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Target Decompositions Outline

m Polarimetric Target Decomposition Theorems
m Coherent Decompositions

» Incoherent Decompositions
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esa

EEEREsEEE  Polarimetric Target Dec. Theorems

Polarimetric Target Decompositions Theorems allow the interpretation of measured
PoISAR data by decomposing them

m Coherent Decompositions
Applied to the firs order descriptors, i.e., the Scattering Matrix
Valid for the interpretation of Pure or Deterministic scatters
Decomposition of the data into canonical scattering mechanisms

S= Zk:c,.S,.
i=1

m Incoherent Decompositions

Applied to second order descriptors, i.e., the Covariance and Coherency
matrices

Valid for the interpretation of Deterministic and Distributed scatters

Decomposition of the data into simple scattering mechanisms that may,
or not, admit an equivalent scattering matrix

carlos.lopezmartinez@upc.edu | RSLab | 2023
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- Pauli Decomposition @-esa

Based on the decomposition of the measured scattering matrix into the orthogonal
Pauli decompositions basis

m Basis components

s=fo 0] sl ) s=sle d] ssl 7]

Single bounce Double bounce Volume

+ Admit a physical interpretation into simple scattering mechanisms
» Orthogonal scattering mechanisms

m Decomposition into three orthogonal scattering mechanisms (monostatic
case)

Sy S
s:[s”" Sh}zaSa+ﬂSb+7SE
hv

w

m Decomposition coefficients
o= S, +S,,

Shh _va
= == =428
\/5 B «/5 e \/— v
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Pauli Decomposition @esa

|Shh-Svv| 2|Shv| | Shh +Svv|

-10dB_ I_som3
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7
Krogager Decomposition @esa

Based on the decomposition of the measured scattering matrix into the coherent
scattering mechanisms: sphere, diplane and helix
m Decomposition components

1 0 cos26 sin26 0 +5
S, = Si=| .. S.=| .
0 1 sin20 —cos26 +j 0
Sphere Diplane rotated 6 Helix

Single bounce about line of sight
Double bounce

» Non orthogonal components
m Decomposition into three orthogonal scattering mechanisms (monostatic
case)

Shh Shv e j
S= [Shv 5 |- ek S, +k,S, +kS,}

o e"“’*ksl 0 i c?s2t9 sin 260 h e 0 =%j
0 1 sin26 —cos26 +j 0

+ Roll-invariant decomposition
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SR  Krogager Decomposition

@:esa

m Decomposition coefficients

S

rl

S

JPt P
Sy 1 |€ |S,1|e

— o) ity 0 ik e 0 Tk e
Lioo) Lo -] "o

Srl

Sphere: k, =

« Diplane and Helix: Two options | |>|S,|
k; :|Sll|
k; =|Srr|_|Sll|
Right sense helix
Phases: ¢=%(¢rr+¢zz+”)

1
9:2((/;”7%17”)

1
P =0, _E(¢rr +¢711+”)
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P JPu
s:{s” S”}:{ls”le ISile }em{emksss+kds,,+khsh}

S, <[S]
kl; = Srr
ky =|S11|_ S,

Left sense helix

Krogager Decomposition

@:esa

|Shh-Svv| 2|Shv| | Shh +Svv| k

-10dB
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Krogager Decomposition

R |Shh-Svv| 2|Shv| | Shh +Svv|

kol kel kel
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EERERsd  Coherent Decompositions @-esa

Only valid when the assumption of pure or deterministic targets is valid, that is, data
is not affected by the presence of speckle noise

m The presence of speckle noise makes the scattering matrix and its
decomposition to be random

Distributed targets can not be represented by a single scattering matrix but the
average covariance or coherency matrices

m Incoherent target decomposition theorems are applied to the average target
represented by the average matrices

carlos.lopezmartinez@upc.edu | RSLab | 2023
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- Incoherent Decompositions @:esa

Physical interpretation and analysis of distributed targets

Sample 3

S,,C,

Sample 2 Sample nth

S,,C, ‘ S,.C,

Average target (Distribution)

(©--3c
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EEEEAERiEE Incoherent Decompositions

physical

and the

carlos.lopezmartinez@upc.edu | RSLab | 2023

@-esa

Two type of decompositions

m Model-based decompositions: The decomposition of the covariance and the
coherency matrices is based on decomposition components that model

scattering mechanisms

Simple physical interpretation
Assumptions concerning the type of scattering are necessary

m Mathematical-based decompositions: The decomposition of the covariance

coherency matrices is based on mathematical decompositions,

normally those based on the eigenvalue/eigenvectors concept
Simple computation of the decomposition
No assumptions about the type of scattering are necessary

Physical interpretation of the different decomposition components are
necessary

15

Target Decompositions

COHERENT

J.R. HUYNEN
(1970)

R.M. BARNES
(1988)

DECOMPOSITION

TARGET
DICHOTOMY

WWiSlab | 2023

Target Decomposition Theorems %:esa

TC

EIGENVECTORS BASED
DECOMPOSITION

S.R. CLOUDE
(1985)

MODEL BASED
DECOMPOSITION

A.J. FREEMAN
(1992)

W.A. HOLM
(1988) EIGENVECTORS / EIGENVALUES ANALYSIS
&

MODEL BASED DECOMPOSITION
J.J. VAN ZYL
(1992)

EIGENVECTORS / EIGENVALUES ANALYSIS
ENTROPY / ANISOTROPY

S.R. CLOUDE - E. POTTIER
(1996-1997)

Courtesy of Prof. E. Pottier S i Communicatons
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EEEERGEE  Freeman Decomposition

Coherency matrix form with respect to the target symmetries

General Case Reflection Symmetry

T T, T, T T, 0
(M)=|17 1, T, (Ty=\1y 7, 0
I I T, 0 0 T
Rotation Symmetry Azimuthal Symmetry
T 0 0 T 0 0
(T)=|0 T, T, (Ty=|0 T, 0
0T T, 0 0 T,

carlos.lopezmartinez@upc.edu | RSLab | 2023
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EEEEREEE  Freeman Decomposition

Covariance matrix form with respect to the target symmetries

General Case Reflection Symmetry

¢ G G ¢, 0 G
(C)=|C, ¢, C (C)=|0 ¢, 0
C, C; C C; 0 C

Rotation Symmetry Azimuthal Symmetry

¢, C, G C, 0 G,
(C)=|C, ¢, -G, (C)=0 ¢, ©
c, -C, C c;, 0 C

carlos.lopezmartinez@upc.edu | RSLab | 2023
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EEEREEEEE  Freeman Decomposition %ﬁesa

Incoherent decomposition proposed by A. Freeman (1992)
m Decomposition

<T> <C> # Three components scattering mechanism model

T, T,

Single bounce T Double bounce Volume
C, scattering c, scattering C, scattering

[ Decomposition coefficients ]

carlos.lopezmartinez@upc.edu | RSLab | 2023
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EEEREEEEE  Freeman Decomposition %ﬁesa

m Single bounce scattering (rough surface)

RH
R, 0
S, = = k=|0
0 R
R,
B0 Bl fi=|R[
C,=f;|0 0 0 ﬁ_ILH
0 1 R,

= Double bounce scattering

carlos.lopezmartinez@upc.edu | RSLab | 2023
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EEEREEEEE  Freeman Decomposition

‘ »

o Oriented

# mechanism

o 5 Veng =) Uniform P(Q):i

Second-Order

carlos.lopezmartinez@upc.edu | RSLab | 2023

= Volume scattering (Randomly oriented very thin cylinder-like scatters)

Mechanism a 0
(cylinder) S=

Orientation

Covariance matrix

—
o
S W=

statistics Thin cylinders 5

. C, =10 =

¢, =(C,)=]C.P(0)d0 : 8 ! 0
- 0 1

a1 b0 3

21

EEEREEEE  Freeman Decomposition

441

carlos.lopezmartinez@upc.edu | RSLab | 2023

3 Components Scattering Mechanism Model

LB+ L+ f, 0 ffi-foatdt

3
_ 2
(C)= 0 3 0
fB-fat %0 frfyrsy

1

5 Unknown real coefficients
4 Observed equations Assumptions must be considered !!!

Negative power is observed

22
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8 Freeman Decomposition @esa

7x7 Multilook

|Shh-Svv| 2|Shv| | Shh +Svv| fs A 1

E— -
-10dB 30dB
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8 Freeman Decomposition

V4 |Shh-Sw| 2/Shv| | Shh +Svy|

fo] [fv] Ifs] [

carlos.lopezmartinez@upc.edu | RSLab | 2023
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EEEEREEE  Yamaguchi Decomposition &c:esa

1
fi
+]al

<T>=
0

BBl

Surface
scattering

carlos.lopezmartinez@upc.edu | RSLab | 2023

m Ty3 is not accounted for. (Lee, 2009)
5-component scattering model decomposition?
m Negative power issue
Orientation compensation reduces HV, that reduce negative power
pixels (Lee, 2009, An, 2009)
New volume scattering model (Yamaguchi, 2005)
New scattering models and non-negative eigenvalues (van Zyl and
Arii, 2009, 2010)

Courtesy of Dr. J.S. Lee

4-component scattering model (Yamaguchi, 2005)

lal? a 0 2 00 0 0
*10+vo10+fc01ij
00 001 0 Fj 1
Double Volume Helix
bounce scattering scattering

25

Yamaguchi Decomposition &c:esa

|Shh-Svv| 2|Shv| | Shh +Svv|

carlos.lopezmartinez@upc.edu | RSLab | 2023

-10dB

7x7 Multilook

30dB
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EEREREE Eigenvalue/vectors Decomposition
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Decomposition proposed by Shane Cloude, based on the mathematical
decomposition of the coherency matrix on its eigenvalue and eigenvectors

Shh +va
k ——|s —s (T)—iikk”—iﬁﬁ
V4 \/E hh w N P i N P i
2S,,
Sample Estimation of the covariance matrix

m Decomposition (i)

A 0 0 i
(T)=UZU "' =|u, u, w ([0 4, O |lu u, u
0 0 4

The eigenvectors u4, uz and uz are orthonormal
The eigenvalues arereal Ay > Ay > A320

27

PEREEE  Eigenvalue/vectors Decomposition

carlos.lopezmartinez@upc.edu | RSLab | 2023

s Decomposition components

The eigenvectors represent rank 1 scattering mechanisms that are
related with a scattering matrix

Parametrization of the SU(3) unitary matrix

cos (o) cos(a,) cos(a)
U=| sin(a)eos( )" sin(a,)eos( £,)e™  sin(az;)eos(f)e"

sin( )sin (B, )¢ sin(ar,) sin (B,)e”?  sin(a)sin(B;)e’”
1N J \. J \. J
Y

Y Y
Target 1 Target 2 Target 3

[ Decomposition basis ]

The eigenvalues represent the power associated to every target

A A A3

[ Decomposition coefficients ]

28
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PEREEE  Eigenvalue/vectors Decomposition

m Decomposition (ii)

<T> =UZU ' = 11“1“111 + jz“z“? + 13“3‘1;{ =AT + 4T, + AT,

The coherency matrices Tk are rank 1 matrices associated with a single
scattering matrix

It is possible to associate a probability to every scattering mechanism

A 3
P=— Span = z&k

3
Z’lk k=1
k=1
Definition of the mean dominant scattering mechanism

¢ Mean parameters
a=Pa, +P,a,+Pa E:Plﬂ1+P2,6'2+P3,b’3
5=F

19 Tyt
y=Br+hy,+Br, 19+ 50, + Bdy

¢ Mean unitary dominant scattering mechanism

u, = [COS(Q) sin(a) cos(f3) ¢ sin(a) sin(3) o ]T

carlos.lopezmartinez@upc.edu | RSLab | 2023
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PEREEE  Eigenvalue/vectors Decomposition

¢ Mean dominant scattering mechanism

cos(@) S cos(@)
K, =/Span| sin(a)cos(B) €’* |= [ 4, | sin(a)cos(B) e’
sin(a)sin(f) et = sin(@)sin(f) e’

¢ The mean dominant scattering mechanism may be employed to
interpret physically the data

carlos.lopezmartinez@upc.edu | RSLab | 2023
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a
g

SR

Eigenvalue/vectors Decomposition %:es

|Shh-Svv| 2|Shv| | Shh +Swv| =N

b s

\/5197 cos(a)
[Span sin(@) cos(f3)

\/‘S/um sin(@)sin(/3) AN gy

carlos.lopezmartinez@upc.edu | RSLab | 2023
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RN Eigenvalue/vectors Decomposition &c:esa

The eigendecomposition needs a physical interpretation of the decomposition basis
and the decomposition coefficients

= Analysis of the eigenvectors

Mechanism a 0
=) (cyiinder) S=1y 4
Oriented _ T
mechanism 8o =U.(0) SU,(9)
Uniform 1
P(O)=—
Orientation ( ) 2

Second-Order
statistics

carlos.lopezmartinez@upc.edu | RSLab | 2023
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- Eigenvalue/vectors Decomposition @esa

Analysis of the azymuthal symmetric scatterer
» Eigenvalues

A= = p=-°%

£+v)

A=A=Y = Pp=p=—2"
2 2(e+v)

¢ Eigenvectors

100 al:()
u=0 1 0| = x
00 1 Y

carlos.lopezmartinez@upc.edu | RSLab | 2023
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RN Eigenvalue/vectors Decomposition @esa

Physical interpretation of the average alpha angle parameter

» Single bounce scattering, for example,
a rough surface

axb
=
v \—

* Double bounce scattering

a~-b
a =~
e~0 |~

¢ Volume scattering

a>>0 ~
sxv [:g~ N

Same component as the Freeman dec.

NN

ENgE

carlos.lopezmartinez@upc.edu | RSLab | 2023
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PEREEE  Eigenvalue/vectors Decomposition

m Analysis of the eigenvalues. These parameters classify the spectrum of
scattering mechanisms

Entropy: Degree of randomr;ess or statistical disorder
H =-ZPi log; (P)
¢ Pure target (H=0). The :verage coherency matrix is rank 1
A=Span 1,=0 1s=0
» Distributed target (H=1). The average coherency matrix is rank 3
A1= A2=As= Span/3
Anisotropy: Scattering mechanisms discrimination for high entropies

(H>0.7)
A= /12 _/7‘3
At

carlos.lopezmartinez@upc.edu | RSLab | 2023
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Target Decompositions H/A/q DecompOSition

Original Eigenvalue/Eigenvector decomposition

H

A

0
<T>=UEU'1: u u, u |0 Oflu u, wu
0

0
8
0 4

1

H/A/a decomposition allows a physical interpretation

H=-3.og,(7) A=% a

i

carlos.lopezmartinez@upc.edu | RSLab | 2023
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R H/A/a Decomposition @:esa

|Shh-Svv| 2|Shv| | Shh +Svv|

carlos.lopezmartinez@upc.edu | RSLab | 2023

7x7 Multilook

37

R H/A/a Decomposition @:esa

carlos.lopezmartinez@upc.edu | RSLab | 2023

[Shh| |Shv| [Swv|

s @

38
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Decompositions HINQ Decomposrtlon

carlos.lopezmartinez@upc.edu | RSLab | 2023

Entropy (H)

0.5 1.0

o
and Communicatio

39

compositions HINQ DecompOSItlon

@:esa

carlos.lopezmartinez@upc.edu | RSLab | 2023

Anisotropy (H)

0.5 1.0

and Communications

40
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H/Ala Decomposition

@:esa

carlos.lopezmartinez@upc.edu | RSLab | 2023

Alpha (a)

41

larget Decompositions HINQ Decomposrhon

@:esa

A rotation about the line of sight is a unitary transformation

Rotation about the line-of-sight

1 0 0
R(6)=|0 cos(20) sin(26)
0 —sin(26) cos(26)

A

0 0
<T>=UZU’1: uy u, w0 4, O
0 0

%

u

m Probabilities are roll-invariant
m Average alpha angle is roll-invariant

carlos.lopezmartinez@upc.edu | RSLab | 2023

(T(0))=R(#)(T)R"'(0)=R(9)UZU"R" (9) = U'ZU"

H

m Eigenvalues are roll-invariant, i.e., not affected by a rotation

42
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RIMETRIC TARGET SIGNATURES: An Example

- Polarimetric Scattering Characterization @-esa

High-resolution POLSAR signature of a suspension bridge under construction
The deck was not installed.

FLIGHT

RANGE

Aerial Photo Krogager SDH Decomposition
Blue= Sphere Green = Helix Red = Diplane.

EMISAR C-Band Polarimetric SAR Image of StoreBelt Bridge

44
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- Polarimetric Scattering Characterization

High-resolution POLSAR signature of a suspension bridge under construction
The deck was not installed.

Double bounce - .
~ from cables z : Direct bounce
" ~from cables—

F Triple boﬁﬁce/

from cables

Aerial Photo o Angle

Dominant scattering mechanisms are extracted by applying target decomposition:
Blue= Surface Green = Dipole Red = Double Bounce.

EMISAR C-Band Polarimetric SAR Image of StoreBelt Bridge

45

- Polarimetric Scattering Characterization

Multi — Bounce Scattering mechanisms
, Triple
7

Double bounce
" from cables z - Direct bounce
77 “from cables—

Triple bollﬁce/

Roundtrip distances: from cables
Single bounce return: 2(L—dcosf)
Double bounce return: 2L <4==m Independent of height
Triple bounce return: ([ +7cosf)

0 is the local incidence angle.

a Angle

46
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- Polarimetric Scattering Characterization

High-resolution POLSAR signature of a suspension bridge after completion.
The deck is installed.

3

IIIIIIIIIIii‘iﬂ|| ‘ “IIIIIIIIlII |II

FLIGHT

w
Q
z
<
4

[HH-VV[, [HV], [HH+VV]|

EMISAR C-Band Polarimetric SAR Image of StoreBelt Bridge

)

47

esa

- Polarimetric Scattering Characterization

Navigation Map of Storebelt, Denmark

48
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- Polarimetric Scattering Characterization &@esa

H Entropy

a Angle

49

- Polarimetric Scattering Characterization &@esa

(o
D

a Angle
Bridge Deck
V Roundtrip distances:

A: Triple bounces, 2(L+dcos®)

B: 5 (or 7) bounces, 2(L+dcosf)+2d
C: 7 (or 9) bounces, 2(L+dcost)+4d
D: 9 (or 11) bounces, 2(L+d cost)+6d

Ocean Surface (...) indicates additional two bounces
from the bottom of the deck.

RESONANT CAVITY

Dominant scattering mechanisms are extracted by applying target decomposition:
Blue= Surface Green = Dipole Red = Double Bounce. @

50
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POLARIZATION ORIENTATION ANGLE
ESTIMATION AND APPLICATIONS

D.L. Schuler, J.S. Lee and G. De Grandi, "Measurement of Topography Using Polarimetric SAR
Images," IEEE Trans. on G i and R S ing, vol. 34, no. 5, 1266-1277, September, 1996.

9

J.S. Lee, D.L. Schuler and T.L. Ainsworth, “Polariemtric SAR data compensation for terrain
azimuth slope variations,” IEEE TGRS (September, 2000)

J.S. Lee, D.L. Schuler, T.L. Ainsworth, and W. M. Boerner “A Review of Polarization orientation
angle estimation and Applicati ” Pr dings of EUSAR 2006, E. Lueneburg Memorial Session,
2006

F. Xu, and Y.-Q. Jin, “Deorientation theory of polarimetric scattering targets and application to
terrain surface classification,” IEEE Trans. on Gi i and R Sensing, vol.43, no.10, pp.
2351-2364, 2005.

52
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- P.0.A. Estimation

Polarization Orientation Shifts

Orientation angles = rotation about the line of sight
g

A

v

Roy. 4
0‘3»% Incidence Pla{e N (Surface Normal)
«
|

jl} / 1
1
1
I / .
| 1 (Ground Range)
SRR BN L - ;)A,
\ : /
Ground Surface: N | J
Patch AN ! ’
N 1 7
EE
N 1 ’
N |//
S Yy
S
é}é‘
N/
X, 1,

J.S. Lee, D.L. Schuler and T.L. Ainsworth, “Polarimetric SAR data compensation for terrain
azimuth slope variations,” IEEE TGRS (September, 2000)

J.S. Lee, D.L. Schuler, T.L. Ainsworth, and W. M. Boerner “A Review of Polarization orientation angle
estimation and Applications,” Proceedings of EUSAR 2006, E. Lueneburg Memorial Sessior§9

53

esa

- P.0.A. Estimation

Polarization Orientation Shifts

Orientation angle shifts induced by azimuthal slopes
Orientation information imbedded in Pol-SAR data

Z
A
tan
tan = . AV
- tal’l y COS ¢+ S ¢ edq,,\Q: Incidence Plane N(Surface Normal)
N =
jz: / i
¢  =Radar look angle | /o
} : {Ground Rangel N
tan =Azimuths|ope S A H S "y
Ground Surface N : I,'
tany = Ground range slope Pateh oLy
\@ ____________:\J'/
&
N
X, 1,

54
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- P.0.A. Estimation

Orientation Estimation

Scattering Matrix

S(m)_[cos(ﬁ) sin(H)}[SHH SHV}[cos(G) —sin(B)]

—sin(@) cos(8)| Syy; Sy |l sin(8) cos(8)
Coherency Matrix 1 0 0
T =UTU" U=|0 cos20 sin28

0 —sin20 cos20

55

- P.0.A. Estimation

Orientation Rotation

Circular Polarizations (only phase is affected)
Su=Su= Swt2iSu)/2 o Su=Sy e
S=(= 8, +S,,12jS,,)/2 ) T=g 2
St (SptSw)/2 ELL =S,

Circular Covariance Matrix

(5uf)  VElSuSie™) (i, Sire™)
C= \/E<(SuJ_S;,L)eize> 2<I SILJ_ I2> ﬁ<(SLLLSz;LL)e_i20>
((5287,0,0€™)  V2((S,,,, 871, 0¢™) <SLLLL 2>

)

56
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I oA Estimation Cesa

Estimation Methods

Circular Polarization Estimators

% _o  -i28
Su=Sy e

) (5, 5)=((S.8) e NS, e ™
<§LL§LL>: ((S.8.) e_iw)((SLLSLL)) e !

Which estimator is the good one ?

57

I oA Estimation Cesa

Terrain Vegetation and Topography
Representative of Camp Roberts, CA

58
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I oA Estimation Cesa

JPL AIRSAR L-Band
(Camp Roberts)
|HH-VV]| |HV|+|VH]
|[HH+VV|

FLIGHT

From POLSAR data
— 45°< < 45°

From C-band Interferometry

tan w
' tan 0= -
— tan y cos ¢+sin ¢

J.S. Lee, D.L. Schuler and T.L. Ainsworth, “Polarimetric SAR data compensation for terrain azimuth slope variations,” IEEE
TGRS (September, 2000)

59

I oA Estimation Cesa

tan

PO angles derived

Band interferometry 4

PO angles derived
By L-Band PoISAR

FLIGHT

from DEM of C-

tan @
— tan ycos p+sin ¢

PO angles from C-band DEM C-Band DEM - oo

60
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. POLARIMETRIC SAR DERIVED TOPOGRAPHY

SIR-C L-band Image of the Coast of Italy
Near Camerota, April 15, 1994

RED: HV Image
GREEN: HH Image
BLUE: VVimage

Lat. 40.1 deg. N, Long. 15.5 deg. E

Courtesy of Dr. J. S. Lee, US NRL

61

I oA Estimation Cesa

The effect of POA Compensation

The Polarization Orientation (PO) angle effect :

- Azimuth slopes and buildings induce PO angle shift

- Model based decompositions based on
uncompensated data may mis-interpret scattering
mechanisms

- High relief terrain = Forest (volume scattering)

- Buildings = Forest

62
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- P.0.A. Estimation

=

tation angle ma 45°< 6< 45%)

Tll

[HH+VV]

100

Rotational Invariant

Orientation Angle

The effect on Coherency Matrix

Before

After

63

- P.0.A. Estimation

@:esa

Real {(HH-VV) HV*}

Re[T ]

AVAY,

ARY:

Reduce to zero

Imaginary {(HH-VV) HV*}
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