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Polarimetric Target Decomposition Theorems

Coherent Decompositions

Incoherent Decompositions

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

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

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 

Polarimetric Target Dec. Theorems
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Coherent Decompositions
5

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

Basis components

Admit a physical interpretation into simple scattering mechanisms
Orthogonal scattering mechanisms

Decomposition into three orthogonal scattering mechanisms (monostatic
case)

Decomposition coefficients

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

Decomposition components

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

Roll-invariant decomposition

Krogager Decomposition
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Decomposition coefficients

Sphere:

Diplane and Helix: Two options

Phases:

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

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

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

Coherent Decompositions
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Incoherent Decompositions
13

Physical interpretation and analysis of distributed targets

Incoherent Decompositions
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Two type of decompositions
Model-based decompositions: The decomposition of the covariance and the
coherency matrices is based on decomposition components that model
physical scattering mechanisms

Simple physical interpretation
Assumptions concerning the type of scattering are necessary

Mathematical-based decompositions: The decomposition of the covariance
and the 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

Incoherent Decompositions
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Target Decomposition Theorems
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Coherency matrix form with respect to the target symmetries

Freeman Decomposition
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Covariance matrix form with respect to the target symmetries

Freeman Decomposition
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Target  Decompositions
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Incoherent decomposition proposed by A. Freeman (1992)
Decomposition

Freeman Decomposition
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Single bounce scattering (rough surface)

Double bounce scattering

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

Freeman Decomposition
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Freeman Decomposition
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Freeman Decomposition
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Freeman Decomposition
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4-component scattering model (Yamaguchi, 2005)

T13 is not accounted for.  (Lee, 2009)
5-component scattering model decomposition?

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)

Yamaguchi Decomposition
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Yamaguchi Decomposition
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Decomposition proposed by Shane Cloude, based on the mathematical
decomposition of the coherency matrix on its eigenvalue and eigenvectors

Decomposition (i)

The eigenvectors u1, u2 and u3 are orthonormal
The eigenvalues are real λ1 > λ2 > λ3 ≥ 0

Eigenvalue/vectors Decomposition
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Decomposition components
The eigenvectors represent rank 1 scattering mechanisms that are
related with a scattering matrix
Parametrization of the SU(3) unitary matrix

The eigenvalues represent the power associated to every target

Eigenvalue/vectors Decomposition
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Decomposition (ii)

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

Definition of the mean dominant scattering mechanism
Mean parameters

Mean unitary dominant scattering mechanism

Eigenvalue/vectors Decomposition
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Mean dominant scattering mechanism

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

Eigenvalue/vectors Decomposition
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Eigenvalue/vectors Decomposition
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The eigendecomposition needs a physical interpretation of the decomposition basis
and the decomposition coefficients

Analysis of the eigenvectors

Eigenvalue/vectors Decomposition
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Analysis of the azymuthal symmetric scatterer
Eigenvalues

Eigenvectors

Average alpha angle

Eigenvalue/vectors Decomposition
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Physical interpretation of the average alpha angle parameter

Single bounce scattering, for example,
a rough surface

Double bounce scattering

Volume scattering

Same component as the Freeman dec.

Eigenvalue/vectors Decomposition
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Analysis of the eigenvalues. These parameters classify the spectrum of
scattering mechanisms

Entropy: Degree of randomness or statistical disorder

Pure target (H=0). The average coherency matrix is rank 1

Distributed target (H=1). The average coherency matrix is rank 3

Anisotropy: Scattering mechanisms discrimination for high entropies
(H>0.7)

Eigenvalue/vectors Decomposition
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H/A/α Decomposition
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H/A/α Decomposition
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H/A/α Decomposition
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H/A/α Decomposition
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H/A/α Decomposition
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H/A/α Decomposition
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A rotation about the line of sight is a unitary transformation

Eigenvalues are roll-invariant, i.e., not affected by a rotation
Probabilities are roll-invariant 
Average alpha angle is roll-invariant

H/A/α Decomposition
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POLARIMETRIC TARGET SIGNATURES: An Example

43

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

Pauli Decomposition, |HH-VV|, |HV|, |HH+VV|

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

R
AN

G
E

FLIGHT

EMISAR C-Band Polarimetric SAR Image of StoreBelt Bridge

Polarimetric Scattering Characterization

44
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Direct  bounce 
from cables

Triple  bounce 
from cables

Double  bounce 
from cables

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

H Entropy

Aerial Photo

EMISAR C-Band Polarimetric SAR Image of StoreBelt Bridge

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

a Angle

Polarimetric Scattering Characterization
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1 32

d

Single Double

Triple 

Double

Roundtrip distances:
Single bounce return: 
Double bounce return: 
Triple bounce return: 

q is the local incidence angle.

2(L− d cosθ )
2L
2(L+d cosθ )

L

Independent of height

Direct  bounce 
from cables

Triple  bounce 
from cables

Double  bounce 
from cables

a Angle

Multi – Bounce Scattering mechanisms

Cable

Polarimetric Scattering Characterization
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R
AN

G
E

FLIGHT

|HH-VV|, |HV|, |HH+VV|

EMISAR C-Band Polarimetric SAR Image of StoreBelt Bridge

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

Polarimetric Scattering Characterization
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Navigation Map of Storebelt, Denmark

|HH-VV|, |HV|, |HH+VV|
BuoyBuoy

Polarimetric Scattering Characterization
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H Entropy

a Angle

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

Roundtrip distances:
A: Triple bounces, 

B: 5 (or 7) bounces, 

C: 7 (or 9) bounces,
D: 9 (or 11) bounces,

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

2(L+d cosθ )+2d

2(L+d cosθ )

2(L+d cosθ )+4d

2(L+d cosθ )+6d

RESONANT CAVITY

a Angle

Polarimetric Scattering Characterization
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Polarization Orientation Angle Estimation and 
Applications

51
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POLARIZATION ORIENTATION ANGLE
ESTIMATION AND APPLICATIONS

P.O.A. Estimation
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a
b
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Polarization Orientation Shifts
Orientation angles = rotation about the line of sight

P.O.A. Estimation
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Polarization Orientation Shifts
Orientation angle shifts induced by azimuthal slopes
Orientation information imbedded in Pol-SAR data

= Radar look angle

= Azimuth slope

= Ground range slope

tanω

tan γ

φ

tanθ= tan ω− tan γ cosφ+sin φ

P.O.A. Estimation
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Orientation Estimation

P.O.A. Estimation
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~SLL=SLL e− i2 θ
~S =S ei 2θ
~SLL=SLL

ROTATION
SLL= (Shh− Svv+2 jShv ) /2
S=(− Shh+Svv+2 jS hv )/2
SLL=j( Shh+Svv ) /2

Orientation Rotation
Circular Polarizations (only phase is affected)

Circular Covariance Matrix

P.O.A. Estimation

56



12/6/23

© Carlos López-Martínez 29

~SLL=SLL e
− i2θ

⟨~SLL
~S ⟩= ⟨(SLL S ) e

− i4θ⟩⟨( SLL S )⟩ e
− i4θ

⟨~SLL
~S LL⟩= ⟨( SLLSLL) e

− i 2θ⟩⟨(SLLSLL)⟩ e
− i2θ

Estimation Methods

Circular Polarization Estimators

Which estimator is the good one ?

P.O.A. Estimation
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Terrain Vegetation and Topography
Representative of Camp Roberts, CA

P.O.A. Estimation
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JPL AIRSAR L-Band
(Camp Roberts)
|HH-VV| |HV|+|VH|
|HH+VV|

From POLSAR data

From C-band Interferometry

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

− 45o≤ θ≤ 45o

tanθ= tan ω− tan γ cosφ+sin ϕ

FLIGHT

P.O.A. Estimation
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FLIGHT

|HH-VV|, |HV|+|VH|, |HH+VV|

PO angles from C-band DEM                      C-Band DEM

L-Band PolSAR derived PO angle

PO angles derived
By L-Band PolSAR 

PO angles derived
from  DEM of C-

Band interferometry 

tanθ= tan ω− tan γ cosφ+sin ϕ

P.O.A. Estimation
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Courtesy of Dr. J. S. Lee, US NRL
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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

P.O.A. Estimation
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T 11

T 33

T 33

T 22

T 11

Orientation angle map (− 45o≤ θ≤ 45o)

T 33

θ

After

Before

The effect on Coherency Matrix

Rotational Invariant

P.O.A. Estimation
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Re [T 23 ] Im [T 23 ]

Re [T 13] Im [T 13 ]

Re [T 12] Im [T 12]

Reduce to zero Rotational invariant

P.O.A. Estimation
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