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SAR Polarimetry (PolSAR) SAR Interferometry (InSAR)

Allows the identification / decomposition of different Allows the location of the effective scattering center
scattering processes occurring inside the resolution cell inside the resolution cell
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Polarimetric SAR Interferometry (Pol-InSAR)

Potential to separate in height different scattering processes
occurring inside the resolution cell
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Polarimetric Interferometry
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Polarimetric Coherences
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Interferometric Coherences
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Complex Coherences on the Unit Circ

> 8,(k)S; (k)

y: =exp(i Arg(Y) )|V

le

JZS«k)s:(k) > 8,(k)S5(k) >

Correlation Coefficient (v ]

Interferometric Phase 0<Arg(Y)=¢<2m

Cramer Rao Bounds:
(expresses the lower bound on the variance of the estimator):

- - ~n _(=ly P
Correlation Coefficient VAR( Y |)er = N
Interferometric Phase VAR(Q) = =1y |22

2N|y|

Q= arg('\?) and N is the number of Looks
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Why is Interferometry important for Volume Scatterers?

E-SAR / Test Site: Helsinki, Finland
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Pol-InSAR: Basic Principles & Ideas
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SAR Interf ‘:rometry for Volume Structure

hy
[ f(z) e*az eﬁmm
Volume Vo (f(2),k,) = e*e% © - W ‘
Coherence J- f(2) dz )

f(z) ... vertical reflectivity function

Y = VTemporaI VSNR VVoI

, KAO
Vertical Wavenumber: K, = —
sin(By)
® VTempora| ... temporal decorrelation N
® YsnR ... additive noise decorrelation %%m
® Yyoume - g€OMetric decorrelation
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SAR Interf ‘rometry for Volume Structure

<S, S, >
\/<S1 Si><S,S8.>

Interferometric

Coherence ¥(S: Sp)=

Volume Vo (f(2).k,) = "7

Coherence

hy

j f(z) e**dz

o
h

Vv

j f(z) dz

o

Y = YTemporaI YSNR YVoI

® YTemporaI
® Ysnr

® VVqume

... temporal decorrelation
... additive noise decorrelation

... geometric decorrelation

f(z) ... vertical reflectivity function

- KAO
Vertical Wavenumber: K, = —
sin(By)

SAR interferometry allows to reconstruct the vertical
reflectivity function f(z) of a volume scatterer by

means of interferometric (volume) coherence

— measurements at different vertical wavenumbers «,
— T e muT |

i.e. at different spatial baselines.




Normalised Fourier Transform of
the vertical reflectivity function f(z)
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f(z) ... vertical reflectivity function
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Baseline 1 (k,,) .

. KAO
Vertical Wavenumber: K, = —
sin(By)
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Multi-baseline measurements allow to sample the
spectrum of the vertical reflectivity FT{f(z)} @
different spatial baselines (i.e. spatial frequencies) k..

Multibaseline SAR Interferometry

Trw

f(z) ... vertical reflectivity function

. KAO
Vertical Wavenumber: K, = —
sin(By)
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Scatterer Vertical Reflectivity Function f(z) Normalised Fourier Transform
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Amplitude Image
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Interferometric Coherence: Volume Decorrelation

Spatial Baseline 3m
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Polarimetric SAR Interferometry

C O e
[Sd{SHH SHV}

Image 1: Scattering Matrix: 1 1
Svi Sw
i : LT 1 1 1 1 9T
Scattering Vector 1: Ki=—=[Sqq +Sw Suy—Sw 2541
V2
S, S?
Image 2: Scattering Matrix: [S,]1=| " OV
Swi Sw

. 1
Scattering Vector 2: k, = ﬁ[SﬁH +S%y Si—Siv 2SH 1

Image formation: i, =w;-k, and i,=wj -k, ..projection of the scattering vector
on a (complex) unitary vector w.

W; used to select a given polarisation out of all possible polarisations provided by the scattering matrix [S]

_ R
Example: Sy +Syy image: W =[1 0 0]' - i=w 'kj:ﬁ(SJHH-i_SJVV)

S,y image: W, =[1/v2 1/¥2 0" - ij=w'k =8

J HH




Polarimetric SAR Interferometry

Image 1: Scattering Matrix: AL
Svi Sw
i : LT 1 1 1 1 9T
Scattering Vector 1: Ki=—=[Sqq +Sw Suy—Sw 2541
V2
S2, S?
Image 2: Scattering Matrix: [S,]1=| " OV
Swi Sw

- 1
Scattering Vector 2: k, = ﬁ[SﬁH +82, SZ,-S%, 2SI
Image formation: i, =w!-k, and i,=wj-k, wherew, are complex unitary vectors*
Interferogram formation: i 0= (WK ) (W3 k) = Wik, ki)W, = W [Q]wW,
- <iy iy > <w;[Qw, >

Interferometric Coherence:

where [T,;]=<K;-Ki > [Ty]=<K,-K; > and [Q]=<K, K] >

Wi used to select a polarisation state out of all possible polarisations provided by the scattering matrix [S]
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\A _ Jy f(z) e*dz - f(z)
Polarisation 3 Yvo (F(2)) = glkzZo © -
T [ f(z) dz | [
@ AREDP
Polarisation 1 Yvo (f(2)) = g'kzZo 0 W
j f(z) d f(2)
‘ |k ZdZ
Polarisation 2 Vv (f(2)) = glkzZo 0
I f(z) d f(z)
f(z) ... vertical reflectivity function Vo |
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Interferometric Coherence: Volume Decorrelation
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Sp. Baseline 16m
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Geometrical Representation

Interferometric Coherence:

T(Wi, Wi ) = 7(W;, W )| -exp(i Arg{ ¥(w;, W, ) } )

Radius Angle

P can be represented by a single point on the unit circle

Coherence Region:

Shape and size depend on acquisition parameters and the structure of the underlying scatterer.
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Coherence Region Interpretation

0N
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Point Like Coherence Region
i.e. InNSAR Coherence and Phase
are independent of polarisation.

Pol-InSAR does not provide any
additional information compared
to InSAR !

A ; Remote Se nsing irena.hajnsek@dir.de -24 Eidgendssische Technische Hochschule Ziirich

Swiss Federal Institute of Technology Zurich

G . ?%i Earth Observation and hajnsek@ifu.baug.ethz.ch m



Coherence Region Interpretation
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Radial Coherence Region Radial Coherence Region Elliptical Coherence Region
i.e. INSAR Coherence changes with  i.e. InSAR Phase changes, but not the i.e. INSAR Coherence and Phase
polarisation but not the location InNSAR coherence with polarisation changes with polarisation.

of the phase center.

Surface Scattering (Polarised) Coherent scaterrers (Depolarising) Scaterrers
Vo =1 at different heights at different heights

YW)=Vsnr(W) Vg = VYenr(W)




Coherence Region (CR)

_ - <w,[Q]wW," >
Interferometric Coherence: | Y(W,,W,)

\/< W [T W, >< Wy [Ty, >

The boundary of the coherence region can be reconstructed by “

estimating for each angle ¢ the max (A;) and min (A,) = &
coherences: ' '
Optimisation Problem (W, = W,): [TI'[Q,] W=A W \‘

where [T] = %([Tﬂ] +[To]) A ==(A+X3) [Q,]= %(GXP(KP)[Q] +exp(—ip)[Q]")

and [T, ]=<k,-ki> [T,,]:=<k, -k; > [Q]:=<k, -k >

Coherence Region: V¢ — A, A, that have to be connected to provide the boundary of the CR

Shape and size are characterised by the acquisition and scattering parameters
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Structure Parameters & Applications

e Forest Ecology

¢ Forest Management

e Ecosystem Modeling

e Climate Change

e Underlying Soil Moisture e Farming Management

/j\glfﬂ@@ﬂ?@@ ij@ e Moisture of Vegetation Layer e Ecosystem Modeling

e R

¢ Height of Vegetation Layer e Water Cycle / CC

\\\\\\:\\\ 0|IRughness ssuSs -esrtlflcatlon

e |Ice Layer Structure E tem Ch
e Ecosystem Change

Sm@w @@ * Penetration Depth (Ice) . Water Cycle

e Snow Layer Thickness

e Water Management
e Show Water Equivalent
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Model-Based Parameter Inversion
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0 ’ :
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, !V(z) z ) sin(8;)
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Ve

2 Layer Inversion Model

_ .)y

Yvo (W) = exp(ip, )

m(w
m(w)

Sy f,,(2) ... volume reflectivity function

fy(z) has to be parameterised (N param)

Volume Height  h ,, o“;&
Topography @, 03&"\
G/V Ratio m(w ) >

%
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Volume
Coherence

e,

Yvo(f(z)) =€

J‘@ ik, zdz
ik,z, o

Interferometric
Coherence

j f(z) d

- <S, S, >
V(S S,)=

\/<S1 Si><S,S8.>

Volume Layer Ground Layer

2 Layer Inversion Model

20z
f(z)= m've£c ) +Med(z - Z) V() = explipy ) L)
1+ m(w)
[2 o z}
fy(z)=e %) volume reflectivity function = exponential function '
( hy . - (
o 8 | = jexp(iKZZ') my exp[io(;ez sz' m(w) = % o ”YOIume Extinction”
g § \~/v :l ) 0 0 v 0 Volume Height h ,, o\é&
9 % ly j‘/ (2 o Zjdz' . _ KAB Topography ®, (&Q
O 0 cosH, 2™ sin(8p) | G/V Ratio m(w) v\ﬁ !




Modeling approaches for f,(z) Linear Profile f(hy,c) Exp. rofile f(hy, o)

Constant Profile

f,(z) = ct.
o
Exp. Profile
([
° 2
. . O z
Linear Profile fy(z)=(x +1)
cos 9,
e))}5 Earth Obse rvf‘ition and hajnsek@ifu.baug.ethz.ch -31 m
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Polarimetric Behaviour: Random vs. Oriented Volume

Polarisation 3

Polarisation 1
Polarisation 2
[ |

Random Volume: The vertical reflectivity function Oriented Volume: The vertical r
is independent of polarisation (or each polarisation changes with polarisation (or
sees the same volume vertical reflectivity f (z)) sees a different volume vertical r

Polarisation 1
Polarisation 2
Polarisation 3

) - Earth Observation and hajnsek@ifu.baug.ethz.ch -32
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Polarimetric Behaviour: 3-dim vs 2-dim Ground Scatterer

.....Polarisation 1
......Polarisation 2
Polarisation 3

3-dim ground scatterer: A ground scattering 2-dim ground scatterer: There is (at least) one
component is visible in all polarisations (or there is polarisation in which the ground disappears

no polarisation that “switches-off” the ground)
I >

Polarisation 3

.....Polarisation 1
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RVoG Scattering Model: Geometrical Interpretation
y(m=0)

Interferometric Coherence: \?(\Tv) — exp(i(po)YV+ m(l’v)
(2 Layer Random Volume) 1+m(w)

d

W : m(w ) 7
v(W)—exp(lcpo){vw1+m(w)(1 Vv)}

~

V(W) =exp(ioy)[ B + X(W) A ]

N\

Equation of a straight line in the complex plane »

The coherence region of the RVoG model is a line segment !!! y (m =)

The ends of the segment correspond to the coherences given by the max / min G-V Ratio: y(m.,.) and y(m.,)

One of the line-unit circle intersection points correspond to the “Ground only” point, i.e. y(m=x)=exp(ip,)

The second line-unit circle intersection points is non-physical

The “Volume only” point (i.e. Y(m(w)=0)=exp(ip,)y, ) lies on the line but (in general) not on the coherence

region segment
hajnsek@ifu.baug.ethz.ch -36 m _ B
irena.hajnsek@dlr.de Eidgendssische Technische Hochschule Ziirich
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RVoG Solution on the Unit Circle

N
L
vy

L]
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L
Y

S
8¢

N

P Earth Observation and
M.~ Remote Sensing

Estimation of the Coherence Region (CR);
Line fit through the extreme points of the CR
V(mmin ) and V(mmax )

Estimation of the line-circle intersection point that

corresponds to the underlying ground, i.e.:

Y(m =) =exp(ip,)

hajnsek@ifu.baug.ethz.ch
irena.hajnsek@dlr.de
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RVoG Solution on the Unit Circle

[——l Curve of constant extinction o and variable height h,,

From the underlying ground point Y = exp( i@,)
a Volume Height—Extinction Look-Up Table (LUT)
is initialised that provides at every intersection

with the line a solution couple (hy,0)

There is no unique solution of the RVoG model

in the context of a single baseline !!!

Regularisation: Assuming a 2-dim ground, i.e.

~

Yy(m_..)=¥(m =0) leads to a unique (hy,0)

solution through the intersection of y(m .. )

with the LUT
| 1 ™ Earth Obse rv‘?jtlon and hajnsek@ifu.baug.ethz.ch -39 m
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Structure Parameters & Applications

d_,,Fq;est Height

st (Vertical) Structure

tBlomass

* Underlying Soil Moisture

4- ] I‘I @MH{E@]W@ “Moisture of Vegetation Layer

H- A i * Height of Vegetation Layer

» Soil Roughness

* Forest Ecology
» Forest Management
» Ecosystem Modeling

» Climate Change

 Farming Management
* Ecosystem Modeling
» Water Cycle / CC

* Desertification

* Ice Layer Structure
@m@w H@@ * Penetration Depth (Ice)
* Snow Layer Thickness

« Snow Water Equivalent

Earth Observation and

= : _ hajnsek@ifu.baug.ethz.ch
Remote Sensing

irena.hajnsek@dir.de
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* Ecosystem Change

» Water Cycle

« Water Management
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Forest: The beginning of Pol-InSAR

SIR-C/X-SAR / Test Site: Kudara, Russia

1994: SIR-C / X-SAR acquwes the flrst POL INSAR data set
1996: First publication on Pol-InSAR.
1998: First Pol-InSAR forest height estimation.

T
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“I First Quantitative'PollinS ARIDermonstrations

Year: 2000 Sensor: E-SAR (DLR)
Test Site: Oberpfaffenhofen / Germany

m Messured
X Estimated

1}

Sond 1l Siond ® Row( bad 04 Snd(d Sad0E Viondl7 Wod® dend W Sasd 10 Yand 11 Soeg 12 Bend 13

Stands 01-06: Conlferous Forest Stands 03-14: Declduous Forest




Traunstein Test Site

hajnsek@ifu.baug.ethz.ch -44

irena.hajnsek@dlr.de Eidgendssische Technische Hochschule Ziirich

Swiss Federal Institute of Technology Zurich



Traunstein Test Site
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Traunstein Test Site
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2008-2003

2001

Airborne Lidar Height

S

00) Estimates / L-band / Traunstein, Germany
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Bangladesh Mangrove Height

e

AN
* Largest mangrove forest in.the world
* 24 ssingle-pol. TSX/TDX data sets

. 2011/01/22-2013/01/01

°* HOA=30m-80m h

Bangladesh




@ @ @ Polarimetric Coherence Tomography (PCT)

f(z) ... vertical reflectivity function

Volume
Coherence

Yvo(f(z)) =€

@ |kzdZ
ik,z, o

et 2

Vvalf(2)) =" o

I — 1
< Iﬂl:::[l[ll]
L. r;[v f(z) ek:2dz _h?. .................... J.(1_|_f(z ) e 2 dz ’

h,
— | f(2) dz:h—VI(1+f(z')) dz'
0 2 -1

Fourier Legendre Series:

f(Z)=> aP(z) where a,-= 2”” jf(z P, (z')dz' !
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Test site: Traunstein, Germany, L-band @ HV Polarisation




Agriculture Pol-InSAR Applications

Pol-SAR Pol-InSAR

Bare Surfaces: Isolated Scattering Center Vegetated Surfaces: Volume Scatterers

e Low Entropy scatterers -> High polarimetric coherence e High Entropy scatterers -> Low polarimetric coherence
e The interferometric coherence is baseline independent e The interferometric coherence depends on the baseline

Forest vs Agricultural Vegetation Impact
Orientation effects in the vegetation layer Anisotropic Propagation
Thinner / shorter vegetation layer Increased importance of ground scattering
Short crop / plant phenological cycle Short spatial / large temporal baseline
Variety of crop / plant structure Abstract modelling
W), Earth Obse rvgatir.}n and hajnsek@ifu.baug.ethz.ch 53 ETH
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Agrlculture Vegetatlon @ AIImg/Germany 2000

E-SAR / Test Site: Alling, Germany

Test Site: Kuettighoffen, Switzerland

SAR Image @ L-band 3-D Height Map
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AGRISAR @ L-band in April 2006
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C-Band

CROP-EX 2014: Crop height estimation from Pol-InSAR data

HH+VV, HH-VV, HV
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CROP-EX 2014: Crop height estimation from Pol-InSAR data

HH+VV, HH-VV, HV
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Deformation Change in Time @ Winter Rape (101-1)
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Structure Parameters & Applications
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Snow

First Pol-InSAR Snow Experiment in
Austria 2004

E-SAR: Kuehtai / Austria 2004
Cooperation with University of
Innsbruck

Campaign
Objectives:

Investigation of
Pol-InSAR for snow

characterisation
< o ¥ S il N —7".'-, : 3 N ) ! ﬂ& ;.
' . HH-HH Coherence HH-HH Coherence
L-band / HH Image X-band DEM . L-band/Baseline1 L-band/Baseline 2
-~ arth Obse rvation an hajnsek@ifu.baug.ethz.ch -63
Remote Sensin g irena.hajnsek@dlr.de Eidgendssische Technische Hochschule Ziirich

Swiss Federal Institute of Technology Zurich



Baseline 1 (20M): Ap=17° -
Yy Az=1.48m
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IceSAR Campaignh 2007 @ ~80°N
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Austfonna: 2 Flight Tracks (~ 10km) @ CryoSAT
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ICESAR Campaign 2007: InSAR Coherences
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Two Layer Ice Model: Ground + Infinite Volume

Interferometric (Volume) Coherence:
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Extinction Inversion Results
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Extinction Inversion Stability
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First Validations of the Estimated Extinction Parameter

P-band Sounder vs. P-band Pol-InSAR GPR (800 MHz) vs. L-band Pol-InSAR
(Summit) (Etonbreen)
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