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RADAR POLARIMETRY

Objective

To provide the minimum, but necessary,_
amount of knowledge required ‘Q,
to understand scientific works on :

SAR Polarimetry (PolSAR)
SAR Polarimetry + Interferometry (Pol-InNSAR)
SAR Polarimetry + Tomography (Pol-TomSAR)



GENERAL INTRODUCTION
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Radar Polarimetry (Polar : polarisation Metry: measure)
Is the science of acquiring, processing and analysing
the polarization state of an electromagnetic field




The POLARISATION information
Contained in the waves backscattered
from a given medium is highly related to:
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Its geometrical structure
reflectivity, shape and orientation



Forest Height

Forest Biomass

Forest Structure
Canopy Extinction
Underlying Topography

Soil Moisture Content

Soil roughness

Height of Vegetation Layer
Extinction of Vegetation Layer
Moisture of Vegetation Layer

Topography

Penetration Depth / Density
Snow Ice Layer

Snow Ice Extinction

Water Equivalent

# Courtesy of Dr. I. Hajhsek
DLR

Forest Ecology
Forest Management
Ecosystem Change
Carbon Cycle

Farming Management
Water Cycle
Desretification

Ecosystem Change
Water Cycle
Water Management




Polarimetric Radar (SAR)

Spaceborne Sensors
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Space-borne Sensors
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Space-borne Sensors
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Space-borne Sensors
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COSMO - SkyMed - CSG Earth Explorer - BIOMASS

2A:2018 2B: 2019 2021
X-Band (Sngl / Dual | Quad Exp.) P-Band (Quad)




Cesa arimetric data Processing
'Ih-F‘-uI-rIrr-r.l.n:EARD-l-meIn;-ndEdmihurulTunI-Emrr-nEdllln:%{-:‘{,. and educaﬁonal tOOI
since

registered users
foreign countries

(Agencies, Research Centres, Universities)

wa @ #£ £ @ == gy




Teaching / Training
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Books On Polarimetric Radar
SAR, Polarimetric Interferometry

Polarimetric Radar Imaging: From basics to applications
Jong-Sen LEE - Eric POTTIER

CRC Press; 1st ed., February 2009, pp 422

ISBN: 978-1420054972

Polarisation: Applications in Remote Sensing
Shane R. CLOUDE

Oxford University Press, October 2009, pp 352
ISBN: 978-0199569731



BASIC CONCEPTS



WAVE POLARIMETRY



PROPAGATION EQUATION

REAL ELECTRIC FIELD VECTOR E|z,t|

/ MAXWELL EQUATIONS } \
MAXWELL - FARADAY EQUATION VY AE(zt|=— 0 g(ft)
MAXWELL - AMPERE EQUATION F[( t|= J ( t]
GAUSS THEOREM V-Dlzt|=plzt]

\ % E( t)=0 /

O (Conductivity)

U (Permeability)
E (Permittivity)



PROPAGATION EQUATION

VAIVAAI=VIV-Al-VVA]

}

4 PROPAGATION EQUATION A

. 0°Elzt] 9 Elztl_ 10
3

t
V2E(z,t)— pe oo —_ P(Z,
9 Ot Ot Ot y

}

/ HELMHOLTZ PROPAGATION EQUATION \

5 =
V2E(z,t)—y€a E(Z,t)_

Source Free, Linear, Homogeneous, Isotropic,
K Dielectric and lossless Medium j
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REAL ELECTRIC FIELD VECTOR
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THE REAL ELECTRIC FIELD VECTOR MOVES IN TIME ALONG AN ELLIPSE




POLARISATION ELLIPSE
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A : WAVE AMPLITUDE a : ABSOLUTE PHASE
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POLARISATION HANDENESS

ROTATION SENSE: LOOKING INTO THE DIRECTION OF THE WAVE PROPAGATION

A
Y

D
0
z
ANTI-CLOCKWISE ROTATION CLOCKWISE ROTATION
LEFT HANDEDi’OLARISATION RIGHT HANDEDIPOLARISATION
ELLIPTICITY ANGLE : T >0 T q  ELLIPTICITY ANGLE : T" <0

W 5757 J



JONES VECTOR

E

REAL ELECTRIC FIELD VECTOR
( \
E, =Eaxcos(a)t —kz —SX)

(z,t): Ey ZEchos(wt—kz—cSy)>
E =0
\ - J
With:
! E(z,t

=l

=R

PHASOR = JONES VECTOR

_ Jjo,
— Ex_one

— - s
Ey Eoye

y

Eej(wt‘kz))
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ABSOLUTE PHASE

a=6

ORIENTATION ANGLE

E. E
tan2 =2 20" 02y cos &
EOX_ EOy

GEOMETRICAL PARAMETERS

SIN2 7=2

POLARISATION HANDENESS: Sign(T)

~

AMPLITUDE

A=VE? +E
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ELLIPTICITY ANGLE
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sin &
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JONES VECTOR

HORIZONTAL POLARISATION STATE VERTICAL POLARISATION STATE
A 1 ' 0
* H= » V=
/E(z t) 0 /E(z,t ) 1
. I
—— > X = A > = —
o| oz () 0 of s () )
=0
=0
LEFT CIRCULAR POLARISATION STATE RIGHT CIRCULAR POLARISATION STATE
YA B, YA -
o [C=—|1 o Ro=—| 1
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JONES VECTOR
Y
‘ E(z,t=0) )
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cos(t] jsin(T|
jsin|t] cos|t

cos|p| —sin(g)
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ORTHOGONAL JONES VECTOR

JONES VECTOR

E -onejé"-

E X = is

E, E, e
_A coslo] —sinlo]|[coslt]  jsinlt]|[e™ " 0 ;
sin|@] cosle| ||jsinlt] coslt] 0 e~

POLARISATION ALGEBRA

NORM OF A JONES VECTOR IE| = \/ E2, + EZ,

SCALARPRODUCT  (AB) = A*TB

ORTHOGONALITY (44,) =0



ELLIPTICAL BASIS TRANSFORMATION

JONES VECTOR
F=A cos(@| —sin|g|||cos(t] jsinlt|||e”’* 0 |.
— |sinle| cos|e| ||jsin(t] cos|T] 0 e X
ORTHOGONAL JONES VECTOR

E=A cos|gp| —sin|g|||cos(t] jsin[t|||e”!* 0 ;

a sin(@| coslg| ||jsin(t] cos|T| 0 e
E,E|]=a|0sl0] —sinle]jjcoslz) jsinfr]jle”® 0 Ny )
T sin(@| coslg| ||jsin(t] cos|T| 0 el |lixy

}

ELLIPTICAL BASIS TRANSFORMATION



ELLIPTICAL BASIS TRANSFORMATION

SU(2) : SPECIAL UNITARY TRANSFORMATION MATRIX

e /0
0 e/a

cos(t| jsin(t]
jsin|t] cos|t]

cos(p| —sin[g]

Ulpta)|= sin(p| cos|g)

}

ELLIPTICAL BASIS TRANSFORMATION MATRIX

( 1 )
U(A,A)H(B,B)l [U(QD’T:Q')]
el 0 ||cos|t] —jsin|t] || cos| o] sin ||
0 e /||—jsinlt] cos|t] —sin (@) cos|@)
¢ J




ORTHOGONAL JONES VECTOR

ORTHOGONALITY CONDITIONS

v L + n
(p,7) — (P 79T 2
T ' — T CHANGE OF POLARISATION HANDENESS
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SCATTERING
POLARIMETRY



WAVE POLARIMETRY
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WAVE POLARIMETRY




SCATTERING POLARIMETRY

-

: A
S Sxy
A
TRANSMITTER: X &Y Sex Spr Six Sy
RECEIVERS: X &Y /
SXX SXY
SINCLAIR MATRICES ||S]|= |
SYX 'SYY
L SCATTERING POLARIMETRY




POLARIMETRIC DESCRIPTORS

\

THE DIFFERENT
TARGET POLARIMETRIC
DESCRIPTORS

/V$/>
W

od=Z W

TRANSMITTER:
RECEIVERS:

SINCLAIR Matrix
Target Vectors
KENNAUGH Matrix
Coherency Matrix

/

Covariance Matrix




BACKSCATTERING MATRIX

ikr ikr jq)xx jq)xy
[S]:ej Sxx  Sxy :eJ S xxle |S yyle
JPxy Jjo
r|Syy Syy rol|S,yle S, e’
1 ABSOLUTE BACKSCATTERING MATRIX
. J| @xy — @ T
[S]_ejkrejq’xx 1S xx| 1S oy |e ( XX)
o J(@Pxy —@ J|@yy — @
T [ISxyle A T P
Absolute Phase
Factor RELATIVE BACKSCATTERING MATRIX

Five Parameters: 3 Amplitudes and 2 Phases

!

[ SCATTERER POLARIMETRIC DIMENSION =5 ]




SCATTERING POLARIMETRY




SCATTERING POLARIMETRY

Polnteur 37:47:35 93°N 12226

© Google Earth |[HH




ELLIPTICAL BASIS TRANSFORMATION

Ernst LUNEBURG i " i : el
(PIERS95 - Pasadena) Pauli Color Coding (L,R)



ELLIPTICAL BASIS TRANSFORMATION

4 . )
lS(B,B)]:[U(A,A)H(B,B)] lS(A,A)] lU(A,A)H(B,B)]
CON-SIMILARITY TRANSFORMATION
\_ ),

U ] SU(2) SPECIAL UNITARY ELLIPTICAL
[ AA/>(BB) BASIS TRANSFORMATION MATRIX
s ~ 2
U(A,A)H(B,B)] [U(q),r,a)]
e/ 0 ||cos|T] —jsin(t]||cos(p|]  sin|o]
0 e | —jsin(t] cos|t] —sin (@) cos|@]
U,(—a] U,[—1)] U,l—o]




ELLIPTICAL BASIS TRANSFORMATION

Pointeur 37°47'35 93" N _122*26"

© Google Earth |[HH+VV| [HV | |[HH-VV]|




ELLIPTICAL BASIS TRANSFORMATION

Pointeur 37°47'35 93" N _122*26"

© Google Earth |AA+BB| |AB |
With: A=Linear +45°, B=Linear -45°




ELLIPTICAL BASIS TRANSFORMATION

Polhleur 37:47:35 03" N 11222625 680

© Google Earth |LL+RR] ILR | |ILL-RR]




POLARIMETRIC DESCRIPTORS

@4%
Q%/é / N
s

q THE DIFFERENT
/l/ /1/ TARGET POLARIMETRIC
< DESCRIPTORS

-

k,Q Target Vectors

/

TRANSMITTER: X&Y J
o J

RECEIVERS: X&Y




TARGET VECTORS

SCATTERING VECTOR TRANSFORMATIONS

Pauli Scattering Vector: Lexicographic Scattering Vector:
1 Sxx tSvyy ‘_SXX
K:ﬁ Sxx~ Sy Q= \/ZSXY
28 xy SYY

UNITARY TRANSFORMATION
—1

k=[D,]Q and Q=[D,[" k=[D,] k
WHERE [D,] IS A SU(3) MATRIX 1 10 1
IN ORDER TO PRESERVE THE NORM [D 3]— E 10 -1
OF THE SCATTERING VECTOR 0 \fz 0



POLARIMETRIC DESCRIPTORS

4 N

THE DIFFERENT
TARGET POLARIMETRIC
DESCRIPTORS

)
[T] Coherency Matrix

TRANSMITTER: X&Y J
o J

RECEIVERS: X&Y

STATISTICAL DESCRIPTION
PARTIAL SCATTERING POLARIMETRY




COHERENCY MATRIX

MONOSTATIC CASE

PAULI SCATTERING VECTOR k

1
E[SXX +SYY SXX_SYY 2SXY

{

4 COHERENCY MATRIX [T] N

k=

lT

2A, C—jD H+jG
T|=k-k"=| c+jD B,+B E+jF
H—-jG E—jF B,—B

\_ HERMITIAN MATRIX - RANK 1 -/

A0, BO+B, B0-B : HUYNEN TARGET GENERATORS



HUYNEN PARAMETERS

PHYSICAL INTERPRETATION
MAN-MADE TARGET DECOMPOSITION
IDENTIFICATION and ANALYSIS

« PHENOMENOLOGICAL THEORY OF RADAR TARGETS » (1970)

AO : GENERATOR OF TARGET SYMMETRY
B0+B : GENERATOR OF TARGET NON-SYMMETRY

B0-B : GENERATOR OF TARGET IRREGULARITY

GENERATOR OF TARGET GLOBAL SHAPE (LINEAR)
GENERATOR OF TARGET LOCAL SHAPE (CURVATURE)
GENERATOR OF TARGET LOCAL TWIST (TORSION)
GENERATOR OF TARGET GLOBAL TWIST (HELICITY)

GENERATOR OF TARGET LOCAL COUPLING (GLUE)

I & M m ©O O

GENERATOR OF TARGET GLOBAL COUPLING (ORIENTATION)



TARGET GENERATORS

PHYSICAL INTERPRETATION

SINGLE BOUNCE DOUBLE BOUNCE VOLUME

SCATTERING SCATTERING SCATTERING
(ROUGH SURFACE)

T11:2A0:|SXX+SYY|2

I'y,=B,+B= |SXX_ SYY|2



TARGET GENERATORS




TARGET GENERATORS

_(HV)P

Polnteur 37:47:35 93" 1222625

© Google Earth |[HH+VV| [HV | |[HH-VV]|




ELLIPTICAL BASIS TRANSFORMATION

4 SPECIAL UNITARY SU(2) GROUP )
U 1= cos|p| —sin|@||cos(t] jsin|t||le™’® 0
U,|=| . » ja
sin(g| cos|g| ||jsin|t] cos|t| 0 e
\ [Uz(ﬁo)] [Uz(T” [Uz(a” J
4 SPECIAL UNITARY SU(3) GROUP )
10 0 fcosl2t)] 0 jsinl2r]]]cosl2a)  —jsin[2a] O
0 cos|2¢| sinl2¢) 0 1 0 —jsinl2a| cos[2al 0
0 —sin[2¢| cos(2¢|||jsin[27] 0 cos[27| || 0 0 1

U2 [U,(29)] Ueal




ELLIPTICAL BASIS TRANSFORMATION

SINCLAIR MATRIX

lS(B,B)l_[U(AA)H(B,B)]TlS(A,A)l [U(A,A)H(B,B)]
CON-SIMILARITY TRANSFORMATION

COHERENCY MATRIX

[le,B)]:lUsm,A)H(B,B)] Tianl] [U3<A,A)H<B,B>11J

SIMILARITY TRANSFORMATION

] U(3) SPECIAL UNITARY ELLIPTICAL
AA|~(BB BASIS TRANSFORMATION MATRIX



POLARIMETRIC DESCRIPTORS

4 N

THE DIFFERENT
TARGET POLARIMETRIC
DESCRIPTORS

)
TRANSMITTER: X&Y J [C] Covariance Matrix
RECEIVERS: X&Y K /

STATISTICAL DESCRIPTION
PARTIAL SCATTERING POLARIMETRY




COVARIANCEVATRIX

MONOSTATIC CASE

LEXICOGRAPHIC SCATTERING VECTOR £2
— T
Q:[SXX V2 Sxy SYY]

{

/ COVARIANCE MATRIX [C] \

Cl=Q-Q"=|\J25 5, 25,5, 25,85,

XY — XY

SovSyy V2SS SywSyy

HERMITIAN POSITIVE SEMI DEFINITE MATRIX - RANK 1

o J




COVARIANCE-COHERENCY MATRICES

COHERENCY MATRIX COVARIANCE MATRIX
[T]:kkT \[k:[D3or4 Q]/ [C}:QQT
UNITARY TRANSFORMATION
T *{, i
T}:[DSOM [C] [D30r4

!

[ T] and [C] HAVE THE SAME EIGENVALUES

Both contain the same information about Polarimetric Scattering Amplitudes,
Phase Angles and Correlations

[ T] is closer related to Physical and Geometrical Properties of the Scattering
Process, and thus allows a better and direct physical interpretation

[C] is directly related to the system measurables

[T] is directly related to the Kennaugh matrix and the Huynen parameters



POLARIMETRIC DESCRIPTORS

g SINCLAIR MATRIX A

k [s]f_:[ SS:] j
@&

EQUIVALENCE ?
£ Y

4 N )
SCATTERING VECTOR k SCATTERING VECTOR &
1 T _ > T
k:ﬁ[sXX_FSYY Sxx—Syy ZSXY] g—z_[SXX V2Syy SYY]
COHERENCY MATRIX [T] COVARIANCE MATRIX [C]

\- T=kk' ) U c=e0




POLARIMETRIC DESCRIPTORS

[S’1=LG, I'[S]1U,]

[ o }/
SINCLAIR
SU(2)

4 ™ 4 ™
[C] [T]
COVARIANCE | — > |COHERENCY
. suE) . Su@)

+ l

[CIFIG I CTIG, [T IFIGIITIU 1



ELLIPTICAL BASIS TRANSFORMATION

4 SPECIAL UNITARY SU(2) GROUP )
cos|p| —sin(g||[cos(t] jsinlt|||e”* 0
sinlp| cos(g| ||jsin(t] cos|T]| 0 e
\_ [Uz((P)] [Uz(T)] [Uz(a)] )
/_ SPECIAL UNITARY SU(3) GROUP (T Matrix) _\
1 0 0 cosl2t] 0 jsin[27|||cos[2a]  —jsin[2a) 0
0 cos|2¢| sinl2¢) 0 1 0 —jsinl2a) cos|2al 0
0 —sin(20) cos(2(p). _jsin(ZT) 0 cos|2t) I 0 0 iy
. [U(29)] LU,(27)] [U;(20)] Y




TARGET EQUATIONS
Q

7

Y
Q

POLARIMETRIC GOLDEN NUMEBER

POLARIMETRIC TARGET DIMENSION



TARGET EQUATIONS

Ve Y
p
5 DEGREES OF FREEDOM / \
]S ’ |S | |S ’ KENNAUGH MATRIX [ K]
xx1219 xyl» 1P yy
COHERENCY MATRIX [T]
_ D xy—xxoPry - xx ) 9 HUYNEN REAL PARAMETERS
(A0, BO, B, C, D, E, F, G, H)
‘ COVARIANCE MATRIX [C]
<
TARGET MONOSTATIC 9 REAL PARAMETERS
|XX], XY, |YY],

POLARIMETRI(I:I« DIMENSION » Re(XXXY*), Im(XXXY*)

Re(XXYY*), In(XXYY*)

L 5 ) \ Re(XYYY*), Im(XYYY*) /

[ 9-5=4TARGET EQUATIONS ]




TARGET EQUATIONS

PURE TARGET - MONOSTATIC CASE
4 24, C—jp H+G]
T|=k- k"= C+jD B,+B E+jF
H-jG E—jF B,—B

3x3 HERMITIAN MATRIX - RANK 1

!

\ 9 PRINCIPAL MINORS =0 /
/2A0(30+B)—C2—D2:0 2 Ay|By—B|-G°—H’=0 A
—2A,E+CH—DG=0 B;—B*—E°—F°=0
C|By—B|-EH—-GF=0 —D|(B,—B|+FH—-GE=0
2A,F-CG—DH=0  —G|(B,+B|+FC—ED=0
H|(B,+B|—CE—DF=0

J




TARGET EQUATIONS

/ @ Sl=

5 DEGREES OF FREEDOM
’SXX,5|Sxy|:|Syy|

D xv—xxPyy - xx

'

4 )
TARGET MONOSTATIC
POLARIMETRIC « DIMENSION »
1

\_ 9 J

S
S

S

XX S XY
YX

YY

N

COHERENCY MATRIX [T]

9 HUYNEN REAL PARAMETERS
(A0, BO, B, C, D, E, F, G, H)

. ‘ J
4 9-5=4TARGET EQUATIONS A
2A,|By+B, C’+D?
2A,|By—B, G?+H?
2ALE CH — DG
\_ 2 AOF CG+DH )




SCATTERING POLARIMETRY

SINCLAIR MATRIX [S]

4 )

THE DIFFERENT

— TARGET POLARIMETRIC
y DESCRIPTORS
J
[S] SINCLAIR Matrix
k, Q Target Vectors
[K] KENNAUGH Matrix
TRANSMITTER: X&Y [T] Coherency Matrix
RECEIVERS: X&Y \[C] Covariance Matrix /

[POLARIMETRIC REMOTE SENSING ]




POLARIMETRIC REMOTE SENSING

~ TN

POL-SAR PROCESSING
PHENOMENOLOGIC

QUALITATIVE ANALYSIS
_
-
POLARIMETRIC POLARIMETRIC POLARIMETRIC
SPECKLE —) TARGET =) | CLASSIFICATION

FILTERING DECOMPOSITION MONO/DUAL CHANNELS




Questions ? g’
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