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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

Pauli Decomposition RGB

Polarimetric SAR Interferometry (Pol-InSAR)

Potential to separate in height different scattering processes
occurring inside the resolution cell
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SAR Interferometry refers to the
use of phase difference
measurements between two (or

more) SAR images - acquired

separated in space and/or time -

to estimate relative distance to an

object / scatterer. rena.hajnsek@dlr.de

nsek@ifu.baug.ethz.ch
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SAR Interferometry

Signal from resolution cell P in Image 1: i, 5|, |exp[—i(22TﬂR1)+cpS1]

, 21
Phase: @, =arg( iy)= (ZTRO T Ps1

Term 1: Deterministic - proportional to the range distance R, of P

Term 2: Stochastic - induced by the scatterer (Speckle)
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ERS - Bachu / China ~ 100 km x 80 km

Phase of Image 1

Amplitude of Image 1




SAR Interferometry

Signal from resolution cell P in Image 1: i, 5|, |exp[—i(22TﬂR1)+cpS1]

, 21
Phase: @, =arg( iy)= (ZTRO HPsq

R, =R, + AR R,

Signal from resolution cell P in Image 2: i, =i, | exp[—i(ZZTﬂRz)+ Ps>]

_ 21T
Phase: ¢, =arg( i,)= (ZTRz) t+Pso
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SAR Interferometry

Signal from resolution cell P in Image 1: i, 5|, |exp[—i(22TﬂR1)+cpS1]

, 21
Phase: @, =arg( iy)= (ZTRO HPsq

R, =R, + AR R,

Signal from resolution cell P in Image 2: i, =i, |exp[—i(22TﬂR2)+cp82]

Phase: ¢, =arg( i,)= (ZTRZ) +Ps

Interferogram: i, i, =i, i, |exp[—i(22TﬂAR)]

Re{ i, i,
_ {_1_*2}2221TAR
Im{ i, i, } A

ho Phase:

q)lnt
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ERS - Bachu / China ~ 100 km x 80 km
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SAR Interferometry

2
Interferometric Phase: ¢ =2T1T AR
0
The interferometric phase @ is
R, =R;+AR R, another way to measure the A
(relative) distance AR: -
41T
AR

Phase measurements in interferometric systems
can be made with a degree level accuracy. At
radar wavelengths of 1-90cm (Ku to P-band) this
hajnsek@ifu.baug.ethz.ch .
irena.hajnsek@dirde | corresponds to millimeter accuracy !!!




R, =R, + AR

DEM Generation

Interferometric Phase (1): ¢ = ZZ%ARJFZW N N=0, 1, +2

Triangulation (2): (R, + AR)?> =R,? +B? —2RBcos(T/2+86)—

_(R,+AR)*-R,”-B?

— sin(8) RE
1

Local Height (3): h, =H—- (R, + AR)cos(0)

\ 4

3 non-linear equations for 3 unknowns (h., 6, AR)

B ... Spatial baseline and

R, ... Range distance in Image 1 are known
ho

A\ 4

Critical is the fact that the-interferometric phase ¢ is

hajnsek@ifu.baug.e
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ERS — Bachu / China ~ 100 km x 80 km



INSAR Phase: Height Sensitivity

Interferometric Phase: ¢ = 22711AR +2m N where N=0, £1 £2

P, & P,: Two points at the same range but different heights h, & h, :

h,
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INSAR Phase: Height Sensitivity

Interferometric Phase: ¢ = 22711AR +2m N  where N=0, +1 +2

P, & P,: Two points at the same range but different heights h, & h,

AR changes implying a different interferometric phase at each point

R
In other words: The height difference Ah=h,-h, causes an (interferometric)
phase difference Ao ;
Phase-to-Height Sensitivity o¢/oz [rad/m]: is defined by the
(interferometric) phase difference caused by a given height difference (1m)
P,
n " | o\
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INSAR Phase: Height Sensitivity

Interferometric Phase: ¢ = 22T1TI+ 2mr N where N=0, +1 +2

P, & P,: Two points at the same range but different heights h, & h, :
Phase-to-Height Sensitivity:
R+ AR

using AB~ %
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INSAR Phase: Height Sensitivity

Interferometric Phase: ¢ = 22T1TI+ 2mr N where N=0, +1 +2
P, & P,: Two points at the same range but different heights h, & h, :
Phase-to-Height Sensitivity [rad/m]:

using AB~ %

A (interferometric) phase error o, induces a height error o,:

h;

hajnsek@ifu.baug.e
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INSAR Phase: Height Sensitivity

Example: ERS-1/ 2 Interferometry at C-band A=5.6 cm =0.056m , R=870km, 8=23°=23 1/180 rad

: e 3 d
Phase-to-Height Sensitivity: dp _4m_B, m BLZ B& 0/ oz Irad/m}  Hoa
oz~ A Rsin(6) " 100 50m | ~00314 | ~200m
100 m ~ 0.0628 ~ 100 m
.. with increasing B& the Phase-to-Height Sensitivity increases 200 m ~0.1256 ~ 50m
. 1 1 1007
Height Error: o, = O, ~ — 00

o
oploz * 2m B, °

Assuming that one can estimate the interferometric phase with an accuracy of 30° (o,=30 /180 rad)

Q BRI 0@/ 0z [rad/m] o,
50 m ~0.0314 ~16.6 m

100 m ~ 0.0628 ~ 8.3m
200 m ~ 0.1256 ~ 4.2m

With increasing the spatial baseline (B&) the height error decreases !!!



SAR Interferometry (INSAR)

N






Interference pattern in the far field

consists of equidistant parallel lines

(parallel ray approx.).

-

With respect to flat terrain, the spatial frequency %

of the interference pattern

- increases at positive slopes and,

- decreases at negative slopes
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The Phase-to-Height Sensitivity increases with increasing the spatial baseline (i.e. AB or BR);

PRI
-l
=
e« T .
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X-band

Amplitude Images

C-band

24 Hours Temporal Baseline SIR-C / Test Site: Mt. Etna, Italy

L-band



X-band

Phase Images

C-band

SIR-C / Test Site: Mt. Etna, Italy

L-band



X-band

Phase Images

C-band

SIR-C / Test Site: Mt. Etna, Italy

L-band



Interferometric Coherence

. - 2TT
Image 1: i, 5|, |exp[—|(2TR1)+cps1]

L o 21T
Image 2: i, =i, | exp[—l(ZTR2)+ Pso]

Interferometric Coherence: Normalised Complex Correlation Coefficient

3 E{ i iy } |E{ i, iy }| exp(io)
Y= . ek - - . 12 .2
JECI G Y EQi i} (EQL 2y EL, )

Interferometric Coherence Estimation:

Assuming stationarity within the estimation window:

PRI A iy

V= =
\/Zlh[i,j] PYNL00P <> <ip iy >

Typical window size: 10 (3x3) —>100 pixels
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InSAR COherenCE ) <« 108° = st. deviation of a uniform distribution

«ee iS @ measure of interferogram quality:

Standard Deviation of the INSAR Phase ¢:

0, =, [#%pdf(0)-do

depends on » the underlying coherence &

Interferometric Phase Error (stdv) [deg]

» the number of looks N.

Interferometric Coherence
An increase in decorrelation (= loss in coherence) is associated

with an increase in the phase variance;

,_.
L]

» Increased phase variance leads to increased height errors.

,..
R
o

-

TIN+172)(A= 1Y P)*B |, (= 1Y ) cony 47002
2T N)1—g2) T T o EEY)

» F is a Gauss hypergeometric function and § =|y [cos(¢ - @)

where: pdf(Q,N)=

=
~
o

o
w

Probability Density (1/Radian)
2
La-d
o

» N is the number of Looks

o




Simulation

Interferometric Phase Images
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nterferometric Phase Images  Simuiation

5 - & & e

Absolute Phase Coherence=1.0 Looks=1

Coherence0.6 Looks=1 'Coherence=0.4 Looks=1




Repeat-Pass SAR Interferometry

The interferometric images are acquired at different times
... the so called temporal baseline may range from seconds to years

Signal from P in Image 1 @ time t,:
. o 21T
iy =i, |eXp[_'(ZTRO“‘(Ps(t1)+(PProp(t1)]

R, =R, + AR R,

Signal from P in Image 2 @ time t,:

. A 2TT
i, =1, | exp[—|(27R2)+ Ps(ty)+ Pprop(ts)]

The location of the scatterers in the resolution cell and/or

their properties may change in the time between the two
Temporal decorrelation

acquisitions: @ (t,) = @g(t,)

The phase induced by the propagation medium
(atmosphere or ionosphere) varies in the time
between the two acquisitions: @p,, (t;) # @p, o, (t,)

Reduced and variable quality but allows displacement measurements




X-band

Amplitude Images

C-band

24 Hours Temporal Baseline SIR-C / Test Site: Mt. Etna, Italy

L-band



X-band

Coherence Images

C-band

SIR-C / Test Site: Mt. Etna, Italy

L-band



HV Interferometric Coherence 102/103
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Temporal
Decorrelation

AR |/ Test Site: Fox Covert,England

HV Channel

slant range (m)
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Data Courtesy QuinetiQ / UK
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Coherence

Coherence
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TanDEM-X Data Acquisition Modes

Pursuit Monostatic m Alternating Bistatic
— " =\

‘ Standard
"\ DEM Mode

<= DR NN

. i o one satellite transmits and o transmitter alternates between
e both satellites transmit and . .
.. both satellites receive PRF pulses
receive independently . _ _
. simultaneously « provides three interferograms
e susceptible to temporal : : : : )
) , e small along-track displacement with two baselines in a single
decorrelation and atmospheric :
. required for Doppler spectra pass
disturbances overlap . _ :
e no PRF and phase synchronisation} : enablies precise phase
: : e requires PRF and phase synchronisation,
required (backup solution) L : : e L
synchronisation calibration & verification
hajnsek@ifu.baug.ethz.ch -42 m
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TSX-TDX Monostatic Mission Phase

Test Site Mawas / Borneo

24.07.2010 HH Pol / Baseline: 38m
04.08. 2010 HH Pol / Baseline: 35m
06.09.2010 HH Pol / Baseline: 54m



TSX-TDX Monostatic

est Site Mawas / Borneo
24.07.2010 HH Pol Baseline: 38m

-??’ﬁi.os.' 2010 HH Pol Baseline: 35m

06.09.2010 HH Pol Baseline: 54m




Single-Pass SAR Interferometry

The interferometric images are acquired at the same time

Signal from P in Image 1 @ time t,:

21
. =|i, |exp[-i(2—R,)+ t.)+ t
R2:R1+AR R1 1 | 1| p[ ( A 1) (pS1( 1) (pProp(1)]

Signal from P in Image 2 @ time t,:

. A 2TT
i, =1, | exp[-i(2 TRz )+ @gq(ty) + @pp o (t1)]

b The location of the scatterers in the resolution cell and
/or their properties are the same for both acquisitions:
No temporal decorrelation

Both signals travel through the same atmosphere
and ionosphere): @p o, (ty) = Pp o (1)
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TanDEM-X Data Acquisition Modes

Pursuit Monostatic

Bistatic

Alternating Bistatic

/@’

<= DR NN

e both satellites transmit and
receive independently

e susceptible to temporal
decorrelation and atmospheric
disturbances

e no PRF and phase synchronisation
required (backup solution)

‘ Standard
"\ DEM Mode

e one satellite transmits and
both satellites receive
simultaneously

e small along-track displacement
required for Doppler spectra
overlap

e requires PRF and phase
synchronisation

hajnsek@ifu.baug.ethz.ch -46
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o transmitter alternates between
PRF pulses

e provides three interferograms
with two baselines in a single
pass

e enables precise phase
synchronisation,
calibration & verification
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Large Baseline DEM with TanDEM-X < 20 cm height

« first TanDEM-X DEM (acquired before reaching accuracy |
20 km formation)

« large effective baseline (~ 2 km)
from Earth rotation

 squint angle ensures
coherence

converging
ground tracks




TanDEM-X: Ice loss of Aletschgletscher

* Results consistent with IceSat data.

* In winter, the apparent elevation stays constant
or even decreases(-) during snow accumulation(+)
Elevation jumps up at snow melt.

00.00.2012 vs. SwissAlti3D (2009) m
hajnsek@ifu.baug.ethz.ch -48
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Snow Depth determined by DEM Differencing |

dry snow
VS.
wet snow

hajnsek@ifu.baug.ethz.ch
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Snow Depth determined by DEM Differencing li

summer
VS.

wet snow

in spring
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SAR Interferometry

. o 2TT
Image 1: i =i | eXp[_l(ZTR1)+ P4l

: : A 2TT
Image 2: i, =1, |exp[—|(2TR1)+ Ps,]

‘ Assuming @®gy =@g, !l

Lo o 2TT
iy iy =iy 1 |exp[—|(27AR)]

R, =R, + AR R,

Interferogram:

hajnsek@ifu.baug.e
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Differential SAR Interferometry (D-INSAR)

. o 2TT
Image 1: i =i | eXp[_l(ZTR1)+ P4l

: : A 2TT
Image 2: i, =1, |exp[—|(2TR1)+ Ps,]

‘ Assuming QP51 =Ps> "

Interferogram: i, i, =|i, i, |exp[—i(227“AR)]ﬂ>i1 iy =|i, iy |

When the images are acquired from the same
location i.e. the spatial baseline becomes zero,
AR =0, and the intererometric phase loses its
sensitivity to terrain elevation.

hajnsek@ifu.baug.ethz.ch m
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Image 1:

Image 2:

Differential SAR Interferometry (D-INSAR)

. A 2TT
iy =[ iy | eXp[_l(zTR1)+ Psq]

: . . 2T
i, =|i, | exp[—i 2T(R1 +AR)+ ¢g,]

‘ Assuming QP51 =Ps> "

Interferogram:

T o 2T
iy iy =iy i |exp[—|(ZTAR)]

¢ =arg( i, i;)zzzTﬂAR

When the two images are acquired from the same
location but at different times, i.e. with zero spatial
& non-zero temporal baseline, the intererometric
phase is proportional to the change in the slant
range distance occurring in the time between the
two acquisitions.
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Differential SAR Interferometry

N









N










D-InSAR Phase: Height Sensitivity

Interferometric Phase: ¢ = ZZT"AR +2m N  where N=0, +1 +2

P, & P,: Two points at different slant range distance:

Phase-to-Slant-Range Distance Sensitivity:

height error oy

» independent on the acquisition geometry
» depends only on the system wavelength

Ground range (hor.- ) & Height (ver.- displacement):

P,

hajnsek@ifu.baug.ethz.ch
irena.hajnsek@dlr.de
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Example ERS: Space-borne C-band (A=0.056m) interferometer with incidence 6=23° at range R=870km
1 (211) phase cycle (i.e. 1fringe) corresponds to:

D-InSAR INSAR
A )y . o - A Rsin(e)o ~ A Rsin(0) 10 omr
Or = Eo(p = EZTT =0.028 m (|n LOS) z ATT BJ_ [0) ATT BJ_ 360
, = 1(9)0R =0.030 m (vertical) | At perp. baseline B1=100m: 0,=100m terrain elevation
COS

O, =— 1 o =0.072 m  (horizontal)
sin(8)

At perp. baseline B.=200m: o,= 50m terrain elevation

hajnsek@ifu.baug.e
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Example ERS: Space-borne C-band (A=0.056m) interferometer with incidence 8=23° at range R=870Km

Assuming the ability to measure the interferometric phase with-an aecuracy of 20°:

D-InSAR
Og =L0(p = LEZ'IT ~1.5 mm
41 411 360
1
o, = or =1.6 mm
cos(0)
1
O =
Y sin(®)

0, = 4.0 mm (horizontal) | Atperp. baseline B.=200m: o,= 2.75m\_terrain error

INSAR

(in LOS) o = A RS'“(Q)%= A Rsin(®) 20 ,,_
4m B, 4 B, 360

(vertical) | At perp. baseline B1=100m: o,= 5.50m\ terrain error

hajnsek@ifu.baug.e
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Ground motion associated with the 26 December 2003 earthquake in Bam, Iran.

The "fringes" show contours of the ground deformation caused by the quake.

Each contour represents 28 millimeters of motion in LOS. Image credit: ESA nische Hochschule Zirich
te of Technology Zurich



Ice motion of fast moving glaciers

The combination of short repeat pass times and a
systematic acquisition scenario and a low SAR
frequency (L-band) is optimum for fast ice motion.

ERS Tandem 1-Day RP Time RADARSAT 24-Days RP Time

Image credit: NASA/JPL



Ice Surface Velocity from TerraSAR-X:
Nimrod Glacier
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Ice flow (|_)
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Thermal Dilation: Berlin Main Train Station

deformation [cm]
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-1 : :
| |
| |
l——!

June - Sept.
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PSI Land Subsidence Monitoring

Semarang - Indonesia

27/12/02 to 23/08/06

> 8 cm/a

0cm/a
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Active landslide in Valsavarenche, Italy. For each ground point identified a time-series of
its deformation can be reconstructed to show its movement over the time period analyzed.
Image credit: Treuropa / Sensor: Radarsat



Principles and Basics of Pol-InSAR

Irena Hajnsek
*Earth Observation and Remote Sensing,
Institute of Environmental Engineering, ETH Zurich
*Microwaves and Radar Institut,
German Aerospace Center, Oberpfaffenhofen
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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

Pauli Decomposition RGB

Polarimetric SAR Interferometry (Pol-InSAR)

Potential to separate in height different scattering processes
occurring inside the resolution cell




Interferometry vs. Polarimetry

St = Ap + Ag

¢ =arg{ S}y S% }

Sz, = A2 +AZ

A
e

Dihedral Reflector

Sphere or
Triedral Reflector

hajnsek@ifu.baug.ethz.ch
irena.hajnsek@dIr.de

P Sy +Suy = 2As

Shn —Sw = 2Ap

A 4 A
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Polarimetric Interferometry

s = St +Swy = 2Ag ip =St —Sw = 2A;

¢s =arg{ ig izs } ¢p =arg{ ip i }

i, =S2, +S2, =2A2 ' P iyy =Sty —S%y =2A2

1

>
>

A

@
A
@

1 0
‘ [Spl=A, Dihedral Reflector

= 1 0 ] Sphere or
’ [Ss1=As 0 1 Triedral Reflector
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PoISAR

N\

\\\\\

Pol-InSAR

7

S

St HV »
S 1=
R

W

[S ] _ |:S:-IH S:—IVj|
1=
Sw Sw

[S ]_ SﬁH SﬁV
> |82, s?
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Polarimetric Coherences

<SS
\/SS><S S:

Y(S; S

Interferometric Coherences
<8, S, >
\/<S1 S;><S,S,>

V(S1 Sz) =

Polarimetric / Interferometric
Coherences

< S-1- SZ S
V(S; SZ,)=

1)

*

J S; S| > <82 82, >

ETH
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Complex Coherences on the Unit Circle

>8,(k)S;(k)
V= —— = exp(i Arg(¥) )1V
JZS«k)Si(k) '8, (k)Sy(k) >

Correlation Coefficient 0<|V|=y <1

Interferometric Phase 0<Arg(y)=¢<2m

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

: - ~n_(=1y)?
Correlation Coefficient VAR(|V)er =

2N
Interferometric Phase VAR(®)cr = =1y |22
2N|vy|

¢ =arg(y) and N is the number of Looks
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Why is Interferometry important for Volume Scatterers?

-------- HH-VV Coherence

~ - g
>

R: HH-VV G: HV B: HH+VV Surfaces

E-SAR / Test Site: Helsinki, Finland

Surfaces
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Pol-InSAR: Basic Principles & ldeas
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i S, S, >
S s Interferometric ~ _ <9Oq 9
é j 1 2 é j Coherence ¥(S: S;)

\/<S1 S;><S,8,>

SAR Interf ‘rometry for Volume Structure

hV

j f(z) e*dz
Volume Yvo (f(2).k,) = gzo 0 h
Coherence JX f(2) dz

f(z) ... vertical reflectivity function

Y = Ytemporat Ysnr Yvol

® Yyemporal .. temporal decorrelation

® Ysnr ... additive noise decorrelation

® vaume ... geometric decorrelation

ederal Institute of Technology Zurich



i <S, S, >
s = e o
<§5,8,><S, S, >

SAR Interf ‘rometry for Volume Structure

hV
j f(z) e*dz
\/ ik,zq
Volume Yva (f(2).k,) =" 0hV
Coherence
j f(z) dz
(0]
f(z) ... vertical reflectivity function
Y=V . Ysnr Yvol , KAB
smpers ° Vertical Wavenumber: K, = —
sin(08g)
® VTempora. ... temporal decorrelation
SAR interferometry allows to reconstruct the vertical
® Ysnr == AliLe WelEs clareieladen reflectivity function f(z) of a volume scatterer by
® Yyoume - 8€OMetric decorrelation means of interferometric (volume) coherence

measurements at different vertical wavenumbers «,

i.e. at different spatial baselines.

—




Normalised Fourier Transform of
the vertical reflectivity function f(z)

| Vo (Kz1, W) |

ikZ1ZO 0

hf f(z)z

VVol(kz1) =€ §
[ f(z) dz

e

Baseline 1(k,,)

f(z) ... vertical reflectivity function

Mul ine SAR Inte

ederal Institute of Technology Zurich



*i‘y f(z)z

Baseline 3 (k,3) Vg (K, g) = %77 2

f(z) dz

hf f(z)z

o7 .kZ (o]
YVoI(kz1):el o 0

o'—.<3-

[ f(z) dz

hV

[ f2) €2 o

_ - Koz o f(z) ... vertical reflectivity function
Baseline 2 (k,,) Yvo (Kpp) = €777 -
f(z) dz

,[ () Vertical Wavenumber: K, = _KAe
0 sin(08g)

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

ederal Institute of Technology Zurich



Scatterer Vertical Reflectivity Function f(z) Normalised Fourier Transform

Coherence is
independent
of baseline

Surface Scatterer

Coherence
decreases
with
increasing
baseline

Tall Vegetation

Coherence
decreases
slower with
increasing
baseline

Short(er) Vegetation



Amplitude Image
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Interferometric Coherence: Volume Decorrelation

Spatial Baseline 3m
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Polarimetric SAR Interferometry

@ @ (st sl ]

Image 1: Scattering Matrix: [S,]= L 1 1 J
Swi Sw
: _ LY 1 1 1 14T
Scattering Vector 1: Ki=—=[Sqqu +S\w Suy—-Sw  2S,/]
J2
s, S
Image 2: Scattering Matrix: [S,]= LS;'H SQVJ
Sw Sw

— 1
Scattering Vector 2: k, = ﬁ[SﬁH +82, SZ,-S%, 2Si,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]
. vy T R SR 1 j j
Example: Spu +Sw image: w =[1 0 0] — i=w" k= ﬁ(SHH +S )

S, image: W,=[1/~2 1/4J2 0" - ij=w" -k;=8

J HH




O O Polarimetric SAR Interferometry

S, S

Image 1: Scattering Matrix: [S,]= { 1HH ?V}

Swi Sw

. . — 1 1 1 1 1 1 9T
Scattering Vector 1: Ki=—7=[Sm +Sw Su—-Sw 2Su/]
J2

S2, S?
Image 2: Scattering Matrix: [S,]= ;‘H ?V

Swi  Sw

Scattering Vector 2: k, = \/—[SHH +82, SZ,-S%, 2Si,1"

Image formation: i,=w;-k; and i,=w,-k, wherew,arecomplex unitary vectors
Interferogram formation: iy i =(Wy -k )(W5 -k,) =wi(k, -k;)w, =wi[Q]w,
.ok - 4 -
_ - <iq iy, > <w;[Qlw, >
Interferometric Coherence: Y(w,,w,)= =

\/< N P \/< (Wi lTidwy ) > < (W5 [Tylw, ) >

where [T,,]=<K,-Ky > [Typ]l=<K,-K; > and [Q]=<K, -K; >

Wi used to select a polarisation state out of all possible polarisations provided by the scattering matrix [S]



f(z)

h, _
[ (f(z) e"dz |

ikZZ0 0

Polarisation:3 Yvo (f(2)) =€ -
- [ f(z) dz

h, |
@
h

Polarisation 1 Voo (f(2)) = g% ©

[ f(z) dz

h

J‘ ‘e|kzzdZ
ikZZ0 o)

h

[ f(z) dz

Polarisation 2 Yo (f(2)) =€

f(z) ... vertical reflectivity function

Polarimetric SAR Interferometry

ederal Institute of Technology Zurich



Interferometric Coherence: Volume Decorrelation

Pol 3
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Geometrical Representation

Interferometric Coherence:  y(w,,w, )= ¥(w,,w, )| -exp(i Arg{ ¥(w,,w,) } )

Radius Angle

» can be represented by a single point on the unit circle \ /

cos aexp (i)

~, - -~ : . T
Coherence Region: Y(w,,w,) V w,=|sinacosBexplip,) OSGSE —m<B<m eC

sin asin Bexp (ip,)

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

‘ oj4 Jojs o8 1o &

\s"' O NSED

Max./ Min. Interferometric Coherence Max. Phase Difference between
as function of the polarisation used interferograms formed at different
to form the interferogram polarisations




Coherence Region Interpretation

\ SITT

Point Like Coherence Region
i.e. INSAR Coherence and Phase
are independent of polarisation.

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

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 INSAR coherence with polarisation changes with polarisation.

of the phase center.

Surface Scattering (Polarised) Coherent scaterrers (Depolarising) Scaterrers
Tyo =1 at different heights at different heights
Y(W)=Vsnr (W) Yy = Yanr (W)




Coherence Region (CR)

<w,[Q]w," >

Interferometric Coherence: | Y(W,,W,) =

— -+ - -+
\/< WilTIw, ><wo[Tyrw, >

The boundary of the coherence region can be reconstructed by

estimating for each angle ¢ the max (A;) and min (A,)

coherences: '

Optimisation Problem (W, = wW,): [TI'Q,] W=AW
1 . 1 . . N
where [T] = 5([T11] +[Tl)s A =—=(Aj+Ay) [Q,]1= E(GXP( ip)[Q] + exp(—ip)[Q]")
and [T, ]:=<k, -ki> [T,,]:=<k, ki > [Q] =<k, -k} >

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

Shape and size are characterised by the acquisition and scattering parameters

hajnsek@ifu.baug.ethz.ch -96 m
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Structure Parameters & Applications

* Forest Height e Forest Ecology
F@F@St * Forest (Vertical) Structure e Forest Management

e Forest Biomass e Ecosystem Modeling

e Underlying Topography e Climate Change

e Underlying Soil Moisture e Farming Management

A [fﬁ@U ﬂtU [F@ * Moisture of Vegetation Layer e Ecosystem Modeling

e Height of Vegetation Layer e Water Cycle / CC

e Soil Roughness e Desertification

e |ce Layer Structure E t Ch
e Ecosystem Change

Sﬂ@W ﬂ@@ * Penetration Depth (lce) e Water Cycle

e Snow Layer Thickness . .
e \Water Managemen

e Snow Water Equivalent

hajnsek@ifu.baug.ethz.ch m
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Model-Based Parameter Inversion
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@ s,

Volume
Coherence

- O

J'@ ik, ZdZ
ik,z

Vo (f(2)) =" 2 h
[ f(z) dz

Interferometric
Coherence

<8, S, >

V(S1 Sz) =

\/<S1 S;><S, S, >

Volume
Coherence

[ —

| = fexp(iKZz' )y (z')dz' m(w)=

0

hy
l, = j f,(z')dz' K,
0

Volume Layer Ground Layer

o T [ - erna T
m(W)

Sy, (2) ... volume reflectivity function

mg(W)
m, (w)l,

KAO
sin(8y)

p

r

2 Layer Inversion Model

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

Volume Height  h \g\\c’

S
Topography ®, \)@@
G/V Ratio m(w) %xé




@ s,

Volume
Coherence

Interferometric
Coherence

- O

- <8, S, >
Y(S; S,)=

\/<S1 S;><S, S, >

Yvo (f(2)) =€

hV
J‘ @ekzzdz
ikZZo o)
hV

[ f(z) dz

Volume
Coherence

\

hy

| = Iexp(iKZz') m,, exp 202 dz' m(w)= M
) cos 0, my (W)l
hy ,
ly = Imv exp 202 dz' K, = _KAG
) cos 6, sin(6y)

Volume Layer Ground Layer

20z
cos 0

f(z) = m'Ve( ]+m;36(z—zo)

cos B

- e{z o zJ

2 Layer Inversion Model

Yy +m(w)

\?VO|(W): exp(ie, ) 14 mw)

... volume reflectivity function = exponential function

.
o “Volume Extinction”

Volume Height h |,
o

Py (&(\
m(W)

Topography
G/V Ratio
\




Modeling approaches for f,(z)

Linear Profile f(h,,0)

Constant Profile

f, (z) = ct.

Exp. Profile

Linear Profile fy(z)= (£

hajnsek@ifu.baug.ethz.ch
irena.hajnsek@dlr.de
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fy(z) = exp[i

Exp. Profile f(h,, o)

20z
cos 6,

|

20z
cos 9,

+ 1)
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Polarimetric Behaviour: Random vs. Oriented Volume

Polarisation 1
Polarisation 2
Polarisation 3

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

Polarisation 1
Polarisation 2
Polarisation 3

hajnsek@ifu.baug.ethz.ch -102
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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
.....Polarisation 2

Aw, > m(w,)=0
hajnsek@ifu.baug.ethz.ch -103
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Height [m] —>
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Height [m] —»
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Mixed Forest Backscattering Profiles (12-20 m height)



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

Interferometric Coherence: {((\7\/) = exp(iQ, )_Vv+ m(w) .,

(2 Layer Random Volume) T+ m(w) e - MM\T(‘m |
3 IRAN
NN
) (1—v~v>} s
+m(w) "’?v ola ols ofs 1k

V(W) =exp(iop) B + X(W) A ] | I

Equation of a straight line in the complex plane »

V(W) = exp(i, )[v~v+

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 =)= exp(ip,)

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

The “Volume only” point (i.e. y(m(w)=0)=exp(i9,)y, ) lieson the line but (in general) not on the coherence

region segment
& g hajnsek@ifu.baug.ethz.ch -106 m

irena.hajnsek@dlr.de Eldgen055|sche Te::hnlsche Hochschule thrlch
Swiss Federal Institute of Technology Zurich



RVoG Solution on the Unit Circle

1. Estimation of the Coherence Region (CR);

2. Line fit through the extreme points of the CR
Y(Myin) and V(M)

3. Estimation of the line-circle intersection point that

corresponds to the underlying ground, i.e.:

¥(m = o) = exp(ip,)

ETH
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RVoG Solution on the Unit Circle

[_-I Curve of constant extinction o and variable height h,,

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

with the line a solution couple (h,,,o)

There is no unique solution of the RVoG model

in the context of a single baseline !!!

5. Regqularisation: Assuming a 2-dim ground, i.e.
Y(m_ .. )=Y(m =0) leads to a unique (h,,,0)
solution through the intersection of y(m,_;, )
with the LUT
hajnsek@ifu.baug.ethz.ch - 109 ETH
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RVoG Inversion: Validation
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Structure Parameters & Applications

 Forest Height » Forest Ecology

F * Forest (Vertical) Structure » Forest Management
@W@@ﬂj  Forest Biomass « Ecosystem Modeling

» Underlying Topography * Climate Change

» Underlying Soil Moisture * Farming Management

A@ Eﬁﬁ@@]ﬂﬁ@] Dj@ » Moisture of Vegetation Layer - Ecosystem Modeling

» Height of Vegetation Layer » Water Cycle / CC

» Soil Roughness * Desertification

* Ice Layer Structure
» Ecosystem Change

@m@w H@@ » Penetration Depth (Ice) . Water Cycle

* Snow Layer Thickness
_ » Water Management
» Snow Water Equivalent

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

L-band / Pauli RGB

Forest: The beginning of Pol-InSAR

1994: SIR-C / X SAR acqwres the first POL InSAR data set
1996: First publication on Pol-InSAR.
1998: First Pol InSAR forest helght estlmatlon

Eldgen055|sche Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

hajnsek@ifu.baug.ethz.ch -112
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First Quantitative Pol-InSAR Demonstration:
Year: 2000 Sensor: E-SAR (DLR)

Test Site: Oberpfaffenhofen / Germany

Tree Helght [m]

m Messured
. x Est!mated .

! I I
o N viond (B RO e oM SN SoNEF Wil ded@ miad1l sl Soedit MRndlE 0 gond 14

Stands 011-06: Con lierous Forest Stands 019-14: Declduous Forest




Traunstein Test Site
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Traunstein Test Site

S A
40

78
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2003

2009

2008 LIDAR (H100)

2008

2009

2012

2008

2009

2013

50

25
[m]



2003 2008 2008-2003

50

[m]
0
2009 2009-2003
Pol-InSAR Height (H100) Estimates / L-band / Traunstein, Germany AH Classes: [-10,-5],[-5,-2],[-2,2],[2,5],[5,10]
2001 2008 2008-2001

Airborne Lidar Height (H100) Estimates / L-band / Traunstein, Germany




INDREX-II: Mawas Test Site

X-band

20

Z

10 30
Lidar H100 (m)

Tropical Forest Height from Pol-InSAR
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o T .
R2 & 0.883
i ‘ RMSE = 1.069m
(o) /R R A
0 10 20 30
Lidar (m)

Largest mangrove forest in the world

24 single-pol. TSX/TDX data sets

2011/01/22 - 2013/01/01
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@ @ @ Polarimetric Coherence Tomography (PCT)

f(z) ... vertical reflectivity function

@ |kzdZ
ik,z, o

j f(z) dz

Volume
Coherence

VVOI (f(Z)) e

I::::ZIEIEIEI

HC
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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
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Agriculture Vegetation @ Alling/Germany 2000

Test Site: Kuettighoffen, Switzerland

SAR Image @ L-band

3-D Height Map

Interferometric Coherence:
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AGRISAR @ L-band in April 2006

[ winter wheat
[] winter rape
@ corn

[l sugar beat
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C-Band

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

HH+VV, HH-VV, HV

Height [m]

Sensor: DLR’s F-SAR (airborne)
Frequency: C-Band (=5 GHz)
Number of spatial baselines: 2 (ky
between 2 rad and 4 rad)

Max. temporal baseline: 90 minutes
Equivalent Number of Looks: 100

0.64m

Wheat

S € S

N N <+

S N @

S S =)

May 22 Jun 12 Jul 03 Jul 24
-= Fstimated height
----In-situ height
[110% uncertainty
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C-Band

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

HH+VV, HH-VV, HV Maize

A

Im

S
o)
S

Height [m]

Sensor: DLR’s F-SAR (airborne)
Frequency: C-Band (=5 GHz)
Number of spatial baselines: 2 (ky
between 2 rad and 4 rad)

Max. temporal baseline: 90 minutes
Equivalent Number of Looks: 100
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D-InSAR Soil Mapplng @ different Polarisation and L-band

041512000
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Deformation Change in Time @ Winter Rape (101-1)
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=7 Soil moisture: slight correlation over time — no
correlation with local variation
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Structure Parameters & Applications

* Forest Height * Forest Ecology

F * Forest (Vertical) Structure * Forest Management
@W@Sﬂj * Forest Biomass * Ecosystem Modeling

* Underlying Topography » Climate Change

* Underlying Soil Moisture * Farming Management

A@ Eﬁﬁ@@]ﬂﬁ@] Dj@  Moisture of Vegetation Layer - Ecosystem Modeling

» Height of Vegetation Layer » Water Cycle / CC

» Soil Roughness * Desertification

* Ice Layer Structure
* Ecosystem Change

@m@w H @@ * Penetration Depth (Ice) . Water Cycle

* Snow Layer Thickness
. * Water Management
» Show Water Equivalent

hajnsek@ifu.baug.ethz.ch -132
irena.hajnsek@dIr.de

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich



Show

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

Snow appears as a Volume Scatterer @ L-band

HH-HH Coherence HH-HH Coherence

L-band / HH Image X-band DEM L-band / Baseline 1 L-band / Baseline 2
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Snow Depth Estimation

.............................

Snow depth can be potentially estimated Baseline 1 (20M): Ap=17° ->
Az=1.48m

Baseline 2 (40M): Ap=28° ->
Az=1.22m

L-band / HH Image HH-HH Coherence XX-XX Coherence VV-VV Coherence

ETH
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lceSAR Campaign 2007 @ ~80°N
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CR Installation

ICESAR Team
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Austfonna: 2 Flight Tracks (~ 10km) @ CryoSAT

Ice Cap Summit

[

Etonbreen Glacier
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INSAR Coherences

ICESAR Campaign 2007
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Two Layer Ice Model: Ground + Infinite Volume

~ / 20

Interferometric (Volume) Coherence:

-

1

Penetration Depth:

Vertical Wavenumber:
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Extinction Inversion Results

Summit L-band

Summit P-band

azimuth

range

dB/m
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Extinction Inversion Stability

L-band ¢° L-band k,
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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)

Profile Dist%nce (km)

8]

g E
E =
; II ( i ? 45
{5 60 | . Ui ' E
) | | g
z ‘ ) ° &
g 80 \ iy <
= oy T | | | 3
100 | || IR EARAS I
* 0%5\p (sounder summed over depth) *0Y spr (volume summed over depth)
* x, (P-band Pol-InSAR extinctions) * x, (L-band Pol-InSAR extinctions)
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Books: Suggested Further Readings

Polarisation: Applications in
Remote Sensing

Shane R. Cloude
Oxford University Press
October 2009

Polarimetric Radar Imaging: From
basics to applications

J.-S. Lee & E. Pottier
CRC Press
February 2009
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Polarimetric Synthetic
Aperture Radar

Irena Hajnsek &
Yves-Louis Desnhos
Springer
March 2021
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