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1 INTRODUCTION

Synthetic Aperture RadgSAR) is a progressive remote sensing technology used to
retrievethecharacteristice f E a r t habgets whichraloaias eapabilities to acquire the
data during all weather conditions, day and night imagineyggbility. SAR is an active
microwave radar system, transmittimgrizontal or verticgbolarizedsignals towardthe target
and receives backscattered energy from the tar§etgle pol radar system transmits the
horizontal (HH) or vertical (VV) polarizaton signal and receives the signal in the same
polarization. In case of dual pol or full pol radar system, it transmits the signal in both the
polarization channels alternatively but receives the signal from the target in both the
polarizationchannelsimultaneouslyln hybrid pol radar system, circular polarizadseeither
left or right circular signails transmittedn horizontal or vertical directigrand backscatter is
received in both the polarized channdleese unique microwave radar polarizatsystems
i.e., linear polarization circular polarizationetc.,helps in retrieving additional information
about the target.

The Polarimetric radar data gives amplitude and phase information from the behaviour of
the scattered waves from a targ@&he digsortion may occur in theghase and amplitude
information of a target The parameter which obstructs this comparability of measurements
from different polarisation channels is known @sannel imbalancelt represents both
amplitude imbalance and phase inaslneg Abhisek, Shashi and Valentyn 2019 reduce the
undesirable attenuation by a polarized channel on the measurements of the other polarizeg
channels, isolation of the polaation channels is require@ross talkis definedasdistortions

in the polarimetric data due to improper channel isolation.

Polarimdric calibration of radar datassumes backscatter symmetry amtbased on
statistical comparison of the data with ideal theoretical modeigical point target occupse
more than one pixel due to smaller pixel spacing in the SAR image compared to spatial
resolution, which leads to error is estimation of Radar Cross Section (R@&pmetric
calibration of the polarimetric data minimizes the error in the RCS estimaoansure the
crosspol reciprocity and to minimize the error due to imperfect isolation of polarimetric
channels, calibration techniques fianinimisation of crosstalk and channel imbalance are

adopted




Airborne SAR:

SAR data can be acquired by usmgnned aerial vehiclesr unmanned aerial vehicleBhe
recent l-band airborne campaigns biSRO (L&S airborne SAR) andPL, NASA are
UAVSAR, (Alexander, Bruce and Brian 201%ihes arial vehicles carry polarimetric radar
systemwhich operates at a particulequency, and areapable to acquire repeat tracks of
SAR dataUAVSAR is an Uninhabited Aerial Vehicle Synthetic Aperture Radar operates at
1.25 GHz frequencyvhich gives fully polarimetric SAR datdJAVSAR carry the radar
instrument which isn a podmounted to the fuselage of a Gulfstream lligetshown ifFigure

2. The aircraft flies at an altitude aR.5 km and maps a 20 km swath with incidence angles
ranging from 2Bt0 65 Fully polarimetricSingleLook Complex (SLC) imageare available

with range and azimuth pixels spacing of 1.66 m and 1 m respectively.

| SROG6s L&S ai r boecursoeto @AoRiingi spadesne NAS&ISRO
Synthetic Aperture Radar (NISAR) msien. Development of dual frequency land Sband
synthetic aperture radar (NISAR) is under progress by ISRO in collaboration with Jet
Propulsion Laboratory (JPL), NASAhe NASAISRO Dual frequency SweepSAR (NISAR)
has been conceptualized to provide L &ishndspaceborne SAR data with high repeat cycle,
high resolution, and larger swath, with capability full-polarimetric and Interferometric

modes of operation.

The space borneSAR system transmits the pulse through the ionised plasma of the
ionosphereThe system is exposed to Faraday rotation, that effect the induced magnetic field
of the ionosphere, rotates the polarization plane of the radar signal giving riserezipoacity
conditionMasanobu, et al. 2013Aircraft cannot fly over the ionosphere due to engineering
limitations. The flying height of airborne platform is less compared to heigbpate borne
platform.Thepolarization plane of thairborne SARsignal isunaffected by Faraday rotation,
as their signanever pass throughdense eletromagnetic fieldike ionosphereln this case,
the effect of earth curvature on the antenna is negligible, which is safe to assume flat earth

throughout a scene of an airborne radar ingmghown irFigure 1.

Where, R= effective slant rangéthepoint; h = aircraft flying height
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Figurel. Local incidence anglet) and look angle £) of airborne SAR assuming flat earth

Figure2. UAVSAR/Gulfstreamlll at an airport. UAVSAR Antenna is contained in the pod mounted

2 OBJECTIVES

under the GllI body

The main objective of the study is tvduate the radiometric and polarimetric

calibrationof L bandquad polarizedHH, HV, VH, VV) data Due to limited number of dataset
| SROOG s L &-Pol data actuived mye UABSAR

campaigned by JPL NASA used in this studto derive the polarimetric distortion matrix

availabl e for

(PDM) and validate the results. Once validated, this will be used to carry qualénenetric

calibrationofl SRO6 s

L &S andNIsSARfult-pol d&té& R
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3 STUDY AREA

The study areas Rosamond dry lake @ted between Antelope Valley and Mojave
Desert in the southern of California, USAis naturally formed dry lake bed with a large flat
surface of 35krh This site is best suited for calibration purpose, because the studis area
characterised bligast anount of vegetation and tiseirface hasurvature variation dess than
40 cmshown inFigure 3.(Abhisek, Shashi and Valentyn 201%t the dry lake, array of
trinedral corner reflectorsf different sizedasbeen deployed for calibration purpose. Corner
reflectors of2.4 m (Figure 4), 4.8m, 0.7 m szesare sensed by band, P band and Ka band
sensorespectively. For L band there are 10 CR V&#s facing (350 headig) and 13 CR with
West facing-170 heading with respect to No(Ronald, Elaine and Alex Fore 2015)

Corner

Figure3. Google Earth image showingusly area footprinfleft image)and displg of deployed

corner reflectors at Rosamnd dry lakebed(right image)
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Figure4. 2.4meter trihedral triangular corner reflector

4 DATAUSED

Fully polarimetric radar data of single look complex slant range images of the study area
are acquired frondet Propulsion Laboratory (JPLWwebsite vhich is maintained biNASA.
The following URL (http://uavsar.jpl.nasa.gov/) is used to download the following dsta
shown inTable 1 and Table 2. As shown inFigure 5 there are 13 trihedral corner reflectors

which are visible in thecene and are useful for tlsisidy.

Tablel. List of precision de filesand radar parameters of SLC imagery

Data

Data files Rows | Columns
type

Data acquisition: 28May 2019

Rosamd_17012_19029_002_190528 LO90HH_CX_01.5
SLC 92253 9900
Rosamd_17012_19029_002_190528 L0O90HV_CX_01.s

13




Rosamd_17012_19029_002_1985R090VH_CX_01.slc

Rosamd_17012_19029_002_190528 LO90VV_CX_01.5

Site Rosamond, Data frequency| 1.2575 GHz
California, USA (L band)
Looking direction Left Acquisition mode | Quad pol (HH,
HV, VH,VV)
Byte order Little Endian Complex type F-Complex
Range Resolution 1.8 meter Azimuth Resolution 0.8 meter

Bore sight 90 degree

Sof t w®pea fosrce software suchRaSARpro V.6.0ENVI Classic V.5.4nd

Gammavisys-2 (licenseds o f t wa r e )wersusdd inthes stedy S

Table2. List of precision data files and radar parametend oltilook imagery

Data Data files Rows | Columns
type
Data acquisition: 28May 2019
Rosamd_17012_19029 002_190528 LO90OHHHH_CX 01 |
3X3.grd
Rosamd_17012_19029 002_190528 LO90HHBX_01_ML
3X3.grd
Rosamd_17012_19029 002_190528 LO90HHVV_CX_01_
3X3.grd
GRD Rosamd_17012_19029 002_190528 LO90HVHV_CX_01_ 3192 2083
3X3.grd
Rosamd_17012_19029 002_190528 LO90HVVV_CX 01 _
3X3.grd
Rosamd_17012_19029 002_190528 L0O90VVVV_CX_01_
3X3.grd
Data frequency 1.2575 GHz Acquisition mode Quad pol
(L band)
Byte order Little Endian Bore sight 90 degree
Range Resolution] -0.000166680 Azimuth Resolution 0.000166680
degrees degrees

14




Figure5. SLC image of HHpol showing camer reflectors deployed at Rosamond dry lake

4.1 POLARIMETRIC TARGET DESCRIPTIONS

Radar polarimetry is science of acquiring, processing and analysing the polarization state
of an electromagnetic wav@ottier, Lee and Famil 2007The polarization information
contained in the backscatter wave is highly related to the targets geometrical structure,
orientation and geographical properties such as humidity, roughness and soil condiibisvity.
characteristic information can be complgtelescribed by scattering matrix @ coherent

matrix T or covariance matrix C

4.1.1 Scattering Matrix(S)

SAR system is a high resolution radar capable of measuring the complex form of reflectivity
of the target. A SAR image represents the scattering mel&iment & in complex form or
radar cr ggnsternss efdntensaynfor the receive (q) and transmit (p) waves of the
rada(Freeman 1995) The horizontal and vertical components helps to describe
electromagnetic wave (EBnd given byEquationl:
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Equation 1. Components of Electromagnetic wave
Where,
i = electric feld vector of the incident wave.
s = electric field vector of the scattered wave.
ko= wavenumber of the illuminating wave

R = radar distance between target and radar antenna

The four elements of the scattering matrix are complextees® elements are measured from
the magnitudeand phases measured by the four channels of a polarimetri(Paldaimetric
Analysis of Airborne DLRESAR for Vegetation Characterization 201Zhese scattering
properties vary vth frequency and look angle of the radar. For linear polarization the scattering
matrix (S) is measured using two polarized antennas and definedEgsation2which is a
2X2 matrix

Y

Equation 2. Scattering matrix (S)

The intensity in the cross polarization terms is much lesser than 4ba& t&rms, which is
influenced by background and instrument noise.case of mongtatic configuratia,
scattering matrix imssumedymmetricalreciprocity theorem & = Syn is applied andhas
threeindependent elements a full polarimetric systemin case of bistatic configuration,
scattering matrix is not symmetriarious polarimetric featuresan be derived from the
scattering matrix or vectorhescattering matrix is transformed irgoattering vectoon Pauli

basisand used for decomposition techniques iarglven byEquation3.

ny my
Scattering vectorp = Y Y
qY

Equation 3. Scattering vector(V) derived from Pauli basis
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4.1.2 Covariance (C) and Coherency (T) Matrices

The covariance and coherence matrices are derived frattersieg matrix. It explains the
relation between received signals in the channels of polarimetric radar and describes the
scattering properties of the target. In mono static condition, reciprocity symmetry is assumed
and 3x3 matrices were obtaingatch a€Equation6 andEquation8. In case bstatic, symmetry

cannot be assumed, and 4x4 matrizeseobtainedsuch asquation7 andEquation9.

A covarianceor coherencenatrix is a second order statistics of scattering matrix elements
andit is Hermitian semi definite positive matrixhese matrices are constructed from a unitary
target vector olained from the projection @fscattering matrivonto a reduced and modified

Pauli spin matrix set.

Covariance Matrix

System vectorsuch agquatiord andEquationsare consucted from the backscattering

matrix [S], that helps to extract information of the target. The matrix is based on lexicographic

combinations of scattering matrix elements. The fadtohelps to keep the norm of the target
vector invariant, which iscpal to the total power scattered by the tar(jeottier, Lee and
Famil 2007)

QY YWY ]
Equation 4. Scattering vector for monastatic case
?’Q nY nY nY “Y ]
Equation 5. Scattering vector for bistatic case
sY s NGy Y Y Y
[C1=0"Q = Y'Y ¢gY s ViCY Y
YUY MY Y $Ys

Equation 6. Covariance 3x3 matrixfor mono-static case
Where * represents the conjugate gmepresents the conjugate transpose

~ SnY $ nY “Y nY !\Y “Y !\Y

I

L Y Y sYs Y'Y YUY -
[C4] - Q Q - :: nY “Y “Y “Y S‘Y S nY “Y’ I‘I
u oYY Y Y Y Y sYs U

Equation 7. Covariance 4x4 matrix for bi-static case

17




Coherency Matrix

Coherency matrix is obtained from scattering matrix in Pauli basis form and same as the

covariance matrix.

[T3] = NQ =
SnY nY S nY “Y nY nY z c nY Y uY z
_ “Y “Y I\Y !‘Y V4 S!‘Y “Y S c I\Y Y uY z
C “Y “Y “Y V4 c !‘Y I\Y I‘Y V4 T S\Y s

Equation 8. Coherency 3x3 matrix for monestatic case

[Tg=0 70 ="\ .

Equation 9. Coherency 4x4 matrix for bistatic case

The Eigen values of the above matrices are positive, real semi definite HefPattaar,
Lee and Famil 2007 Span of the data is defined as the sum of the diagonal elements is
proportional to the total received power from the polarimetric chaniéls first diagonal
elements of the matrices give the single bounce scattering information, the second diagonal
elements give double bounce scattering information and third diagonal elements gives

information about volume scattering

18




5 METHODOLOGY

Primarily the uncalibrated fll pol dataset is used to obtain the parameateeationed in the

steps below

T

5.1 Radiometric and Phase Calibration

track antenna pattern error due to wrong measurement in the elevation angle between the radg
and pixel location and (&rror in the Ent range to ground rangeoject of the pixel area due

to misreadig in the local incidenceangle of that particular pix@reeman 1995)The

Thebelow mentioned methodology is followed to achieve the objectives in this work.

Absolute calibration constantA) was estimatedusing the methodolgy given in
(Alexander, Bruce and Brian 201dnd(Shweta, et al. 2017)

Co-pol channel imbalance jffparameteand co-pol channebhase difference n are
estimated at each corner reflectGrosspol channel imbalancég) andcrosspol channel
phase differencé& » arederived froma sufficiently large homogenous featureless
patch(distributed targetdf the scene.

Estimatedvalues of A, f, g,» " and® 1 areused in the correction d¢iie dataset to
obtain radiometric and phase calibrated sketté&ince phase difference between polarized
channels (HH and VV) is 1°%@nd less than the specified value ¢fiti% assumed that the
dataset is well radiometrically and phase calibrated.

Polarimetric signatures are generated using the above corrected ,databétese
signatureshould match the ideal signature of corner reflector.

Crosstalks (u, v, w, z)and chanel imbalancg U , areksfimated usinghe radiometric
and phase correctediataset Qu e gan 6 s (Quagang @9948nd hAmsworth
algorithn(Ainsworth and Ferrd-amil 2006are best calibration techniques whichn be
usedto minimize the cross tatland channel imbalanch this study Quegan's algorithm
was used to generate polarimetric distortion matrix (PDM).

The above estimatad, v, w,valuzes ar¢benusedia thecross talk and channel
imbalance correction, generatingplarimetric calibratedataset.

Polarimetric signatures are generated using the above corrected dataset and should matc
the ideal signature of corner reflector.

While applying the radiometricorrection, two types of error occurs (a) SAR cross

\r
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correction for the above two errors are applied to the dataset and are distributed by the
JPLNASA. Radiometric correction is to convert image pixel valuge normalized radar

cross section, () from Equation13, which is an important goal in calibrating SAR images
and estimated in section 6. Phase calibration is to minimize the phase bias presenthn bot
co-pol and crospol channels. Neglectinfye cross talks and channel imbalances, radiometric
and phase calibration is applied to the datasets dsqoetion10

"0
W . QQTRTRf QMR TR
Y O Q

i "QQ"hR "h i Q"n "n

Equation 10. Radiometric and Phase calibration model

Where,"Y = radiometric and phase calibrated scattering matrix from transmitted pttamz

dbdand received polarizatiain
Swi: Shh, Svh, Shv = observed scattering matrix

A = absolute calibration factor

f = co-pol channel imbalance parameter

g = crosspol channel imbalance parameter

n = phase error kzurrent when transmittg or receiving polarizatiogo

After removal of the arbitrary phadeguation10 reduces t&quationll

"
i ’ “Q'Q n o n ’ — -Q n

v o8 ! '

[ "QQ’ i

Equation 11. Calibration model after removal of arbitrary phase

Where Ny onopn MR R

5.1.1 Estimation of Absolute Calibration ParametéA):

Absolute calibration parametép) is the calibration factor relating the SAR image
intensity and radar cross section of the tafissanobu, et al. 201¥) is obtained using

20




Equation12 (Alexander, Bruce and Brian 2014hd Equation 13Ronald, Elaine and Alex
Fore 2015)
e,

.Dlﬁ mo

Equation 12. Estimation of absolute calibration parameter

COFA U2 (o %) T (—B)He())?

Equation 13. Estimation of RCS for triangular trihedral corner reflector

Where, 6i= RCS of a triangular trinedral corner reflector
(—5} %00)i=COS-& 1+ (SirPbé t+COFhds) Sin—-i
—&i Incidence angle relative to the triangulainédral corner reflector

%di Azimuth angle relative to one of the vertical side of the corner reflector (max. response of

the corner reflector is at 45 deg.)
_: Wavelength of the radar signal

L = length of inner side of the triangular corner refle¢®4384 meters)

5.1.2 Estimation ofco-pol channel imbalancef) and phase differencehi t

Co-pol channel imbalance parameters f and 1 are estimated usiiguation14 for each
corner reflectors and mean wal of them is considered as effective value. Phase anomaly
N n between HH and VV polarizations are estimated uBiggation15.

¥
\ S8

i 1Ml

Equation 14. Estimation of parameter f

"y HT W
Equation 15. Phase difference between HH and VV pol channels

Wherepy, n 0y
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5.1.3 Estimation of crosspol channel imbalance (q) anghase differencehi r

Crosspol channel imbalance parameters g and " are estimated usinghomogenous
distributed target of 700x 700 pixels from the imagg@elEquationl6. Phase anomaly n
betweenHV and VH polarizations are estimated usiBguationl7.
i1,
I ' BME
oy
Equation 16. Estimation of parameter g
nm o H'UYY I
Equation 17. Phase difference between HV and VH pol channels

Where,m 1N 0,

Phase anomaly at transmissiognd reception, is estimated usingquationl5and

Equationl?

5.2 Polarimetric Calibration

Polarimetric SAR data calibration is an important process to ensure accurate extraction of the
geophysical propertiesf the target.Calibration is required to understand polarimetric
signatures of the target aatkoto compare observations between scenes and {lqaoggan

1994) To transform data into quantitative parameter such as biogathysicgeophysical
properties, it is necessary to assure that dataset is not contaminated. The distortion matrices
which is estimated express the polarimetric transformation between transmission and reception
using channel imbalance and cross t@ken, Tao and Xueliang 2011n Airborne SAR
system, the cross talk is range dependent and cannot be neglected which becomes an importa

step for polarimetric calibration procedure.

Well established Quegan and Ainsworth cross tatkeotion models are available and

detailed description of these models are defined in the following sections.

22
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5.2.1 Distortion Models

Quegandés Al gorithm

The calibration algorithm proposed by Quegan is more general approach and is today
standards for cross tallaldration of the polarimetric datdhis unified approach has been
applied to the scattering matrix and it relies on the scene dominatéuk bgrgets. The
algoiithm requires unsymmetrical data and uses quantities derived from the covariance matrix.
It permits ready interpretation of the terms in the calibration procedure without system
reciprocity assumptionThe following are the assumptions are used to perform cross talk
calibration.The acquired dataset is fully polarimetric and available in the édthe scattering

matrix.

1) The observed scattering matrix cannbedeledas a linear system.

2) Scattering reciprocity is satisfied unless the target is physically altered Sij = Sji.

3) In case of distributed targets, cross polarized channels are not coréfatéd o.

4) The off diagonal terms of the matrices [R] and [T] are small compared to the diagonal

terms.

The systems effects are modeled by two stage linear process so that observed da® matrix
can be written as
S" =RST+N
Where, R and are phase and amplitude distortions introduce on receive and transmit and N
is system noise. The above expression can be rewritten as
[S" 1= [MI][S] + [N]
Where,
[Sh ] = observed scattering matrix in the form of (&1, " 1v, ' v, S w) T
[S] = True scatténg matrix in the form of (S, Syn, Sw) T
[M] = Distortion matrix of dimension (4%
[N] = System noise matrix (M:, Niv, Nvi, Nw) T

Due to condition (3) and (4), tliegion being calibrated is dominated by targets for, which the
vector S of theovaiance matrix® @ets reduced t(l)

” T[
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Where,
a gy Y& oY WY O=38Y Y OO

Now, observed covariance matrix (€f)[Sh ] is given by (2)ignoringsystemnoise
C = Mo Mdg------------ 2
Where M is the conjugate transpose of M

Distortion matrix can be expressed as
| O | DLLO -«

6 | b Q mm
M=Y L p , nm Q m eqni (3)
| 6a6 | ap T TP

This distortion matrix consists six unknowns,w,z are the complex crosstalk parameters and

| , k are the compk channel imbalance parametersv, w, z can be obtained from eg®)

u=@ 6 -6 6 ) [ @
v=© 6 -6 6 ) [
z=0 6 -0 6 ) [/ eqni (4)
w=©® 6 -6 6) | @
® &6 9D s

The term| can be derived as shown in equation (5), assuming the random noises in cross

polarized channels are eduiae. Nvi = Nhv

0
| 1 ¢ P g1 8P ¢ S |
cg S $ S
0 00 0o ni (5
= : eqni (5)
(I)Z
0 oo 0°0
3 114 _/
X=0 Q0 VO
k=—
%
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5.2.2 Polarimetric signatures

Polarization signature is defined as a plot of the backscattered power received from the
target (corner reflector) as a function of the polarization of the incident wave and backscattered
electromagnetic wave. It helps in visualinat and analysis of backscatter behaviour of a
targefPolarimetric Analysis of Airborne DLIESAR for Vegetation Characterization 2012)

The polarization of a wave is described by four independent varial{gsthe ellipticityof

the incident wave; (b) the orientation of the incident wave (c) the ellipticity of the backscattered
wave and (d) the orientation of the backscattered wave. Only two variables either ellipticity
and orientation of the incident wave/ backscattered wa@eised at a time to portray the co

pol and cros$ol signatures.

In co-pol case, the polarization of the scattered wave is same as polarization of the
incident wave, while for the case of crgssdarization, the polarization of the scattered wave
is orthogonal to the polarization of the incident wave-fCol ar i zati on si gn
shapeodo anod aCriesag i on signature of Avall ey
ellipticity sign of the polarimetric data. For linear polarization, th@ahresponse is unity and
crosspol response is zero. These signatures help in identifying different surface scatterer.

The polarimetric signature can be generated using electromagnetic wave synthesis. The
synthesised scattering matrix {([$JEcan be generated from the actual scattering matrix ([S])

with respect to varying ellipticity angle.\ and orientation anglé {.
Y Y Y'Y
Where,

QST | QE 0 £7i Q@Y

Yoo e oecio Y G ¢ A0
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6 RESULTS AND DISCUSSIONS

6.1 Radiometric and PhaseParameters

Theinputs used testimatehe Radar Cross Section (RC&)each corner reflect@are
shown inTable3. The differencébetweentieoreticaRCSand estimate®CSfor HH and VV
polarizationis estimatedising GAMMA T Msys 2 softwareGAMMA software estimateghe
RCS by using integral power meth{@hweta, et al. 2017)

Table4gives the pixel values of number of clutters locations considered in the process of RCS
estimationand deviation from theoretical RCBhe RCS difference of each CRfisund to be

less than 1dfr both the polarization channeés shown inFigure 6,which showsthat the
dataset is radiometrically correctéohpulse Response function of each corner reflggigure

10) is generated foHH polarizations as show iRigure 11andVV polarizations as shawin
Figure12 respectively The average peak power value of each CR and the difference between

peak powers of HH and VV channels dhestrated inFigure7 andFigure8 respectively

Table3. Attributesused to calculate RCS of each CR with respect to Incidence and Azimuth

angle
Corner  Elevation @ incidence q = 4 * ~ * a Square RCS
reflector  angle + angle(in cos(d) a*al & (&@/ q
ID incidence radians) +cosd)
angle
@CR
(deg)
0 53.4286 0.9325 1.7316 7816.58 0.332467  2598.752
1 57.11211 0.9968 1.730561 7816.58 0.330472  2583.158
2 56.88715 0.9929 1.73083 7816.58 0.330987 2587.186
3 57.93546 1.0112 1.72935 7816.58 0.328153  2565.037
4 58.14773 1.0149 1.72898 7816.58 0.327446 2559.51
5 58.36418 1.0186 1.728579 7816.58 0.326679 @ 2553.514
6 60.01325 1.0474 1.724708 7816.58 0.319328  2496.056
7 62.91842 1.0981 1.714417 7816.58 0.300128  2345.974
8 60.67854 1.0590 1.72742 7816.58 0.315621 2467.08
9 62.44762 1.0899 1.716385 7816.58 0.30376 2374.367
10 61.16324 1.0675 1.721163 7816.58 0.312658  2443.917
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11
12

62.92029
63.11911

1.0982
1.1016

1.714409
1.713543

7816.58
7816.58

Azimuth anglein radians ( (=)0.785398163 (45 deg.)

0.300113
0.29852

Table4. Details of clutter andeviation of RCS from theoretical value

2345.858
2333.409

Deviation of RCS
L Theoretical RCS | from theoretical
CR Clutter Polarization in m2 (in
dB)
CROO Ci1 HH 2598.752 -1.0138
(2412,49637) (2452, 49683) VvV -1.0135
CRO1 c1 HH 2583.158 -0.8127
(2801,49376) \AY -0.6759
CRO2 C2 HH 2587.186 -0.9197
(2831,48368) (4132, 48936) VvV -0.6197
CRO3 co HH 2565.037 -0. 4903
(3053,48494) vV -1. 1652
CRO4 co HH 2559.51 -0.0193
(3277,48626) A -0.1678
CRO05 co HH 2553.514 -0. 6766
(3508,48758) A -0. 1305
CRO06 co HH 2496.056 -0.7555
(3741,48887) VvV 0.0883
CRO7 co HH 2345.974 -0.3238
(3978,49017) \AY) 0.4119
CRO8 co HH 2467.08 -0. 4423
(4218,49148) \AY) 0.0916
CRO09 co HH 2374.367 0.5184
(4443,49272) A 0.7810
CR10 C3 HH 2443.917 0.6300
(4687,49396) (4623, 49458) A 0.4032
CR11 C4 HH 2345.858 -0.1654
(4939,49526) (5050, 49583) A -0.1964
CR12 ca HH 2333.409 0.2111
(5181,49658) VvV -0.2595
RCS diff. Mean 0.9339
in HH, VV (A) 0.9574
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K sigma value in dB

Deviation from theorectical RCS for CR array

1.0

0.5

—w /7N

0.0

-0.5

A"

-1.0 4

A

\/

-1.5

CROOCRO01CR02 CR03CR04 CR0O5CR06 CR0O7 CRO8CR0O9CR10CR11CR12
CRid

Figure6.Graph showing RCS differenéer HH and VV pol.

Avg. Peak Power Value (linear)

Average Peak Power Value of Each CR in HH, VV

pol.
750 =~ A/ P ——Peak power in VV
700 X}\ \ / \
650 \ \L\ \'/\ [_
600 ~ \ /\\ / / \
>0 CRid \/ \M/

CROOCR01 CR02 CR0O3 CR04 CR05CR06 CR07 CR08 CR09 CR10CR11CR12

Figure7. Graph showing peak power valdes HH and VV pol.in linear amplitude units
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Figure8.

Graph showingeak power difference between HH and VV pol. in linear amplitunis

Peak phase values of each CR are calculated for HH and VV polarized channel&aateper

The peak pase differencef each CRor HH and W channels arehownin Figure9.

Table5. Peak phase valués HH and VV polarization

Peak _Phase in HH pol. Peak _Phase in VV pol. dif?caerzlr(wfeh?\sﬂe/-
(in degrees) (in degrees) HH)
CROO -121.487 -119.205 2.282
CRO1 -130.337 -123.324 7.013
CRO02 -238.713 -233.924 4.789
CRO3 -68.943 -66.111 2.832
CRO04 -66.739 -62.981 3.758
CRO5 -69.134 -67.018 2.116
CRO6 -319.303 38.106 357.409
CRO7 -4.406 -2.057 2.349
CRO8 -127.512 -131.084 -3.572
CRO9 -182.427 -185.639 -3.212
CR10 -97.39 -98.558 -1.168
CR11 -244.346 -245.052 -0.706
CR12 -245.556 -243.097 2.459
Mean Phase in deg.(phi_s) 1.5783
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Peak phase difference between HH and VV

£ g polarization
T
I 6 /\
= o
s> / ~N \ /
8= 7 \ /
§ P CROOCRO1CR02CRO3CRO4CR05CR06CRO\(ZROSCROMlCRlZ
o

-4

6 Corner Reflector ID

Figure9. Graph showing phase difference MY pol

Table5. Rang and Azimuth resolutioastimated from IRF of the point targets

Range_3dB width Azimuth_3dB width
Difference between Difference
. estimated and Estimated between estiated
Estimated range o . .
: specified range azimuth and specified
resolution ; . ; !
resolution (1.8 resolution azimuth resolutior
meter) (0.8 meter)
CROO 2.686 0.886 0.942 0.142
CRO1 2.627 0.827 0.94 0.14
CRO02 2.696 0.896 0.893 0.093
CRO03 2.626 0.826 0.945 0.145
CR04 2.642 0.842 0.947 0.147
CRO05 2.688 0.888 0.883 0.083
CRO06 2.744 0.944 0.926 0.1%
CRO7 2.666 0.866 0.951 0.151
CRO08 2.755 0.955 0.934 0.134
CR09 2.64 0.84 0.926 0.126
CR10 2.662 0.862 0.949 0.149
CR11 2.743 0.943 0.915 0.115
CR12 2.81 1.01 0.944 0.144

The range and azimuth resolution are estimated from the impulse response fttion of each corner reflector and
their difference from the specified value is calculatednd are shown in
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Table 5. The range resolution is found to be 2.69 + 0.06 meters and azimuth resolution as 0.93
+ 0.02 meters anithe diff erence fronthespecified valuavasfound to be 0.89 + 0.06 and 0.93

+ 0.02for range and azimuth respectively

6.1.1 Impulse Response Functions for HH polarization

Figurel0. Location of CR's in SLC image of HH pol

31




Point Target Relative Power
(2412, 49637) cr00_HH_ptr_image ()

-15
-20
-25
a8 30
35
40
Slant Range {
Point Target Relative Power
(2801, 49376) cr01_HH_ptr_image X
-3
10
20
-23
0
-10
-15
20
25
@ s
35
-40
Point Target Relative Power
(2831, 48368) cr02_HH_ptr_image
3
10
-20
23
o
|- 5
10
15
20
25
® 30
35
40
Point Target Relative Power
(3053, 48494) cr03_HH_ptr_image
3
-10
-20
23
0
s
10
15
B 20
2
0
s
s
e
2
-
o
>y _~"1AZimuth (m)
~2
Slant Ra
Point Target Relative Power
(3277, 48626) cr04_HH_ptr_image ‘-
-3
10
20
-23
0
s
10
®
25

AT
2

ith (m)

Relative Power (dB)

Relative Power (dB)

Relative Power (dB)

Relative Power (dB)

Relative Power (dB)
~
=3

Azimuth Point Target Response
cr00_HH_az_plot

Range Point Target Response
cr00_HH_r_plot

0 0 ]
s -5 ]
-10 z -10
= 5 -15 4
15 g
€ 20 ]
@
2
-25 3 25 ]
T
&
-30 -30 !
35 -35 ]
-40 -40 i i N N "
5 4 -3 2 -1 0 1 2 5 -15 -10 -5 0 5 10 15
Azimuth (m) Slant Range (m)
Azimuth Point Target Response Range Point Target Response
cr01_HH_az_plot ar01_HH_r_plot
0 i 0
-5 { s
10 i 8 -10
S
15 i 5 -15
H
s
-20 i £ 20
P
>
25 i 2 >
S
&
-30 { -30
35 ! 35
-40 -40 . " .
5 -4 -3 2 -1 0 1 2 5 -15 -10 -5 0 s 10 15
Azimuth (m) Slant Range (m)
Azimuth Point Target Response Range Point Target Response
cr02_HH_az_plot cr02_HH_r_plot
0 0 i
S -5 ]
-10 = -10 1
15 5 -15 4
15 %
20 < 20 1
2
-25 E 25 |
3
&
-30 -30 i
-35 -35 ]
40 -40
5 -4 3 2 -1 0 1 2 5 -15 -10 -5 0 5 10 15
Azimuth (m) Slant Range (m)
Azimuth Point Target Response Range Point Target Response
cr03_HH_az_plot cr03_HH_r_plot
0 |
5 ]
@ -10 4
S
g -15 |
H
€ §
o
$
B 25 ]
]
-3
-30 ]
35 )
-40
6 -5 -4 -3 -2 -1 0 1 2 5 -15 -10 5 0 5 10 15
Azimuth (m) Slant Range (m)
Azimuth Point Target Response Range Point Target Response
cr04_HH_az_plot cr04_HH_r_plot
0 {
5 {
g -10 ]
S
g -15 4
H
&€ 20 {
v
2
g 25 |
T
-4
-30 |
235 ]
40
5 4 3 2 14 0 1 2 5 -15 -10 -5 0 5 10 15

Azimuth (m)

Slant Range (m)

32




ST——

Point Target Relative Power
(3508, 48758) cr05_HH_ptr_image

Azimuth (m)

Point Target Relative Power
(3741, 48887) cr06_HH_ptr_image

T

Slant Range {m)

Point Target Relative Power
(3978, 49017) cr07_HH_ptr_image

Point Target Relative Power
(4218, 49148) cr08_HH_ptr_image

T—
Slant Range (m) 2~

-10

15

-20

25

-30

35

-0

Relative Power (dB)

Relative Power (dB)

Relative Power (dB)

Azimuth Point Target Response
cr05_HH_az_plot

Range Point Target Response
cr05_HH_r_plot

0 0
5 -5
2 -10 @ -10
) 2
§ -15 5 15
£ 0 £ 20
@ k-
2 2
5 25 2 -25
& &
-30 -30
35 35
-40 H L L H— Y. -40
- -2 -1 0 1 2 3 -15 -10 -5 0 5 10 15
Azimuth (m) Slant Range (m)
Azimuth Point Target Response Range Point Target Response
cr06_HH_az_plot cr06_HH_r_plot
(1] 0
-5 -5
-10 = -10
=
-15 g -15
z
20 g 20
@
Z
25 g 25
o}
-4
-30 -30
-35 -35
-40 -40
-5 -4 -3 -2 -1 1] 1 2 -15 -10 -5 0 5 10 15
Azimuth (m) Slant Range (m)
Azimuth Point Target Response Range Point Target Response
cr07_HH_az_plot cr07_HH_r_plot
0 0
5 -5
-10 @ -10
2
-15 g -15
=
20 £ 20
o
2z
-25 B 25
&
-30 30
-35 -35
-40 i i H i i -40 L i
-5 -4 -3 -2 -1 0 1 2 =15 -10 -5 0 5 10 15
Azimuth (m) Slant Range (m)
Azimuth Point Target Response Range Point Target Response
or08_HH_az_plot cr08_HH_r_plot
0 0
-5 -5
-10 E -10
-15 g -15
2
20 € 20
o
&
-25 =z -25
°
-3
.30 -30
.35 -35
_40 i 1 i I i H -40
-5 -4 -3 -2 -1 0 1 2 -15 -10 -5 0 5 10 15

Azimuth (m)

Slant Range (m)

33




Point Target Relative Power
(4443, 49272) cr09_HH_ptr_image

@8
s
Slant Range (m:
Point Target Relative Power
(4687, 49396) cr10_HH_ptr_image
-3
-10
-20
-23
0
5
-10
15
20
25
) B
35
40
O gt
Slant Range (m) 5
L
Point Target Relative Power
(4939, 49526) cri1_HH_ptr_image
3
10
-20
-23
0
5
o -10
-5 -15
10 20
o4 25
@ = -30
30 35
35 -40
-0
g
ZiaSimuth (m)
Point Target Relative Power
(5181, 49658) cri2_HH_ptr_image
3
-10
-20
23
0
5
o -10
-5 -15
w0 20
15 25
dB :: 30
30 -3
= -40

T
e 71 akimuth (m)
z

T
)R |
Slant Range (m)~ F—— |-

Figurell

Relative Power (dB)

Relative Power (dB)

Relative Power (dB)

Relative Power (dB)

-5 4 -3 -2 -1 0 1 2 3 4 5

W oW NN ks
G & & o & o

A
S

L N Y
G & 8 & o

&
S

Azimuth Point Target Response
cr09_HH_az_plot

Range Point Target Response

Ccr09_HH_r_plot

°©

-
@

Relative Power (dB)
NN
& S

o
=]

W
&

A
S

@

5 4 3 2 -4 0 1 2 3 4 5 6
Azimuth (m)

Azimuth Point Target Response
cr10_HH_az_plot

-5

Range Point Target Response
cr10_HH_r_

0

Slant Range (m)

plot

Relative Power (dB)
[T UGN
& & & o

@
)

-35

Azimuth (m)

Azimuth Point Target Response
criil_HH_az_plot

=

0

Slant Range (m)

Range Point Target Response
cril_HH_r_plot

15}

@

Relative Power (dB)
NN
& 3

<
8

-35

o 1 2 3 4 5
Azimuth (m)

&
&
A
@
N

Azimuth Point Target Response
cr12_HH_az_plot

-5

0

Slant Range (m)

Range Point Target Response
cri2_HH_r_plot

Relative Power (dB)

&
A
W
N

-1 0 1 2 3 4 5
Azimuth (m)

| mpul se Response

-5

1)

Slant Range (m)

functi

oh

34




6.1.2

Impulse Response Functions for VV polarization
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6.1.3 Channel Imbalance and PhasBias

Co channelmbalance(f) for each corner reflectas estimated for HH and VV polarizatien
usingEquationl4and is given irmable7. Themean value of them is considesithe effective
value of f.

Table6. Calculated Target Energy values after subtraction of cligteuad pol

Calculated target

energy after

subtraction of

Calculated target

energy after

subtraction of

Calculated target

energy after

subtraction of

Calculated target

energy after

subtraction of

clutter in VV clutter in HH pol.  clutter in HV pol.  clutter in VH pol.
pol.(linear) (linear) (linear) (linear)
CROO 2158.490 2158.5® 18.735
CRO1 2079.550 2146.040 81.108 72.689
CRO2 2062.540 2210.050 44.210 22.612
CRO03 2370.890 2029.640 97.339 77.731
CRO4 1918.820 1854.290 12.140 13.374
CRO5 1934.090 2193.250 59.399 30.442
CRO6 1828.900 2221.110 19.363 5.970
CROQ7 1621.150 1920.410 30.010 15.669
CRO08 1862.400 2106.120 18.984 6.530
CRO9 1548.860 1645.380 22.868 12.513
CR10 1761.160 1671.560 44.520 26.256
CR11 1964.110 1950.120 27.016 52.985
CR12 2003.340 1797.610 58.701 70.584
Table7. Estimation of co channel imbalance (f)
T 2l Targe 2l Targe quare root of . SqUAre root o 1-0ol channe
energy afte energy afte ea ea balance
bstr. O pstr. O ea
CROO 2158.490 2158.580 46.45955 46.46052 0.999979
CRO1 2079.550 2146.040 45.60208 46.32537 0.984387
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CRO02 2062.540 2210.050 45,4152 47.01117 0.966051
CRO3 2370.890 2029.640 48.69179 45.05153 1.080802
CR04 1918.8D 1854.290 43.80434 43.06147 1.017251
CRO5 1934.090 2193.250 43.97829 46.83215 0.939062
CRO06 1828.900 2221.110 42.76564 47.12865 0.907423
CRO7 1621.150 1920.410 40.26351 43.82248 0.918787
CRO8 1862.400 2106.120 43.15553 45.89248 0.940362
CRO09 1548.860 1645.380 39.35556 40.56328 0.970226
CR10 1761.160 1671.560 41.96618 40.88472 1.026451
CR11 1964.110 1950.120 44.31828 44.16016 1.003581
CR12 2003.340 1797.610 44.75869 42.39823 1.055673
Mean f in 0.985387
linear

Cross channel imbalance (g) i®tdifference betweeanergyof a featureless homogenous

patch estimated for HV and VH polarizations usiaguation16 and Equation 14. The

estimated channel imbalanealuesis given byTable 8

Table8. Estimation of cross channel imbalance (g)

Values derived from SLC image

using ENVI software Hv VH
Real 0.000011 0.000008
Imaginary 0.000026 0.000021
Amplitude @B) 0.00002823119| 0.000022472
PhasedB) 1.17055567 1.20681737
g (dB) 1.256271

Phase anomalyetween cechannelof HH and VV polarization at each of tikerner reflector

n ¢ n,is estimatedThe phase bias of cochannel Js estimated on each corner reftac

usingEquationl5. While for phase anomaly between cross charindié and VH?  n ,of

featureless homogeuns patch is estimated usikguationl7 and given by m.

Thephase bias afo-channel and cross channel are estimated fromnd" shown inTable

9
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Table9. EstimatedPhasébiasin transmitterand receier for co-pol and crospol channels

In radians In degrees
Phi_d(® -0.03626 -2.077642
Phi_s(n 0.027547 1.578333
Phi_t(n -0.00436 -0.249655
Phi_r( 0.031904 1.827988

6.1.4 Polarimetric signatures after radiometric and phase correction

The radiometric and phase calibraticorrectionhas already applied for the dataset. Before
radiometric and phase calibration the polarization signatures have double paakediue to

18 phase offset between the HH and VV channels. After correction the shapes of the
polarimetric signatures at the corner reflector pixels should closely resemble the ideal shapes
as shown inFigure 13. The polarization signatures generated using radiometric and phase

corrected dataset are givenFigure 14 (Alexander, Bruce and Brian 2014)

x 10
10
5" d " i
ol 4 45
180 ' 2
135 g9 15
% o 45 phi

Theta

Figurel13. Pdarimetric Signature of corner reflector in ideal case;pGlarization signature of corner
reflector before radiometric and phase calibration (left imagepdlarization signature of corner

reflector after radiometric and phase calibration (right im&@j@Jexander, Bruce and Brian 2014)
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Polarimetric signatures from CR00- CR12

Normalized Polarimetric Signature : Co-polarisation channel Normalized Polarimetric Signature : Cross-polarisation channel
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Normalized Polarimetric Signature : Co-polarisation channel Normalized Polarimetric Signature : Cross-polarisation channel
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Normalized Polarimetric Signature : Co-polarisation channel
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