Research Identification

The overall focus of this research is the minimisation of estimation and minimisation of crosstalk, channel
imbalance and POA shift present in the uncalibrated PoISAR data and analytically evaluate the effect of
calibration. Furthermore, this study aims to evaluate different PolSAR calibration algorithms and observe
the effect of POA shift correction on the scattering pattern.
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1.3.1.  Research Objectives

The prime objective of this research is to study the effectiveness of the Polarimetric SAR calibration
algorithms for estimation and minimisation of crosstalk, channel imbalance. Additionally, it aims to
investigate the effect of the POA shift correction. In this regard, suitable natural or manmade targets and
the targets depicting surface scattering will be used in order to derive the calibration parameters.
Furthermore, this study focuses on analysing the effect of the calibration on the overall data quality.

1.3.1.1.  Specific Objectives

The specific objectives of this research are:

I.  To estimate and minimise the channel imbalance and crosstalk for the calibration of the scattering
matrix.

II.  To estimate and compensate the shift in the polarisation orientation angle of the polarisation
ellipse.

III.  To study and analyse the effect of calibration on the PolSAR data quality

1.3.2. Research Questions

This research intends to answer the following research questions:

I.  How Quegan’s algorithm and Ainsworth algorithm compare in terms of accuracy?
II.  How improved Quegan’s algorithm leads to a better estimation of crosstalk?
III. ~ What is the effect of the shift in Polarisation Orientation Angle (POA) on PolSAR data?
IV.  How to improve the computational efficiency of the calibration algorithm?
1.4. Innovation

This study aims to optimise the Ainsworth algorithm for PolSAR calibration concerning the
computational complexity without compromising with its accuracy. In order to achieve the same, a hybrid
approach has been adopted using both the Ainsworth’s and Quegan’s algorithm. Moreover, the
recommendation of Ainsworth & Lee, (2001) regarding the data quality has been incorporated into the
algorithm. Additionally, the process of POA shift compensation has been incorporated as a part of
PoISAR calibration to further improve the data quality.

1.5. Thesis Outline

The thesis has been adequately organised to coherently guide the reader throughout the research. Chapter
2 provides the necessary background of this research in detail. Then chapter 3 describes the methodology
adopted for this research. After that, chapter 4 shows the chosen study area following by chapter 5
showing the relevant results. Next, chapter 6 describes the implications of these results to the readers and
answers the research questions. Finally, the thesis concludes with chapter 7 providing a summary of the
key findings and remarks for the potential future works.
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2. LITERATURE REVIEW ON POLSAR CALIBRATION

This chapter summarises the scientific and theoretical background of the polarimetric SAR calibration. It
begins with an overview of the PolSAR calibration, following which different calibration methods are
discussed. Finally, it concludes with a discussion on the existing algorithms for PolSAR calibration.

21. PoISAR Calibration

Calibration of PolSAR is essential to establish the relationships between the radar backscatter and the
geophysical properties of the scene. In addition to this, it improves overall data quality. POISAR calibration
is a fairly complex process which is mostly based on the statistical comparison of the data with the ideal
theoretical models assuming the backscattering symmetry (Al-kahachi, 2014). However, the calibration
approach varies depending upon the sensor, band, data acquisition platform and use case. However, the
SAR platform is the most prominent factor which governs the overall calibration process. These are
described in the following subsections.

21.1. Spaceborne SAR

SAR exploits the motion of the platform. Evidently, the relative angle of each point along the track with
respect to the direction of the velocity of the radar is different. As a result, the Doppler frequency of the
response received from each of the points along the flight line will be unique. Therefore, each point lying
in the azimuth direction can be uniquely identified using the Doppler frequency analysis or doppler beam
sharpening. SAR extensively use this technique to enhance the azimuth resolution without the requirement
of a larger physical antenna. The azimuth resolution of SAR can be derived as shown in equation (1) (van
Zyl & Kim, 2011b).

N~

Where,
Xg Azimuth resolution the SAR sensor

L : Effective antenna length in the zimuth direction

It is evident from equation (1) that, unlike real aperture radar, azimuth resolution of SAR is not directly
affected by the effective range of the scene or the flying height (van Zyl & Kim, 2011b). On the contrary,
the range resolution of SAR is inherently independent of the flying height. These two facts are the main
reason behind the feasibility of the spaceborne SAR systems.

Figure 1: Look angle and incidence angle in case of very high flying-height (h), i.e., in the case of spaceborne sensor
the effect of the Earth’s curvature has significant influence over look angle and incidence angle.
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There are additional issues associated with spaceborne SAR regarding the calibration. The radar look angle
is one of the critical factors governing the antenna radiation pattern at a particular target point. In the case
of the spaceborne SAR, the target scene cannot be assumed flat because of the high flying-height and the
large ground footprint of the radar pulse. Therefore, earth’s curvature has to be considered for accurately
determining the antenna gain which is essential for the proper calibration of the SAR data (van Zyl &
Kim, 2011b). As shown in Figure 1, the radar look angle (y) and the incidence angle () at a point is not
the same when the earth’s curvature is considered. In this case, the look angle can be indirectly derived
using equation (2).

R? + R? — R?
-1 S t 2
y = cos <—2 - > )

Where,

R : Effective slant range of the point

R, : Distance of the SAR platform from the centre of the Earth
R : Distance of the target point from the centre of the Earth

Additionally, the transmitted pulse and the return signal of the spaceborne SAR pass through the ionised
plasma of the ionosphere (Thompson, Moran, & Swenson Jr., 2017). According to the Faraday effect, the
induced magnetic field of the ionosphere rotates the polarisation plane of the radar signal (Campbell &
Ostro, 2014). Bickel & Bates (1965) experimentally showed that the effect of Faraday rotation on the
scattering matrix due to the attenuation by ionosphere is non-reciprocal. The relation between the true
scattering matrix ([S]) and the distorted scattering matrix ([S']) is subject to Faraday rotation (Freeman,
2004). This relation is shown in equation (3).

<S}'1h S\';h> _ ( cosQ sin Q) (Shh Svh>( cosQ sin Q) o

Stv  Suv —sinQ)  cosQ/ \Sphy  Syv/ \—sinQ cosQ
[S] [RF] [S] [RF]

In equation (3), [RE] is the oneway Faraday rotation matrix, () is the Faraday Rotation Angle (FRA). The
generic term Sy represents the backscattering measurement where t is the polatisation of the transmission

pulse and r is the polarisation of the received signal. However, the effect of Faraday’s rotation on signals
from higher frequency bands like X-band and C-band is negligible (Shimada, 2011).

2.1.2. Airborne SAR

SAR data acquisitions are also possible using an airborne platform. Although airborne SAR system has
many operational disadvantages, it has fewer issues regarding the calibration of the data. The typical flying
height of airborne radar is decidedly less compared to the spaceborne radar. In this case, the effect of
earth curvature on the antenna pattern would be negligible.

Therefore, it is safe to assume flat earth throughout a scene of an airborne radar image. From Figure 2, it
is evident that the look angle of the airborne radar is the same as the incidence angle of the target. A
typical aircraft cannot fly over the ionosphere due to the engineering limitations. Consequently, the
airborne SAR systems are entirely unexposed to the Faraday effect as their signals never pass through a
dense electromagnetic field like the ionosphere (Hoekman & Quitiones, 2000).
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— J

dy

Figure 2: Local incidence angle and look angle of airborne SAR assuming flat earth

2.2, Methods of PoISAR Calibration

Proper calibration of PolSAR involves three important steps, namely absolute radiometric calibration,
rectification of crosstalk and minimisation of channel imbalance. There are well established theoretical
models for radiometric correction (Doring et al., 2011; El-Darymli et al., 2014; Gray et al., 1990; van Zyl
& Kim, 2011a). In order to understand the overall calibration process in a better way, first, the polarisation
leakage of one polarisation channel into another polarisation channel in the transmitted pulse has to be
appropriately modelled. The distortion model of the electric field at the time of transmission is shown in
equation (4) (van Zyl & Kim, 2011b).

6t
) 50

Eactual = Kt (‘}/) <
Where,
E!jeq : Transmitted electric field in the ideal condition
El tuar : Observed electric field
ft : Coefficient representing the differences in the antenna pattern
81, 0, : Coefficients representing the crosstalk
K : Absolute calibration parameter

Following equation (4), the observed scattering matrix (Sgpserveq) can be modelled in terms of true
scattering mattix (Sigeq;) as shown in equation (5) (van Zyl & Kim, 2011a).

Sobserved = K(V) [R] [Sideal] [T] + [N] (5)
Where,

n=(50) %)

5@ 1
(R 8
[ﬂ_<%@) 1 )

The terms [T] and [R] in equation (5) represents the distortion of the signal at the time of transmission
and at the time of reception respectively and [N] represents the random system noise. It is worth
mentioning that, the effect of Faraday rotation and random noise has not been considered in this model.
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2.3. Radiometric and Polarimetric Phase Calibration

The rigorous experimentations show that the external calibrators are the more suitable for estimation of
absolute radiometric parameters and phase imbalance terms compared to the theoretical estimation from
the precisely known system parameters and antenna pattern (Fore et al., 2015). External radar calibrators
can be broadly categorised into two types based upon their operational principle.

2.3.1. Active Calibrator

Active radar calibrator is special kind of transponder which receives the radar pulse from the actual radar
sensor, measures its intensity, and in return, it sends an echo of adequately amplified intensity towards the
radar (Lenz, Schuler, Younis, & Wiesbeck, 2005). Moreover, it is precisely synchronised with the
overflight radar sensor and tracks it during the calibration (Tang & Xu, 2015). Active transponders as
external calibrators have several advantages. The RCS of the active transponder is adjustable making it
more versatile (Hounam & Wagel, 2001). Also, the response of the transponder is easily identifiable in the
image as the synthesised echo is amplified and precisely directed towards the radar by tracking the radar
sensor. In addition, there are advanced modulation techniques in order to differentiate the active
transponder response from passive echo from the nearby region of the calibrator (Brunfeldt & Ulaby,
1984). However, being an active device, it requires power and sophisticated electronics in order to operate,
and it needs frequent maintenance (Kemp & Martin, 1990). There many well-known spaceborne SAR
systems (Sentinel-1, TerraSAR-X, RADARSAT-2) which have been calibrated using the active
transponders (Lenz et al., 2005; Luscombe, Chotoo, & Huxtable, 2000; Snoeij et al., 2010).

2.3.2. Passive Calibrator

Passive radar calibrators generally refer to the targets with either well-known uniform backscattering
properties or theoretically predictable RCS (Sarabandi, 1993). Unlike active calibrators, passive calibrators
do not require external power to operate. Passive calibrators can be categorised into two major types,
namely natural targets and manmade targets.

2.3.2.1. Natural Targets for Calibration

The naturally occurring targets can be suitable passive calibrator if their scattering properties are very well-
known and consistent. van Zyl (1993) explored the suitability of different natural targets as consistent
scatterers using the NASA Airborne SAR (AIRSAR) and concluded that a forest crown could be
approximated as a collection of narrow cylinders which are randomly oriented. Therefore, the rainforests
over flat terrains can be safely assumed as uniformly distributed Lambertian targets (Shimada, 2011).
Evidently, the Committee of Earth Observation Satellites (CEOS) has adopted rainforest on flat terrain as
a standard for radar calibration (Desnos et al.,, 1999; Shimada & Freeman, 1995). There are different
approaches of calibration using the distributed natural targets (Sarabandi, 1993; Shimada & Freeman,
1995) Several studies have been able to successfully retrieve the antenna pattern of different spaceborne
SAR systems using the Amazon rainforest (Cote, Srivastava, Dantec, & Hawkins, 2005; Shimada, 2011).

2.3.2.2. Manmade Targets for Calibration

In contrast with the natural targets, manmade targets generally exhibit more predictable and consistent
scattering pattern as shown by Kimura (2009), where a method has been presented to derive the system
distortions using polarisation orientation in the built-up areas. However, manmade point targets designed
explicitly for radar calibration are widely popular as their RCS can be accurately predetermined. These
carefully designed passive targets are commonly known as corner reflectors. A corner reflector is typically
made of lightweight conductive, and highly reflective metallic plates fixated to form a particular geometric
shape improving its directional reflectivity (Bonkowski, Lubitz, & Schensted, 1953). There are different
types of corner reflectors depending upon their design, some of which are discussed in section 2.4.
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24, Corner Reflectors

A corner reflector is a scientifically engineered passive manmade point target which reflects the incoming
signal in the precisely opposite direction, ideally without any scattering. Therefore, the basic principle of a
corner reflector is similar to that of a retroreflector (Skolnik, 1990). The corner reflectors can be of
different types depending upon their shape and the reflection properties. Some of the popular corner
reflectors are discussed in the following subsections.

24.1.  Flat Plate

A flat conductive plate can work as a very basic corner reflector. The RCS of the corner reflector can be
derived using different approaches. Andrade, Nohara, Peixoto, Rezende, & Martin (2003) used physical
optics method to theoretically derive the RCS of a flat plate corner reflector as shown in equation (6).
Figure 3 depicts the working of the flat plate corner reflector.

ab\* sin(Bb sin(6;))]*

0y = 41 (7) cos?(6;) [—ﬁ(g sin(G(l-)l)) ©)
Where,
a : Length of the plate
b : Breadth of the plate
0; : Incidence angle satisfying —% <9; < +§
A : Wavelength of the radar signal
B : Phase constant

h

/

X
Figure 3: Reflection of radar signal by conductive flat plate
24.2.  Dihedral Corner Reflector

A dihedral corner reflector consists of two flat conductive placed in a particular angle and having a

common edge as shown in Figure 4.
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Figure 4: Schematic diagram of a dihedral Corner Reflector

The effective RCS of the dihedral corner reflector depends upon the angle between the plates, and the
RCS is maximum when the plates are at right angle to each other (Knott, 1977). Griesser & Balanis (1987)
extensively modelled the theoretical RCS of the dihedral corner reflector using different approaches.
However, according to Sorensen, (2013), assuming the plates are at a right angle with respect to each other
and the rectangular plates are having the same dimensions, the maximum RCS (0yy,44) of a dihedral corner
reflector can be expressed in equation (7).

—a 0

Where,
a : Width of the each of the flat plate
b : Height of the each of the flat plate
A : Wavelength of the EM wave

243. Triangular Trihedral Corner Reflector

A triangular trihedral corner reflector generally consists of three flat triangular plates at a right angle to
each other meeting at a common apex point and sharing an edge with the immediate neighbours. Doerry
& Brock (2009) theoretically derived the RCS (0y,;) of the triangular trihedral corner reflector presented in
equation (8), assuming the inner leg length of each flat plate is equal and, each of them are at a right angle
with respect to its neighbouring plate as shown in Figure 5.

4m > 4
Otri = 2 (2A¢r)%a

sin @ cos if cosf —sinf = tany (8)
Api = 2sin @ cos 6 cosy

else
sinf + cos@ + tany

Where,
A : Wavelength of the EM wave
a : Inner leg length of the triangular trihedral corner reflector
0 : Angle between the X axis and the projection of viewing perspective in the XY plane

10
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a
Viewing Perspective

X

Figure 5: Schematic diagram of a triangular trihedral corner reflector showing viewing geometry
Y : Angle of viewing perspective with respect to the XY plane

Analytically comparing equations (6), (7) and (8), it can be concluded that the RCS of the triangular
trihedral corner reflector largest among the three given that other constraint such as the size of the corner
reflector, viewing geometry and the wavelength remains same or equivalent. The study by Qin, Perissin &
Lei (2013) supports this conclusion.

2.5. Algorithms for Crosstalk Calibration

It has been shown by van Zyl (1990) that distributed natural targets are sufficient in order to estimate the
crosstalk provided some assumptions are satisfied. However, manmade point targets such as corner
reflectors coupled with the distributed natural targets can significantly improve the calibration accuracy
(van Zyl, 1990). Whitt, Ulaby, Polatin & Liepa (1991) presented an eigenvalue and eigenvector based
approximate PolSAR calibration model with reasonable accuracy. However, the problem of the non-
invertible matrix is not addressed by this method. Quegan (1994) proposed a non-iterative generalised
algorithm for crosstalk calibration based on the findings of van Zyl (1990). Later on, Kimura, Mizuno,
Papathanassiou, & Hajnsek (2004) improved the algorithm proposed by Quegan (1994) considering the
asymmetric cross-polarisation channel noises. Ainsworth et al. (2006) proposed a new iterative postetior
approach for crosstalk and channel imbalance correction imposing lesser constraints than the previous
algorithms. In the following subsections, Quegan’s algorithm and the Ainsworth algorithm are discussed
briefly followed by a brief discussion on recent advancements in this field.

2.51. Quegan’s Algorithm

The preconditions of the Quegan’s algorithm are:

1. The acquired dataset is fully polarimetric and available in the form of the scattering matrix.
The observed scattering matrix can be modelled as a linear system, similar to equation (5).
Scattering reciprocity is satisfied unless the target is physically altered, i.e., S;; = Sj;.

In the case of distributed targets, cross-polarised channels are not correlated, i.e., (S;5;j) = 0.

SANFE SR

The off-diagonal terms of the matrices [R] and [T] from equation (5) ate small compared to the
diagonal terms.

Here, S;j represents the backscattering response at polarisation channel i when the stimulating
polatisation channel is j. Due to condition (3) and condition (4), the ensembled covariance matrix ((Cg))
gets reduced as shown in equation (9).
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ony 0 p
] ©)

(Cs) = [ 0 OvH 0

P’ 0 oyy
Where,

0ij = (Si;Sij)
P = (SuuSvy) = (SyvShn)”

On the contrary, equation (5) can be rewritten as equation (10).

[S'] = [M][S] +[N] (10)
Where,
[S'] : Observed scattering matrix in the form (Sgg, Shy, Svm, Syv)T
[S] : True scattering matrix in the form (Syg, Sy, Syv)T
[M] : Distortion matrix of dimension (4 X 3)
[N] : System noise matrix in the form (Nyy, Nyy, Nyg, Nyy)T

Now, the obsetrved covariance mattix (C) can be derived using equation (11) ignoring the noise [N].
C = McgM* (11)

On the other hand, the distortion matrix can be expressed as shown in equation (12).

a v+aw vw
au a v k* 0 0
= 12
M=v{ 7 o ko (12)
auz u+az 1 0 01

Here, u,v,w, z are the complex crosstalk parameters and a,k are the complex channel imbalance
parameters. By considering the azimuthal symmetry and the condition (4), the solution for the terms
U, v, W, Z can be obtained as shown in equations (13).

U = (C44Cz1 — C41C24) /A e a
v = (€114 — C21C14) /A e b
z = (C44C31 — C41C34) /A - (13)
w = (C11C34 — C31C14)/A .. d
A = C11Cya — |Cr4l? e €

Similarly, the term & can be derived as shown in equations (14), assuming the random noises in cross-
polarised channels are equal, i.e. Nyy = Nyy.

o= laay| — 1+ (ayaz| — D2 + 4lay|? ay

2|as| |aq |
Cyy —ulyy —vCy,

= ..b
X1 X (14)
X*
= . C
2 C33 —2"C33 —W"(3y
X=C32_ZC12_WC42 ...d

12
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2.5.2. Improved Quegan’s Algorithm

Kimura et al. (2004) showed that the assumption of Nyy = Ny cannot be satistied for some sensors
such as the ALOS/PALSAR. Therefore, considering the imbalanced cross-pol noise, Kimura et al. (2004)
modified equation (14a) into equation (15).

o= layaz] —m + (laya,| —m)? + 4mla,|? ay

2|ay] las |
Nve _ (SyuSvu
Nuy — (SuvShav)
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m=

However, the assumptions of the Quegan’s algorithm implies that the algorithm is only applicable when
there is no polarisation orientation angle, and the helicity is effectively zero (Ainsworth & Lee, 2001).
These stringent requirements may not always be satisfied; thus, there is a need for an improved algorithm.

253.  Ainsworth’s Algorithm

Ainsworth et al. (2006) proposed a new algorithm for PolSAR calibration addressing the drawbacks of the
Quegan’s algorithm. This algorithm uses a posteriori approach which does not require the prior
relationship between [R] and [T] in equation (5). Moteovet, it imposes only one weak constraint which is
scattering reciprocity (Ainsworth et al., 2000). Fore et al., (2015) showed that, according to Ainsworth’s
model, the true covariance matrix could be expressed as shown in equation (16).

[Ohnnn A" AT Onpoy]
| 4 B B B |
= 16
O-;:hvv B* B* Oypvv
Here equation (10) can be rewritten as equation (17).
[SF’IH SHH Nyy
Svu Svh Nyy
= [M +
St | = M sy [ 1| Wi 7
lS{,VJ Syvy Nyy
[s'] [S] [N]

Here, [M] can be expressed as shown in equation (18) assuming dataset is radiometrically and phase
calibrated.

1 w/a v/a wvw]
u Va uw/Na v

z wzva 1/\/c_x w
uz zJa u/\/c_z 1

Now, the crosstalk parameters can be obtained by solving the system of equations (19a) which is obtained
by considering the linear terms from the expansion of equation (5).

I

[M] = (18)

= [ER(X) .2 (19

[ER(( +1) —3(¢ —T)] [9?(5)] S

3¢+1)  RE-1) 113(5)




POLARIMETRIC CALIBRATION OF SAR DATA USING MANMADE POINT TARGETS AND UNIFORMLY DISTRIBUTED NATURAL TARGETS

C31_A
_ CZ]._A
X C34 B ..d
C,,—B
1
A=§(C31+C21) e ©
1
325(634"‘624) £

Therefore, the calibrated covariance matrix can be obtained as shown in equation (20), ignoring [N].

C, = xC.xt

(20)
z=[M]"!

Theoretically, there should not be any change if the calibration algorithm reapplied on the dataset any

number of time (Ainsworth et al., 2006). Ainsworth algorithm ensure this by iteratively adjusting the

calibrated covariance matrix (C;) using equation (20), until the convergence is reached. In each iteration,

the crosstalk and channel imbalance parameters are modified as shown in the equation.

u=u+u;/Ja .a

v=v+v;/Ja .. b
@1

W=W+Wi\/E - C

z=z+z\a ..d

a = aa; e

Here, subscript indicates the value of the respective parameter in the current (i) iteration. It is worth
noting that, this algorithm ignores the nonlinear terms from the expansion of equation (5) in order to
model the crosstalk parameters. Therefore, the solution of equation (19a) might not be the exact solution.

25.4.  Recent Advancements

Although Quegan’s and Ainsworth’s PolSAR calibration algorithms are well established, Hu, Qiu, Hu &
Ding (2015) presented a new approach of PolSAR calibration considering the effect of POA shift. Fore et
al., (2015) performed an extensive study on PolSAR calibration using both Quegan’s and Ainsworth’s
algorithm and concluded that the Ainsworth’s algorithm provides a more stable estimation of crosstalk
parameters compared to the results of Quegan’s algorithm.

14
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2.6. Estimation and Correction of POA Shift

Polarisation orientation angle is the angle between the major axis of the polarisation ellipse and the
horizontal direction of the polarisation plane. A schematic representation of the orientation angle ()
along with the ellipticity angle (¥) are shown in Figure 6.

h

Figure 6: Polarisation ellipse where { denotes the orientation of the major axis with respect to the vertical direction
and y denotes the ellipticity angle.

The shift in the polarisation orientation angle occurs due to the rotation of polarisation with respect to the
line of sight of the wave, caused by the azimuthal slope (Pottier, Schuler, Lee, & Ainsworth, 1999). Lee,
Schuler, and Ainsworth, (2000) presented three important approaches for estimation of POA shift, the
first approach is to derive the orientation angle from the Digital Elevation Model (DEM) (Lee et al.,
1998), the second method makes use of Cloude’s target decomposition (Cloude & Pottier, 1996) or
Huynen decomposition (Huynen, 1970) to estimate the POA shift and the last approach is circular
polarisation based (Pottier et al., 1999). However, circular polarisation based estimation of POA shift
yvields the most reliable results (Lee et al., 2000). According to Lee, Schuler, Ainsworth, and Boerner,
(2003) the orientation angle () can be estimated from observed scattering matrix ([S]), using equation

22).
n . Ifn < %
Y= { _Z n (22)
Where,
1 _of —ARU(Syn — Svv)Suv))
n =—|tan > o
4 —(ISun — Syv[?) + 4(ISuv1?)
tan™!: R - [—m, 7]
The compensated scattering matrix ([g]) can be obtained using equation (23).
Sun  Suv _ [ cosy  siny [SHH SHV] [COSI/) —siny -
Svw Syv|  L=siny cosy[lSyy  Syyllsing  cosy 23)
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2.7. Metrics of Data Quality

Maximum Normalised Error (MNE)

The maximum normalised error (MNE) proposed by Wang et al., (2011) is an adequate metric to evaluate
the polatimetric distortions present in the PolSAR data. The error ([E]) in the polatimetric measurement
can be derived using as the equation (24). Here, ([S]) is the scattering matrix, ([M]) is the distortion matrix
detived from the equation (10) and [I] is the identity matrix.

[E] = (IM] = [ID[S] e

Therefore, the MNE can be estimated as presented in equation (25), which can be further represented as
shown in equation (25).

WyNE = msax(lEl/lSl) .. (a)

o3)
e = Aax ALAM] — [)FOM] = 1D, 0
Where,

Amax @ Latgest eigen value of the enclosed matrix

Ay Matrix compensating for the dimensionality mismatch due to reciprocity of cross-pol channels

Signal to Noise Ratio (SNR) of Cross-pol Channels

SNR is a direct measure of data quality depicting the ratio of information content concerning the noise
present in the dataset. In the case of Bragg surface, ideally, the two cross-pol channels should be equal,
provided, there are no distortions in the data (Villano & Papathanassiou, 2013). Consequently, the
variance of the distortions can be roughly estimated from the cross-pol backscattering of a known Bragg
surface. Furthermore, the cross-pol backscattering from Bragg surface is low, i.e. mean of the cross-pol
backscattering is zero and variance equal to its RCS (Villano & Papathanassiou, 2013). The cross-pol SNR
(SNRy) can be derived from these two assumptions by calculating the ratio of the variance of the RCS
(A3) and the variance of the distortion (64) as shown in the equation (26) (Villano & Papathanassiou,
2013).

AZ
SNRy = G—‘z’ (26)
N

In this regard, the SNR of cross-pol channels is especially important as it not only represents the data
quality but also takes into account the distortions present in the data (Villano & Papathanassiou, 2013).
The maximum likelihood of the cross-pol SNR can be estimated as shown in equation (27) (Villano &
Papathanassiou, 2013).

o _ 22050 R(sho@Dson (D))
ML Z?];Ollshv(i) - Svh(i)lz

27)

Villano & Papathanassiou, (2013) presented a statistically unbiased method to measure the SNR of cross-
pol channels in the PolSAR data as presented in equation (28).

16
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,\ N —1\ . 1
Sunbiased = (T) Smr + (ﬁ) (28)

Polarimetric Signature

Polarimetric signatures provide information regarding the scattering pattern of the target (van Zyl, Zebker,
& Elachi, 1987). The polarimetric signature can be generated using electromagnetic wave synthesis. The
synthesised scattering matrix ([Sgyn]) can be generated from the actual scattering matrix ([S]) with respect
to varying ellipticity angle (¥) and otientation angle () as shown in equation (29) (ESA & European
Space Agency, 2017).

[Ssyn] = [Rw][s] [RX] (29)
Where,
__[cosyp  —siny [ cosy —jsiny
[Ry] = [sinlp cosy |’ [Ry] = [—j siny cosy ]

Accordingly, the voltage (V,¢) of the backscatter can be obtained from the synthesised scattering matrix
([S]) and the complex effective length vector of the antenna (h) using equation (30) (Cloude, 2009). The
comparison of observed and theoretical polarimetric signature of known targets can provide hints
regarding the quality of the radiometric and phase calibration (Fore, Chapman, Hensley, Michel, &
Muellerschoen, 2009).

Voc = ﬁT [Ssyn]h (30

Roll Invariant Parameters and Polarimetric Decomposition

The Cloude & Pottier, (1996, 1997) decomposition theorem states that the entropy (H), anisotropy (4)
and scattering angle (&) are roll invariant parameters, i.e. these parameters are invariant irrespective of the
variation of polarisation basis (Touzi, 2007), therefore they are suitable indicator of scattering
characteristics of the target. The entropy indicates the randomness in the scattering pattern and the
scattering angle denotes the scattering type. Cloude & Pottier, (1997) devised an unsupervised
classification algorithm based on the scattering property of the target evaluated from the two dimensional
H-a plane. Nine separate zones have been identified in the H-a plane, each corresponding to a unique
class as shown in Figure 7. Additionally, the model based polarimetric decomposition methods are also
useful for characterising the scattering patterns (Cloude, 2009). A comparative study by Sato, Watanabe,
Yamada, & Yamaguchi, (2013) shows that the Yamaguchi four component decomposition (Y4R) is highly
robust and provides reliable scattering patterns irrespective of the targets present in the scene.
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Figure 7: H-a plane showing different zones and their class labels. The curve in red denotes the overall boundary of the
feasible regions

2.8. Chapter Summary

In this chapter, the technical aspects of the different PolSAR calibration algorithms along with their
necessary assumptions have been discussed. Moreover, the impact of design and choice of external
calibrators on the radiometric and channel imbalance calibration have been briefly described. Additionally,
the basic principles of SAR systems and the working of its spaceborne and airborne variants have been
summarised. In the subsequent chapters, specific discussion regarding this thesis is provided.
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3. METHODOLOGY

This chapter describes the adopted methodology adopted for this study in detail. The overview of the
adopted methodology has been shown in Figure 8. The workflow involves one data preprocessing step
and three significant processing steps. Additionally, one analysis step has been incorporated into the
methodology in order to estimate the effect of calibration on the dataset.

ya
~
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Data Preprocessing ~
Corner Reflector £
Data
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Figure 8: Overview of the Adopted Methodology

3.1. Data Preprocessing

Each polarisation channel of the original dataset consists of 61349 rows and 9874 columns; however, a
subset of 1914 rows and 2745 columns containing all the visible corner reflectors has been considered for
this study. An overview of the effective study area is presented in Figure 10. Furthermore, in order to
maintain compatibility with other software, the original dataset has been converted into ENVI file format
with the precision of 64-bit complex number from the original binary image format having the same
precision. Since the precision of the dataset is the same before and after the conversion, this file format
conversion is lossless.
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3.2. Radiometric and Phase Calibration

Radiometric and phase calibrations are the crucial preceding steps of any polarimetric calibration (Fore et
al., 2015). The phase calibration helps in minimising the phase bias present in both co-pol channels and
cross-pol channels whereas, the purpose of the radiometric correction is to correctly convert pixel values
to corresponding normalised RCS (Freeman, 1992). Assuming that the correction for antenna pattern has
already been applied and neglecting the crosstalk, the radiometric and phase calibration can be modelled as
given in equation (31) (Fore, Chapman, Hensley, Michel, & Muellerschoen, 2009).

S 4 [vafzei(¢t.v+¢t,r) Svh(f/g)ei(¢fih+¢m)

. : (31)
i(pevt i(pen+
Shvfge (¢t,v ¢‘r,h) Shhe (¢t,h ¢‘r,h)
Where,
! ! . . . . . . .
S = [Sw Svh]. Radiometric and phase calibrated scattering matrix, where S is the back scattering
- ! ! ' . . . . . .
Shy  Shn from transmitted polarisation t and received polarisation 7.
5= [Sw Svh]_ Observed scattering matrix, where Sy is the back scattering from transmitted
Snv  Shrl” polarisation t and received polarisation .

A: Absolute calibration parametet.
f: Co-pol channel imbalance parameter.
g: Cross-pol channel imbalance parameter.

¢x,y:

Phase error in polarisation channel y where x signifies whether it corresponds to transmission (t)
or reception (r).

After the removal of the arbitrary phase, equation (31) reduces into equation (32) (Fore et al., 2009).

Sl — A vafzei(¢t+¢r) Svh(f/g)eid)r

. 32
snofge'®t Shh 02
Where,
bt = bty — P
¢r = ¢r.v - ¢r.h
3.2.1. Estimation of Radiometric Calibration Parameters

The absolute calibration parameter (4) is obtained from the ratio of theoretically predicted RCS and the

measured RCS of HH polarisation channel at the peak of the oversampled corner reflectors by solving
equation (33) (Fore et al., 2009).

1010gy0 |——| = —101og;0(4%) )
(ShhS;h)

In this regard, the theoretical RCS of a triangular trihedral corner reflector (0.,) can be estimated as
shown in equation (34) (Fore et al., 2009).

__2
'Q (QCT’ ¢CT’)

3 4Aml*

er = = [ 96r er) —

2 (34

Where,
N(Ocp, Per) = cos by + (sin ¢cr + cos ¢cr) sin 6,
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0., Incidence angle relative to the triangular trihedral corner reflector.
Gcr: Azimuth angle.

[: Length of the inner side of the triangular trihedral corner reflector.
A: Wavelength of the radar signal.

All the absolute calibration parameters obtained from each of the corner reflectors distributed over the
scene are regressed with respect to the corresponding incidence angles as shown in equation (35) (Fore et

al., 2009).

A@) = 40" 3)
i=0

Where,

A;: Coefficients of the fitted polynomial
0':0 — 6,

0: Incidence Angle

Om: Mounting angle of the radar antenna
n: Degree of polynomial

Accordingly, the co-pol channel imbalance parameter (f;) has been estimated using equation (36) on each
of the corner reflectors and the mean value of them has been considered as the effective value of f as
shown in equation (30).

(SVVSVV) )
| Gsnnsin) (36)
f=Ff ..b

Where,
fi: Co-pol channel imbalance parameter

fi: Estimation of parameter f at #h corner reflector

Finally, the cross-pol channel imbalance parameter (g) has been derived from a sufficiently large
homogencous featureless patch of the scene according to equation (37).

(Shvshv> (37)
(Suthh>

3.2.2. Estimation of Phase Calibration Parameters

The term ¢, + @, is estimated as the phase anomaly between the HH and VV channels at each of the
corner reflector points as shown in equation (38) (Fore et al., 2009). These values are regressed against
corresponding incidence angles forming a polynomial in the form of equation (39), where the degree of
the polynomial (n) chosen optimally.

b5 = arg(SyvShn) (38)
Where,
¢s = ¢t + ¢r
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n

B5(0") = ) (0" o)
i=0

Where,

0':60 -0,

0: Incidence Angle

0.: Mounting angle of the radar antenna

¢;: # coefficient of the polynomial

n: Degree of the polynomial

Similarly, the tetm ¢y — ¢, can be estimated from the average phase bias between the cross-polarisation

channels, from a large homogeneous patch, as given in equation (40).

¢q = arg({ShySpn)) (40)
Where,
bqg =P — br

Now, ¢ and ¢, can be simply solved from the estimated values of ¢ and ¢4 as shown in equations (41)
and (41).

s +
(‘bt:w ..

z @1
¢r=—¢s 2¢d ...b

3.23. Summary
The overview of the radiometric calibration is shown in Figure 9. First, the parameters f, g and ¢4 are
estimated from equations (36), (37) and (40) respectively as these terms do not vary with respect to

incidence angle and therefore, are constants.

I Regression of ¢ I -
Estimation of | with respect to N D;n:}njo; of P Estima ._|on of
5 imal i r d
incidence angle
Sca‘-.tenlng matrix Theoretical oy ) S‘ca‘-.tenng Matrix
at peak of each Incidence Angle of a Homogeneous
of each CR
cormner reflector Patch
l l Radiometric and
Phase Calibratiom
I R Regression of A with
| EstmationofAat ¥ respect to incidence Estimation of g
each CR
angle
Estimation of f; for o = Radiometrically Radiometrically
e E— » =f " -
each CR Estimation of f = f; Calibrated Data Uncalibrated Data

Figure 9: Workflow for the radiometric and phase calibration

In addition to this, parameters A(8") and ¢s(0") are estimated for each pixel using equations (35) and
equation (39), given the incidence angle () of a pixel and the antenna mounting angle of the radar (6;,).
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After that, ¢y and ¢, are derived from ¢5(8") and ¢4 according to equation (41). Finally, radiometric
and phase calibration has been applied according to equation (31).

3.3. Calibration for Crosstalk and Channel Imbalance

The radiometric and phase calibrated SAR data are partially calibrated as the channel imbalance is not
entirely minimised and crosstalk is still present in the dataset. Typically, the crosstalk parameters ate
estimated from the covariance matrix; therefore the specifics of covariance matrix generation are essential
for the correct estimation of crosstalk and channel imbalance parameters. Furthermore, there are different
existing algorithms for the estimation of the crosstalk parameters as described in section 2.5. In this
regard, the choice of the algorithm also affects the accuracy of the overall PoISAR calibration. The details
of these procedures are discussed in the subsequent subsections.

3.3.1. Covariance Matrix Generation

The polatimetric covariance matrix ([C4]) is computed from the vector form of the scattering matrix of
fully polarimetric SAR data using equation (42) and it has the form shown in equation (43) (Fore et al.,
2015).

[Ca] = ([SIIST") (42)
Where,
[S] = [Shh Svh  Shv SV‘V]T

[(ShnShn)  (SnaSon) (SnShv)  (ShnSiw)
[C ] _ |<Suh5f*lh> <5vhS;h> (Svhsi*w> (Svhssv)l 43)
4 (Shvsi*zh) (ShvS;h) (ShvS;Lv) (ShvSpw)

(vaS;Lh) <5vv51jh) (S‘U‘US;LU) (SpvSpr)

Here, () signifies the ensemble average operation. In this regard, the choice of kernel size in covatiance
matrix computation is crucial as it can affect the estimation of crosstalk parameters. Ideally, the kernel size
should not be too large as the covariance may deviate from expected value due to the high variation in
sizeable spatial extent, on the other hand, it should not be too small as the correct estimation of
covariance requires an adequate number of samples (pixels) to be present in the kernel.

3.3.2. Estimation of Channel Imbalance

Appropriate radiometric and phase calibration partially rectifies the channel imbalance present in the data.
Thus, after radiometric and phase calibration the channel imbalance parameters k, a satisfies the
condition in equation (44).

k=— (44)

The term « is later estimated at the time of crosstalk estimation. The estimation of & varies depending
upon the crosstalk model. In the case of Quegan’s algorithm, & is estimated according to equations shown
in (14) given in the section 2.5.1. Similarly, in the improved Quegan’s crosstalk model, & is estimated using
equations in (15), provided in the section 2.5.2. Since Ainsworth algorithm follows an iterative approach
the value of « is also adjusted iteratively. However, in this case, the initial value of « is directly determined
from the covariance matrix (C4), according to equation (45) (Fore et al., 2015).
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Lz |@| (45)

a =
|CZ3| C33

3.3.3. Estimation of Crosstalk Parameters

In this study, three well-established algorithms, namely Quegan’s algorithm, improved Quegan’s algorithm
and Ainsworth algorithm have been applied to estimate the crosstalk parameters. These algorithms are
discussed in section 2.5. Furthermore, a modified Ainsworth algorithm has been proposed to improve the
computational efficiency. It is worth mentioning that the crosstalk parameters vary with respect to the
range; therefore the pixels having the same range should correspond to a single set of crosstalk
parameters. Due to this reason, a set of crosstalk parameters comprising the mean of each crosstalk
parameter estimated from pixels having the same range is considered to be the estimation of the crosstalk
for that range.

Crosstalk Estimation using Quegan’s Algorithm

The Quegan’s crosstalk model has been described in section 2.5.1. The estimation of crosstalk using
Quegan’s algorithm is straight forward. First, the term A is calculated from the covariance matrix using
equation (13). Then the crosstalk parameters U, v, W, Z are estimated using equations (13), (13), (13) and
(13) respectively.

The correlations between the co-pol and cross-pol channels are defined as shown in equation (46).

(ShnSpn)

N (T a

(S‘U‘US;IV)

N (e TEWE o

It is worth mentioning that, the Quegan’s crosstalk model assumes that the co-pol cross-pol channels are

(40)

entirely uncorrelated. However, in practice, the correlations between co-pol and cross-pol channels cannot
be absolute zero. Therefore, the crosstalk parameters should only be estimated from the pixels where the
correlations between co-pol and cross-pol channels are very low. Consequently, a sufficiently small
threshold value for these correlations has been chosen so that the pixels having the cross-pol correlation
less than this threshold is considered to have effectively uncorrelated co-pol and cross-pol channels. It
implies that the crosstalk parameters will only be estimated from the pixels where the cross-pol correlation
is below the predetermined threshold.

Improved Quegan’s Algorithm

According to the discussion in section 2.5.2, if imbalanced cross-pol noise is present in the dataset, the
estimation of channel imbalance provided by Quegan, (1994) will largely deviate from the actual value.
Therefore, imbalanced cross-pol noise should be compensated as shown in equations in (15). However,
the estimations of the crosstalk parameters, in this case, are identical to that of the Quegan’s algorithm,
and the same correlation-based approach is followed as discussed in the Crosstalk Estimation using
Quegan’s Algorithm.

Crosstalk Estimation using Ainsworth Algorithm

The Ainsworth algorithm adopts an iterative approach for the estimation of the crosstalk parameters. The
crosstalk model by Ainsworth et al., (20006) has been described in section 2.5.3. Here, the algorithm code
for crosstalk parameters estimation is as follows (Fore et al., 2015):
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Ainsworth Algorithm

Input covariance matrix [Co]
Input maximum iteration count iy,
Input precision threshold €
Initialize crosstalk parametersu = v =w =z =0
Compute channel imbalance parameter @ using equation (45)
Set iteration count i = 0
do
Increment iteration count i =i + 1
Compute C; using equations (20) and (18)
Estimate [§] from [C;] by solving equations in (19)
Update u, v, w, z and a with values in § using equations in (21)
Sety = max([8aps]) : V x € [6] = |x] € [Saps]
whiley > € and i < ijqy

The algorithm starts with a crude estimation of channel imbalance while assuming crosstalk is not present
in the data. Then the calibration is iteratively applied on the covariance matrix, and residual crosstalk is
observed. In each iteration, the crosstalk parameters are updated by scaling the respective residuals of
crosstalk by channel imbalance, and the channel imbalance is updated by the residual channel imbalance.
The iteration stops when the absolute value of all the crosstalk residuals are below the predetermined
threshold. For this reason, the threshold value has been chosen as per the requirement of the precision in
the estimation. Furthermore, the purpose of providing the maximum iteration count is to avoid indefinite
execution of the iterations in case the crosstalk parameters do not converge as per expectation. Therefore,
the maximum number of iterations is chosen heuristically.

Proposed Algorithm

The Ainsworth algorithm adopted by Fore et al., (2015) does not take into account the system noise.
According to Ainsworth et al., (2006) the term 17 as given in equation (47a) represents the system noise
and the term q in equation (47b) depicts the data quality .

T]=,8—,B’ ...
n 47)
=2 b
T8

Where,
B and B’ refer to the respective terms in the covariance matrix according to Ainsworth’s crosstalk model
presented in equation (16).

When, g > 1, the covariance matrix is not positive definite. This implies that, either the data contains less
polarimetric information compared to the noise present in it or the Ainsworth’s crosstalk model does not
apply in this case. Consequently, the estimation of crosstalk parameters from these covariance matrices
reduces the overall accuracy of the crosstalk estimation as the crosstalk parameters are averaged from the
pixels having constant range. The proposed method incorporates this measure by ignoring the pixels
where g > 1. In contrast, the Ainsworth algorithm is iterative in nature and its computational complexity
is higher than the Quegan’s algorithm. Although the estimations of crosstalk parameters using Quegan’s
algorithm are no better than the Ainsworth algorithm, in some cases the Quegan’s crosstalk estimations
are very close to the result of the Ainsworth’s algorithm. Therefore, in those cases, Ainsworth’s iterative
computations can be avoided by increasing the computational efficiency and saving execution time.
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Furthermore, the crosstalk parameters may not converge to the expected precision within the maximum
allowed iterations, i.e. ¥ < & may not be satisfied when [ = i;;,4, has been reached. There is a possibility
that the value of y the Quegan’s algorithm can better than the y value from Ainsworth algorithm when
I = Ijpax 1. equation (48) holds true.

Ya > Yo (48)
Where,
Yo * ¥ of the crosstalk parameters detived by Quegan’s algorithm

Y4 ¢ ¥ of the crosstalk parameters derived by Ainsworth algorithm when § = iy,

Therefore, in these cases, the Quengan’s estimations are better than that of Ainsworth algorithm. The
proposed algorithm takes this into account and accepts Quegan’s solution, in case the condition in (48) is
satisfied. Thus, the proposed algorithm is as follows:

Proposed Algorithm

Input covariance matrix [Cq]

Input maximum iteration count iy, qx

Input precision threshold &

Estimate q using equation (47

Ifg<1
Estimate Uy, Vg, Wg, Zg and @4 using Quegan’s algorithm in equations (13) and (14)
Compute Cy using equations (20) and (18)
Estimate [§4] from [C4] by solving equations in (19)

Set v = max ([8aps,]) : ¥ x € [6] = || € [Saps, ]
Ityy, <e
Accept Quegan’s solution: U = Ug, V=Vg, W =Wg,Z =2, x = Qg
Else
Initialize ug = vy =W, =2, =0
Compute channel imbalance parameter @, using equation (45)
Set iteration count i = 0
do
Increment iteration count i =i + 1
Compute C; using equations (20) and (18)
Estimate [§] from [C;] by solving equations in (19)
Update Ug, Vg, Wq, Zg and a, with values in § using equations in (21)
Set y = max([8qps]) : V x € [6] = |x| € [Saps]
whiley > € and i < ijqy
If i = ipmax
Ya=YVY
Itys >
Accept Quegan’s solution: U = Ug, V = Vg, W = Wy, Z = Zg, & = Qg
Else
Accept Ainsworth’s solution: U = Ug, UV = Vg, W = Wy, Z = Zg, X = Qg
Else
Ignote crosstalk estimation: 4 = NaN,v = NaN,w = NaN, z = NaN,a = NaN
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3.34. Correction of Crosstalk

After the estimation of crosstalk, the calibration can be performed according to a generic crosstalk model
is shown in equation (17). Since the random system noise ([N]) is assumed to be zero, the actual scattering
mattix ([S]) can be derived from the observed scattering matrix ([S']) using equation (49).

[S] = [M]~*[s'] (49)
Where,
[M] : As defined in equation (18)

Although [M] ™! can be computed numerically; the analytical solution of matrix inversion is advantageous
considering the computational cost. Therefore, [M]~? can be calculated as shown in equation (50). It is
worth mentioning that, the same approach can be applied for the estimation of X in equation (20).

-—w % vw

1
_ 1 —uNa 1NE wiNT vV
S w-Dwz-1D| -zva wzva VJa —wVa
uz -z —u 1

[M]~? (50)

Where,
u, v, w, z : Estimated crosstalk parameters
a : Estimated channel imbalance parameter

3.3.5. Estimation and Correction of POA Shift

As discussed in section 2.6, the variations in topography cause the shift in polarisation orientation angle,
and this shift can be estimated with the help of equation (22), and its effect can be corrected using
equation (23). However, POA shift should be estimated and corrected after the radiometric and crosstalk
calibration has been performed so that the deviation from the accurate estimation of POA shift can be
avoided due the presence of anomalies in the uncalibrated dataset.

34. Metrics of Data Quality and Validation

According to Wang et al., (2011) the MNE is an important metric to check the polarisation distortion in
PolSAR data. SNR is another generalised metric to evaluate the amount of useful information present in
the data with respect to the noise. Villano & Papathanassiou, (2013) suggested that the SNR of cross-pol
channels of SAR data is crucial since the powers of the backscattered signal are comparatively very low
with respect to backscatter powers of the co-pol channels. Therefore, MNE and cross-pol SNR have been
chosen as the data quality metrics for this study. Along with this, the polarimetric signature has been used
in order to validate the scattering behaviour of the known targets.

Additionally, the scattering pattern of the scene has been studied through the H-a plane. As discussed in
section the topographic variation causes POA shift and as a result generally volume scattering is over
estimated and even bounce scattering is under estimated. Therefore, if the POA shift is present in the
dataset, the subsequent changes should necessatily be reflected in the scattering patterns depicted by
decomposition modelling. According to the study by Sato et al., (2013) the Y4R decomposition is highly
reliable for estimating the true scattering pattern. Therefore, Y4R decomposition has been selected for
observing the changes in the scattering pattern due to POA shift correction.
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4. STUDY AREAAND DATASET

This chapter briefly describes the study area and the dataset used in this research. Furthermore, it
introduces the software and tools required for this study.

41. Study Area

Rosamond dry lake is situated between Antelope Valley and the Mojave Desert in the southern part of
California, United States of America. It is a naturally formed dry lake bed with a large flat surface of nearly
35 km? (Meyer & Bowers, 2012). The area is characterized by a hard surface having less than 40 cm of
variation in curvature over a distance of 9 km and with least amount of vegetation, thus making it suitable
for a calibration validation (cal-val) site. For these unique characteristics, this site is being used as a
permanent cal-val site by NASA (Muellerschoen & Muellerschoen Ronald, 2018). At the southern part of
the lake, an array of 38 triangular trihedral corner reflectors of different sizes has been deployed for the
calibration of SAR instruments (Muellerschoen & Muellerschoen Ronald, 2018). These reflectors are
routinely maintained and. The size of the different corner reflectors with respective count is presented in
Table 1. A large dry flat area with the presence of the corner reflectors array of different sizes makes this
area suitable for this study. Furthermore, it is relatively easy to access the dataset of different levels
because of the open data policy of NASA (NASA, 2015).

Table 1: Size and Count of Corner Reflectors in Rosamond Corner Reflector Array

The side length of triangular trihedral corner Total count
reflector (m)
4.8 5
2.4 23
0.7 10

4.2. Dataset

This study requires uncalibrated data; therefore the UAVSAR (Rosen et al.,, 2006) L band uncalibrated
dataset has been used. The details of the dataset are provided in Table 2. Since the dataset is not calibrated
for crosstalk and POA shift, it is suitable for crosstalk calibration and POA shift correction. This
particular dataset pre-processed up to level 1.1, and it has a 1.8 m slant range resolution and 0.8 m azimuth

resolution.
Table 2: Details of the dataset

Attribute Value
Date and Time of Acquisition September 20, 2016, 22:31:22 UTC
Site Rosamond, California, USA
Acquisition Mode Quad Pol
Flight Line 35012
Track ID 35
Average Altitude 1.25 km
Look Direction Left
Radiometric Calibration Applied Yes
Frequency Band L (1.2575 GHz)
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The intensity image of HH channel is depicted in Figure 10, with the visible corner reflectors marked in
circles. The bright portion near the top is a slightly rough surface with mild vegetation and marks the
boundary of the dry lake. Rest of the area is nearly featureless. The area near the top right appears
comparatively dark indicating smooth surface and presence of soil moisture as the Piute ponds are located
in the close neighbourhood.

(O 0.7 m Corner Reflector

Q 2.4 m Corner Reflector [Clearly Visible]
O 4.8 m Corner Reflector

2.4 m Corner Reflector [Not Clearly Visible]

Figure 10: Visible corner reflectors in the HH intensity image acquired on September 20, 2016

There are ten 2.4 m corner reflectors, and all five 4.8 m corner reflectors are visible in the scene.
Additionally, four 0.7 m corner reflectors are also visible but those are not useful in this study as the
wavelength of the SAR sensor is 0.24 m. Some corner reflectors are not prominently visible as their
viewing vector were away from the sensor at the time of acquisition.

4.3. Softwares

This study has been carried out using the following software.
e  Python 3 (Python Core Team, 2018) and required modules for processing
e ENVI 5.3 for visualisation of the dataset
e PolSARpro v5.1.3 for assessment

4.4. Chapter Summary

In this chapter, a general overview of the study area and dataset has been provided. Additionally, the
requirements of different software and tools along with their specific purpose has been specified.
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5. RESULT AND ANALYSIS

This chapter presents the results of this study and summarises the analysis of these results. Section 5.1
ensures that the dataset is radiometrically calibrated. Section 5.2 and 5.3 provides the results and the
analysis of the Quegan’s algorithm and the improved Quegan’s algorithm while section 5.4 concerned with
the results and the analysis of the Ainsworth algorithm. Section 5.5 describes the results and analysis of
the proposed algorithm. Section 5.6 compares the algorithms in terms of scattering angle and entropy.
Section 5.7 shows the effect of POA shift correction. Finally, the chapter ends with a summary in section

5.8.

The estimated covariance matrix depends upon the choice kernel size, which in turn affects the estimation
of crosstalk parameters. Henceforth, all the covariance matrices have been computed using the 7X7
kernel. Furthermore, in each case, the cross-pol SNR has been estimated from a featureless area of
286X 263 pixels with a 7X7 window. For the iterative crosstalk estimation algorithms, the maximum
allowed iterations are set to be 16. Similar to the computation of the covariance matrix, the 7X7 window

has been used for the estimation of POA shift.

5.1. Verification of Radiometric Calibration

The radiometric and phase calibration has already been applied in the dataset. Therefore, the shapes of the
polarimetric signatures at the corner reflector pixels should closely resemble the ideal shapes. The
polarimetric signature of a 4.8 m triangular trihedral corner reflector is shown in Figure 11.

Co-pol Signature (b) Cross-pol Signature
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Figure 11: Polarimetric signatures of corner reflector 24. It is a triangular trihedral corner reflector with 4.8 m side
length, (a) co-pol signature, (b) cross-pol signature
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(a) Co-pol Signature (b) Cross-pol Signature
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Figure 12: Polarimetric signatures of corner reflector 21. It is a triangular trihedral corner reflector with 2.4 m side
length, (a) co-pol signature, (b) cross-pol signature

The polarimetric signatures of the 2.4 m corner reflector in Figure 12 and polarimetric signatures of 4.8 m
corner reflector in Figure 11 closely depict the ideal shape of the triangular trihedral corner reflector.
Although there are some visible distortions in the cross-pol signatures of both the corner reflectors, the
distortions are not high, i.e. phase offset is reasonable. Therefore, the dataset is radiometrically calibrated

and the presence of phase imbalance is negligible.

5.2. Estimations using Quegan’s Algorithm

Estimates of Crosstalk Parameters

The variations of crosstalk parameters estimated using Quegan’s algorithm have been observed before and
after the crosstalk calibration. In Figure 13, crosstalk parameters are plotted for the range direction over
2750 range pixels. It can be observed that the parameter u varies roughly between -28 dB to -34 dB before
the calibration and it varies roughly between -34 dB to -38 dB after the calibration. There are no anomalies
in the estimation of U as the residual of u is less than the estimated u before the calibration in all the
cases. The parameter v is estimated to be nearly -20 dB and it does not show much variations with respect
to the range direction before the calibration. However, residual of v varies between -35 dB and -43 dB
and exhibits a similar pattern to that of residual u. The parameter w mostly varies around -35 dB before
the calibration and it is estimated to be roughly between -35 dB -42 dB after the calibration. The
parameter Z is estimated to be in the range of -34 dB to -36 dB before calibration and in the range of -35

dB to -39 dB after the calibration.
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Figure 13: Variation of Quegan's crosstalk parameters with respect to range. All the crosstalk parameters have
reduced after performing calibration.

Estimate of Channel Imbalance

Similar to the crosstalk parameters, the estimated channel imbalance parameter & is plotted against the

range direction in Figure 14, both before and after the calibration. The amplitude of & varied between 0.25

dB to 0.35 dB before the calibration which reduced to below 0.07 dB after the calibration. On the other
hand, the phase of a varied close to 27° before the calibration and it reduced to nearly 0° after performing

the calibration. The residual amplitude and phase of a indicate that the channel imbalance has been

substantially reduced.
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Figure 14: Variation of estimated using Quegan’s algorithm, (a) shows the variation of amplitude of a with respect to
the range direction, (b) shows the variation of phase of @ with respect to the range direction
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Polarimetric Signatures
The polarimetric signature of the corner reflector 24 after performing the crosstalk and channel imbalance

calibration is shown in Figure 15.

(a) Co-pol Signature (b) Cross-pol Signature
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Figure 15: Polarimetric signatures of corner reflector 24 after crosstalk and channel imbalance calibration using
Quegan's algorithm. (a) co-pol signature, (b) cross-pol signature

The distortions present in Figure 11 have been reduced significantly. Similarly, the signature of all the
corner reflectors with distortions before the crosstalk and channel imbalance calibration have been

improved after performing the calibration.
Estimates of Data Quality

MNE Estimate

Wang et al, (2011) recommended that the MNE is a suitable metric to evaluate the polarimetric
distortions. Figure 16 shows the variation of MNE before performing the crosstalk calibration. The MNE
before performing the crosstalk varied between -18.41 dB and -21.63 dB. However, MNE has been
reduced to the range of -26.69 dB to -33.81 dB after crosstalk calibration using Quegan’s algorithm as
shown in Figure 17. It is observed from Figure 17 that a large number of range pixels do not satisfy the

threshold of -30 dB.
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Figure 17: Variation of MNE with respect to the range direction after Quegan’s calibration
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SNR Estimate

Similar to the MNE, the cross-pol SNR has been estimated before and after performing the crosstalk
calibration which is shown in Figure 18.
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Figure 18: Histogram of cross-pol SNR before and after Quegan's crosstalk calibration. The median of the cross-pol
SNR has been shifted to higher value after calibration.

In both cases, the histograms resemble a normal distribution. The mode of the histogram improved to
6.89 dB after the calibration from 6.12 dB before the calibration. However, the distribution of SNR is
more uniform after the calibration compared to the distribution of the SNR before.

Effect on Roll Invariant Parameters

The study area for this research mostly comprises of a relatively smooth flat surface. Therefore, surface
scattering is expected to be dominating. The volume scattering from vegetation might be present due to
the presence of light vegetation near the edge of the dry lake bed. However, the volume scattering should
be comparatively low. The H-a planes before and after the calibration are presented in Figure 19.

Figure 19(a) shows that most of the pixels lie in the region of surface scattering with low and medium
entropy. However, a relatively large number of pixels depicts medium entropy scattering rather than low
entropy surface scattering. Furthermore, the pixel densities indicate that there is a significant amount of
volume scattering present despite being lesser than the surface scattering. Presence of double bounce
scattering, multiple scattering and anisotropic scattering is negligible.

In contrast, the surface scattering in Figure 19(b) has significantly increased after performing the
calibration using the Quegan’s algorithm. The amount of volume scattering has been reduced but still
significantly present. However, the amount of double bounce scattering has increased which might be
attributed to the rocky patches at near the edge of the lake bed. Additionally, the anisotropic scattering
slightly increased which is unexpected as no anisotropic medium is known to be present in the study area.
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Figure 19: H-a Plane, (a) Before Crosstalk Calibration, (b) After calibration using Quegan's algorithm. Overall
surface scattering has increased after calibration

5.3. Estimations using Improved Quegan’s Algorithm

The cross-polarisation noise ratio has been estimated from a relatively homogeneous patch of 734X647
pixels, and it is found to be very close (precision of 104) to the ideal value of one. Due to this reason the
crosstalk parameters and channel imbalance parameters estimated to be the nearly equal to the estimations
of Quegan’s algorithm. The implication of this can be further observed in the estimated cross-pol SNR.

Estimate of Data Quality

The median of SNR slightly increased to 7.03 dB compared to Quegan’s 6.89 dB as shown in Figure 20.
The estimated MNE also follows a similar trend to that of Quegan’s MNE. It can be interpreted from
Figure 21 that, the change in the range of MNE is not significant. Similar to Quegan’s algorithm, most
pixels do not satisfy the requirements of having MNE less than -30 dB. However, near the range pixel of
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Figure 20: Histogram of cross-pol SNR before and after improved Quegan's crosstalk calibration. The median of the
cross-pol SNR has been shifted to higher value after calibration.
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800, 1200, 1500, 1750 and 2200 the MNE is as lower than -32 dB and in some cases, it is as low as -34 dB.
In brief, the MINE shows a highly irregular and unstable pattern to the range direction.
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Figure 21: Variation of MNE with respect to the range direction after improved Quegan’s calibration

5.4.

Estimates of Crosstalk Parameters

Estimations using Ainsworth Algorithm

The variation of crosstalk parameters in rage direction before and after the crosstalk calibration is shown

in Figure 22. Evidently, before calibration, in some cases, the crosstalk parameters are higher than

standard -35 dB threshold.
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Figure 22: Variation of crosstalk parameters estimated using Ainsworth algorithm. All the crosstalk parameters have

reduced after performing calibration.
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However, all the crosstalk parameters have reduced below -40 dB after the crosstalk calibration using
Ainsworth algorithm. The parameters U, W and z are varied mostly below -45 dB; however, the parameter
gently varied between -40 dB to -45 dB. Furthermore, comparing Figure 13 and Figure 22, it can be
observed that the estimation of crosstalk parameters using Ainsworth algorithm are relatively stable with

respect to Quegan’s algorithm.

Estimate of Channel Imbalance

The channel imbalance before and after performing Ainsworth crosstalk calibration is plotted with respect
to range in Figure 23. The amplitude of & varied above 0.2 dB before the calibration which reduced below
0.05 dB after the calibration. The phase of & was stable around 26° before the calibration and it reduced
below 2° after performing the calibration. Unlike crosstalk parameters, the estimated value of & before the
calibration shows the similar variation in the range direction to that of Quegan’s estimation. The
amplitude of a is lower after the calibration using the Ainsworth algorithm compared to the amplitude of
a after performing calibration using Quegan’s algorithm. However, the phase of & is more stable and lies
closer to 0° in the case of Quegan’s algorithm.
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Figure 23: Variation of @ estimated using Ainsworth algorithm, (a) shows the variation of amplitude of a with
respect to the range direction, (b) shows the variation of phase of o with respect to the range direction

Polarimetric Signature

The polarimetric signatures after the crosstalk and channel imbalance calibration have been shown in
Figure 24. It can be observed that the distortions both co-pol and cross-pol signatures have been reduced.
After performing the calibration, similar improvements have been observed in the signatures of other

corner reflectors containing some distortions.
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Figure 24: Polarimetric signatures of corner reflector 24 after Ainsworth calibration (a) co-pol, (b) cross-pol
signature. The distortion in the shapes have been reduced.

Estimate of Data Quality

MNE Estimate

The variation of MNE in range direction estimated after the crosstalk calibration is shown in Figure 25.
The MNE highly varied between -32 dB to -42 dB and reaches maxima near range pixel 1900. Except for
the close neighbourhood of the maxima, MNE is below -35 dB in the rest of the range bins.
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Figure 25: Variation of MNE with respect to the range direction before improved crosstalk calibration using
Ainsworth algorithm
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SNR Estimate

The histogram of the cross-pol SNR is shown in Figure 26. The histogram of the cross-pol SNR closely
follows the normal distribution. After the calibration, the median has increased to more than 8 dB from 6
dB before the calibration.
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Figure 26: Histogram of cross-pol SNR before and after Ainsworth crosstalk calibration

Effect on Roll Invariant Parameters
The H-a plane after performing the calibration using the Ainsworth algorithm has been shown in contrast

with the scenario before the calibration in Figure 27.
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Figure 27: H-a Plane, (a) Before Crosstalk Calibration, (b) After calibration using Ainsworth algorithm
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From Figure 27(b) it can be observed that the surface scattering is the most dominant scattering having
the maximum contribution from the low entropy surface scattering. Consequently, the medium entropy
surface scattering and has been significantly reduced. The multiple scattering is higher than the scenario
before the calibration which might be related to the rocky patches as discussed earlier. However, the
double bounce scattering in case of Ainsworth calibration is comparatively lower than that of Quegan’s
calibration. Interestingly, the anisotropic scattering, in this case, is nearly non-existent which correctly
depicts the characteristics of the surface. The quality of calibration by Ainsworth algorithm is better than
that of Quegan’s algorithm.

5.5. Estimations using Proposed Algorithm

The proposed algorithm adopts a hybrid approach using both Quegan’s algorithm and Ainsworth
algorithm to improve the computational efficiency while maintaining the quality of calibration similar to
the Ainsworth algorithm. Hence the performance of this algorithm has been evaluated through the
following results.

Estimates of Data Quality

The MNE after the calibration using this method follows a similar pattern to that of Ainsworth algorithm
as it can be observed in Figure 28. However, some minor differences can be observed approximately in
the range of -36 dB to -39 dB which might be attributed to the cases where the solutions provided by
Quegan’s algorithm is acceptable. However, the trend is similar to the Ainsworth algorithm in the rest of
cases as the algorithm falls back to Ainsworth algorithm in case Quegan’s estimate is not adequate.
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Figure 28: Variation of MNE with respect to the range direction before and after improved crosstalk calibration
using proposed algorithm

Similar to the MNE, the cross-pol SNR in Figure 29 does not differ significantly from the cross-pol SNR
estimates of the data calibrated using the Ainsworth algorithm. Interestingly, the median of the SNR, in
this case, has decreased by 0.003 dB from the Ainsworth algorithm. This minute reduction in cross-pol
SNR might be attributed to the cases where Quegan’s solution has been accepted.
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Figure 29: Histogram of cross-pol SNR before and after the crosstalk calibration using the proposed algorithm

Performance Evaluation

The intended objective of the proposed algorithm is to reduce high computational cost caused by the
iterative construct of the Ainsworth algorithm without harming the accuracy. Therefore, the
computational costs of the proposed algorithm have been monitored in terms of the iterations computed
for each pixel. The frequency of iterations observed for 1 million pixels (1000X1000 subset image) has
been shown in Figure 30. The iteration 6 has the highest frequency, i.e. in most cases, Ainsworth
algorithm inside the proposed algorithm converges with six iterations. The frequencies of iterations
steadily decrease after 6. The frequency of the maximum iteration 16 is not zero. It indicates that there
might be a few instances where the algorithm did not converge up to the expected precision. The
frequencies of the initial few iterations are comparatively low since the Ainsworth algorithm initialises with
the crosstalk parameters set to zero, ie. it is assumed that crosstalk is not present in the dataset.
Consequently, the algorithm requires a few iterations before it converges.

Here, iteration 0 depicts the cases where the algorithm directly accepted the Quegan’s solutions. Evidently,
in case of 135.57X103 pixels out of 109 pixels, the algorithm found the solution of Quegan’s estimations to
be suitable. Therefore, the iterative computations have been avoided for nearly 13.6% cases.

5.6. Comparison of Algorithms Regarding Entropy and Scattering Angle

The entropy (H) and scattering angle (&) from the H-a decomposition have been observed at the corner
reflector points before and after the calibration as these parameters are influenced by the presence of
crosstalk. Theoretically, the triangular trihedral corner reflectors depict odd bounce scattering, therefore
the value of entropy and scattering angle ideally should be very low in the corner reflector points.
However, these two parameters potentially increase in the presence of crosstalk. Consequently, calibration
should rectify these anomalies by reducing crosstalk.
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Figure 30: Computational costs of the proposed algorithm observed for 10° pixels. Frequencies of each iteration has
been shown on the top of each bar.

The changes observed in the value of H and before and after crosstalk calibration for all algorithms are
shown in Figure 31. It can be observed that both the entropy and scattering angle has consistently
decreased after each method. The Ainsworth algorithm performs better in terms of reducing these
parameters. Expectedly, Quegan’s algorithm and Ainsworth algorithm performs nearly the same as the
cross-channel noise imbalance is negligible as per the observations. Similatly, Ainsworth algorithm and the
proposed algorithm performs equally well.

5.7. Effect of POA Shift Compensation

In general, the presence of POA shift causes overestimation of volume scattering and underestimation of
even bounce scattering. POA shift correction has been performed after the crosstalk calibration by both
Quegan’s algorithm and Ainsworth algorithm. In Figure 32, the scattering patterns of a patch calibrated
using the Quegan’s algorithm have been shown before and after performing the POA shift compensation.

It can be observed that in the encircled areas volume scattering has decreased which indicates the changes
regarding the POA shift correction. However, these changes are relatively small, which is justifiable as the
topographic variations in the study area are negligible. Similar behaviour can be observed in Figure 31 in
the case of POA shift correction after the calibration using the Ainsworth algorithm. In Figure 31(a), the
presence of significant volume scattering can be observed which has been further reduced in Figure 31(b)
as a result of the POA shift compensation. However, in both cases, the changes in the double bounce
scattering due to POA shift has not been observed since the calibrated scenes hardly show any double-
bounce scattering.

Table 3 shows the decrease in the volume scattering in terms of mean and standard deviation of the
volume scattering estimated using the Y4R decomposition. In both the cases, the mean of the volume
scattering has been reduced after POA shift correction. Although the standard deviation of volume
scattering has stayed the same after POA shift correction of Q, the same has been reduced after POA shift
compensation in case of A.
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Table 3: Change in the volume scattering before and after the POA shift for Quegan and Ainsworth algorithm

Quegan (Q) Ainsworth (A)
Mean Std. Dev. Mean Std. Dev.
Before POA Shift 331x107* 287x107* 331x107* 3.06x107*
After POA Shift 291 x 1074 2.88 x 1074 2.88 x 1074 2.73x 1074
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Figure 31: Effect of crosstalk calibration using different algorithms on (a) entropy and (b) scattering angle. Both
scattering angle and alpha have reduced due to calibration.
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© (@)

Figure 32: The scattering patterns in Y4AR RGB composite of a small patch. (a) scattering pattern after applying
Quegan’s algorithm, (b) scattering pattern after applying POA shift correction on the patch calibrated using
Quegan’s algorithm, (c) scattering pattern after applying Ainsworth algorithm, (d) scattering pattern after applying
POA shift correction on the patch calibrated using Ainsworth algorithm. Here, Red signifies double bounce
scattering, Green signifies volume scattering and blue signifies surface scattering. The respective encircled areas in
red are highlighting the changes in the scattering pattern
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5.8. Chapter Summary

In this chapter, the results of the methods ate discussed in chapter 3 for the dataset specified in chapter 4.
However, the radiometric and phase calibrations have not been performed as the dataset is already
radiometrically and phase calibrated. Furthermore, the implications of the results regarding the objectives
of this study have been briefly discussed below.

Specific Objective - |

The dataset has been calibrated for the minimisation of crosstalk and channel imbalance using different
algorithms. In the case of both Quegan’s and Ainsworth algorithms, it can be observed that residual
crosstalk has been significantly decreased after the calibration. Furthermore, the reduction of distortions in
the polarimetric signature indicates that the channel imbalance has been adequately minimised.

Specific Objective - Il

Expectedly, the presence of POA shift is not prominent in the study area since topographic variations are
not significant. However, the minute presence of POA shift has been observed through decomposition
modelling. In some regions, it has been observed that the potentially overestimated volume scattering has
been reduced.

Specific Objective - Il

The calibration process reduces the noise present in the data which can be verified as the MNE decreases
significantly after the calibration. Moreover, the increase in the cross-pol SNR after calibration strongly
signifies the improvement in the data quality. Furthermore, calibration helps to reveal the correct
scattering pattern of the targets as conveyed by changes in the H-a plane before and after the calibration.
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6. DISCUSSION

In this section further discussion has been provided regarding the implications of the results obtained in
chapter 5. Moreover, it focuses on finding out the answers to the research question from these results.

Research Question - |

Comparing the results in section 5.2 and section 5.4, it is evident that the Ainsworth algorithm is better in
terms of minimising crosstalk than the Quegan’s algorithm since the residual crosstalk of Ainsworth
algorithm 1is significantly lower than the residuals of Quegan’s algorithm. In some cases, Quegan’s
algorithm fails to comply with the CEOS cal-val recommendation of maintaining the residual crosstalk
below -35 dB (ESA, 2004). In this regard, Ainsworth algorithm performs well by reducing the residual
crosstalk parameters below -40 dB.

Looking at the polarimetric signatures after the calibrations, it cannot be implied that one algorithm is
better at minimising channel imbalance than the other algorithm, the performance of both the algorithms
seems neatly equal. Variations of channel imbalance, however, show that the Ainsworth algorithm is
slightly better at minimising the amplitude of the channel imbalance than the Quegan’s algorithm. On the
contrary, Quegan’s algorithm appears to perform better at reducing the phase of the channel imbalance. It
can be observed in the plots showing the variations of the phase of the channel imbalance that the
estimates by Quegan’s algorithm are relatively stable and stays close to the ideal zero value compared to
the estimates by Ainsworth algorithm. However, this difference is negligible.

The accuracies of these algorithms can be better compared in terms of MNE and cross-pol SNR as these
metrics adequately represent the actual data quality. According to Wang et al., (2011), -20 dB of MNE
translates into -26 dB of crosstalk and the recommended value of MNE is -25 dB. On the contrary, the
recommended threshold for the crosstalk is -35 dB (ESA, 2004). Therefore, the threshold for MNE has
been set to -30 dB for this study. After performing the calibrations, it is evident from the plots of MNE
that the MNE of the data calibrated using Ainsworth algorithm is significantly lower than the MNE of the
data calibrated using Quegan’s algorithm. Since MNE is a metric of noise, it can be deduced that the
Ainsworth algorithm is better at minimising the noise present in the data than the Quegan’s algorithm. On
the contrary, cross-pol SNR provides information regarding the useful information content relative to the
noise present in the data; in brief, it signifies the quality of the data. The estimated cross-pol SNR after the
calibration using the Ainsworth algorithm is higher than the cross-pol SNR estimated after the calibration
using Quegan’s algorithm. Therefore, concerning the accuracy, Ainsworth algorithm is better in terms
both the data quality metrics compared to the Quegan’s algorithm.

Research Question - II

In contrast with the Quegan’s algorithm, the improved Quegan’s algorithm considers the possibility of
cross-channel noise imbalance. This imbalance is typically sensor specific (Kimura et al., 2004). According
to Hensley et al, (2008) the UAVSAR instrument is well calibrated at the hardware level, and the
transceiver module for each band is different. Therefore, the presence of cross-channel noise imbalance is
either not present or negligible. The estimated value of cross-channel noise imbalance being close to the
ideal value of 1 further supports the claim. Expectedly, in this case, hardly any improvements have been
observed in case of the improved Quegan’s algorithm in contrast with the Quegan’s algorithm.
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Research Question - lll

POA shift is mainly caused by topographic variations. Referring to the discussion regarding the
description of the study area in chapter 4, the topographic variation in the study is known to be
significantly low. Consequently, the effect of POA shift is expected to be low. However, small changes in
the scattering pattern have been observed by means of decomposition modelling before and after POA
shift correction. The volume scattering has been reduced in some places as presented in section 5.7 which
indicates the effectiveness of POA shift compensation.

Research Question - IV

The proposed algorithm tries to address the high computational cost incurred by the intensive iterative
calculations of Ainsworth algorithm while preserving its accuracy. As per the observations in section 5.5
the proposed algorithm has avoided iterative computation in 13.6% cases. However, it may vary
depending upon the data. In the best-case scenario, the algorithm will accept the Quegan’s solution in all
the cases. Consequently, the complexity of the algorithm will be exactly the same as the Quegan’s
algorithm. Let’s T represents the average time required to estimate the crosstalk parameters for a single
pixel using the Quegan’s algorithm and T, represents the average time required by a single iteration of the
Ainsworth algorithm while estimating the crosstalk parameter for a single pixel. If T represents the average
time required to estimate crosstalk parameters by the proposed algorithm for a single pixel then in the
best-case, equation (51) is satisfied where ¢ is the time taken to check whether the solutions meet the
accuracy requirement.

T=T;+c (51)

In the worst case, the algorithm accepts only the Ainsworth algorithm’s solutions for all the cases. The
construct of algorithm shows that it first computes the Quegan’s solution then proceeds to compute the
Ainsworth’s solution only if the solutions of Quegan’s algorithm do not satisfy the accuracy requirements.
Consequently, in the worst-case, both the solutions for both the algorithms will be computed along with
the additional checking for accuracy. Thus, in the worst case, T will change as shown in equation (52)
where [, is the average number of iterations required in order to obtain the solution of the Ainsworth
algorithm. It should be noted that, at worse fg can be equal to the maximum allowed iterations indicating
the scenario where all pixels require the maximum number of iterations to converge or do not converge at
all. For example, in this case, the maximum value of u is 16.

T=T;+uTy+c (52)

However, in the average case, the T will change depending upon the ratio of the pixels where Quegan’s
solution is accepted with respect to the number of pixels where the solution of the Ainsworth algorithm is
accepted. If n is the total number of pixels present in the scene and k is the number of pixels where
Quegan’s solutions are accepted then T will change as shown in equation (53).

n—k
T=T4+ 1Ty (T) +c (53)

Therefore, the time saved per pixel (AT) with respect to the Ainsworth algorithm can be expressed as
shown in the equation (54).
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_ AT (k) _ (T, +¢) (54)

Where, Ty = puqT,

The term T, signifies the average time taken by the Ainsworth algorithm to estimate the crosstalk
parameters for a single pixel. Cleatly, the speedup (AT /T,) solely depends upon the factor k/n. The term
T can be ignored since it is constant and T, > T Similarly, ¢ is also constant and, it can be ignored as
well. In this case k = 135.57 X 103 and n = 10°, therefore, the speedup is nearly 13.6%. If the terms T,
and ¢ are not ignored the effective speed expected to be slightly below the 13.6%. It is worth mentioning

that this efficiency estimation assumes the Single Instruction Multiple Data (SIMD) computer architecture
(Hennessy & Patterson, 2017).
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7.  CONCLUSION AND RECOMMENDATIONS

71. Conclusion

The primary objective of this study is to compare the performance of different PolSAR calibration
algorithms in terms of accuracy. The study focuses mainly on the two algorithms where the performance
of both Quegan’s and Ainsworth algorithm has been assessed using suitable metrics and through different
qualitative measures. Additionally, the performance of the improved Quegan’s algorithm has also been
evaluated considering it to be an extension of Quegan’s algorithm. Moreover, the effect of POA shift has
been estimated and corrected. All the objectives have been completed, and all the research questions have
been answered adequately. Furthermore, a modified calibration algorithm has been developed in order to
reduce the computational cost. Although the dataset used in this study was already radiometrically and
phase calibrated, there is a provision for performing radiometric and phase calibration in the
implementation if required.

The Quegan’s crosstalk algorithm is relatively simple and capable of providing crosstalk estimation quicker
than the Ainsworth algorithm. However, in many instances, it fails to reduce the residual crosstalk under
CEOS recommended threshold of -35 dB. Although the cross-pol SNR has improved in case of the
Quegan’s algorithm, the MNE has not been reduced below the limit of -30 dB in all the cases. In contrast,
the Ainsworth algorithm not only complied with the CEOS standard and MNE limit but also performed
significantly better at minimising the crosstalk while improving the cross-pol SNR to a higher value than
that of Quegan’s. Since the cross-channel noise imbalance is negligible in this case, the improved Quegan’s
algorithm performed neatly the same as Quegan’s algorithm. These results unambiguously indicate that
Ainsworth algorithm performs better than Quegan’s algorithm in terms of accuracy. Concerning the
channel imbalance, both the algorithms perform nearly the same, Ainsworth algorithm is slightly
advantageous, as the reduction of the entropy and scattering angle is relatively higher for this algorithm.

POA shift compensation for this particular study area was not significantly effective due to lack of POA
shift attributing to the low topographic variations in the area. However, this does not signify that POA
shift correction is unnecessary in all possible scenarios. This procedure necessarily corrects the
discrepancies in the scattering pattern incurred by the POA shift if any such anomaly exists. Moreover, the
procedure is relatively simple regarding the computation. Therefore, incorporating the POA shift with
PoISAR calibration makes the entire process more robust and effective.

The modified algorithm aims to improve computational efficiency without reducing the accuracy of the
estimation. This study successfully demonstrated the gain in the computational efficiency of this
algorithm. However, there is no strict lower bound for the improvement in efficiency, which implies that
it should perform equally or better than the Ainsworth algorithm.

In essence, Ainsworth algorithm is equivalent to or better than Quegan’s algorithm in every metric with
the cost of lower computational efficiency. The use of the proposed algorithm can partly address the
higher computational cost. POA shift correction along with the PolSAR calibration reduces most of the
potential discrepancies which might be present in the PolSAR data revealing right scattering pattern.
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7.2. Recommendation

Based on the results and the discussion it is evident that this research is based on a single airborne quad-
pol SAR dataset. Therefore, the findings of this research should be rigorously verified on more datasets to
further improve the reliability of the findings. Along with this, it would be the interesting to test the
effectiveness of the proposed algorithm on multiple datasets from different sensors and frequencies such
as P band and C band data from the NASA AIRSAR (Lou, Kim, & van Zyl, 2006) and S-band data from
UAVSAR (Hensley et al., 2008).

Radiometric and phase calibration are important because subsequent calibration steps heavily rely on this.
Although there is provision for radiometric and phase calibration in the methodology and implementation
but these have not been used in this study as the dataset was already radiometrically and phase calibrated.
Thus, the radiometric and phase calibration modules need further investigation with appropriate level 1
PolSAR data to cross-validate their results.

This research is focused on the calibration of airborne PolSAR data. However, it would be interesting to
observe the effectiveness of this research on spaceborne PolSAR data as well. In the case of the
spaceborne PolSAR data, the effect of Faraday rotation attributing to the presence of ionosphere needs to
be incorporated into the study accordingly.

Moreovert, the potential need for calibration of the PolSAR data acquired in other modes such as dual-pol
or compact-pol can be further explored. Ryzhkov, Giangrande, Melnikov, & Schuur, (2005) have studied
such issues for the calibration of the dual-pol dataset. The study by McKerracher et al., (2010) can be
further evaluated regarding the calibration of compact-pol SAR dataset. Furthermore, the PolSAR
calibration method proposed by Shimada, (2011) can be potentially integrated into the future study.

The efficiency of the proposed algorithm has been studied and tested on a standard PC targeting the
SIMD computer architecture. This work can be further optimised for Multiple Instruction Multiple Data
(MIMD) computer architecture optionally with fast parallel processing in Graphics Processing Unit (GPU)
leading to better efficiency. Additionally, a graphical user interface (GUI) for this calibration tool can be
developed for convenience.
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APPENDIX' A

THEORY OF EIGENVALUE BASED POLARIMETRIC DECOMPOSITION

The surface characteristics ate best evaluated from interpreting the roll invariant parameters like entropy,
anisotropy and alpha angle. This utilises the Eigenvalue decomposition of the coherency matrix [J], owing
to the basis invariant description of the scatterers (Cloude, 2009). Moreovet, the original coherency matrix
is decomposed into the nature of the scattering property (Eigenvectors) and associated relative magnitudes
(Eigenvalues). The randomness in the scattering distribution across the surface is represented by entropy
(H), wherein the dominance of a specific scattering mechanism is quantitatively assessed (Cloude, 2009).
The rugged terrains with increased roughness exhibit higher entropy and, thus, a depolarizing target,
thereby utilizing the full spectrum of Eigen values. On the other hand, the variations in alpha angle (@)
denote the type of the mean scattering patterns. The alpha value ranges from 0° to 90° while the bounding
limits of entropy parameter are 0 and 1. Furthermore, the anisotropy (A) reflects the divergence in the
secondary scattering processes, thereby facilitating more information on the potential surface scatterer in
conjunction with entropy (Cloude, 2009). This parameter proves to be prominent in the high entropy
scenarios, wherein it becomes difficult for identifying different scattering mechanisms within a resolution
cell. The number of Eigen values and their corresponding Eigen vectors are directly proportional to the

dimension of the backscattered coherency matrix. In this context, the matrix and surface parameters can
be written as (Cloude, 2009).

cos @y cos a, cos a3
[U] = |sin @y cos iy e 7P1 sina, cosre /P2 sinag cosiyye/P3
sinay cosPie /P sina, cosP,e /P2 sinag cospze /s

A 0 0
[D]={0 A, 0
0 0 A

where A1, A, and A3 are the three orthogonal Eigen values of the coherency matrix [J], P; is the
probability with which the derived polarization states can be estimated, [U] is the unitary matrix
containing the Eigen vectors in the three columns, [D] represents the matrix comprising of probabilities
and Eigen values of the original coherency matrix, and (a;, P; @;) ate the polarisation ellipse parametets.
The scattering angle, entropy, anisotropy and probability can be further defined as.

3

a= ZPiai

i=1
3

H:—Zpi10g3pi

i=1
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The utilization of probabilities gives an elaborated understanding of the entropy parameter based on the
spread of these values ranging from non-depolarisation (H = 0) to complete depolatisation (H = 1) case
(Cloude, 2009). Moreover, the normalized form of Figen values is strongly aligned with the polarity of the
backscatter. The polarity parameter can be characterised by the degree of polatrisation as the ratio of
polarised power to the total power.

THEORY OF Y4R DECOMPOSITION

According to Yamaguchi, Motiyama, Ishido, & Yamada, (2005), the measured covariance matrix ({[C]))
can be expanded as shown in the equation below.

([C]) = f([CD)s + fal[CDa + fif[C])y + fe{[CD
Where,
fs> fa» fv and f; are expansion coefficients.

([C])s, {[CD)q, ([C]), and {[C])p, are surface scattering, double bounce scattering, volume scattering and
helical scattering component of the covariance matrix.

IBI? 0 B lal? 0 «a
(Chs=]10 0 o,([(:]>d=[o 0 0]

g 0 1 at 0 1

8 0 2 1 +V2 -1
([C])v_%[o 4 O],([C])hZ% Fjv2 2 +jv2

2 0 3 1T 1

The six unknown parameters fs, fq, f, fc, @ and B in the model can be obtained from the solutions of
the following system of equations.

8 c
(Isnnl?) = fsIBI + falal? +Ef” +fz

2. L
ml®) = o fy +2

fe
4

o\ _ 2 fe
(Snnsow) = fsB + fa + 75 fo =7
fe

1
5 IShnSio) + (Shusin)) =5

4
fe= 2|3<S;w(5hh — Spp))|

m|%=f+m+if+
v S 15 v

60



POLARIMETRIC CALIBRATION OF SAR DATA USING MANMADE POINT TARGETS AND UNIFORMLY DISTRIBUTED NATURAL TARGETS

APPENDIX B
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Figure 1: Scatter plots of the backscattering intensities, (a) HH-VV scatter plot of the intensities before
calibration, (b) HH-VV scatter plot of the intensities after Quegan’s calibration, (c) HV-VH scatter
plot of the intensities before calibration, (d) HV-VH scatter plot of the intensities after Quegan’s

calibration. Both in case of co-pol channels and cross-pol channels the intensities are more aligned

along the y = x line after performing the calibration.
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Figure 2: RGB composite after performing Y4R decomposition of a P band AIRSAR dataset of the

Rosamond site, (a) Uncalibrated dataset, (b) Calibrated dataset using Ainsworth’s algorithm.
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