Introduction to
Synthetic Aperture Radar (SAR)
for Forest (In-SAR and Pol-SAR)

Irena Hajnsek
- ETH Zurich
Institute of Environmental Engineering
Email: hajnsek@ifu.baug.ethz.ch
Web: http://www.eo.ifu.ethz.ch/

‘German Aerospace Center
Microwaves and Radar Institute
Department: Radar Concepts

- Research Group: Pol-InSAR




Electromagnetic Spectrum & Remote Sensing Techniques

Passive: Microwave Radiometer TIR Imager VNIR Imager

Active: Radar Imager & Altimeter Profiler Laser Profilers
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Electromagnetic spectrum and attenuation caused by Earth’s atmosphere
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Unique Characteristics of Microwave Remote Sensing

 Independent of Weather Conditions: Penetrate clouds, rain, (smoke);
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Global Annual Mean Cloud Cover (2007-2009) \&\:esa
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Unique Characteristics of Microwave Remote Sensing

 (Lower Frequencies) Penetrate into / through a wide class of natural
cover types as: Sand / Ice / Vegetation;
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Penetration into Vegetation

Vertical Reflectivity Profile (HH)

Vertical Reflectivity Profile (Pauli)

L-band Pauli RGB Image
Test site: Dornstetten, Germany



Penetration into Ice

E-SAR / Test Site: Glacier Austfonna, Svalbard



Unique Characteristics of Microwave Remote Sensing

« Sensitive to objects of dimensions from cm to m: (Complementary to
Optical and IR remote sensing);
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P-band HH
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Unique Characteristics of Microwave Remote Sensing

* Very accurate (differential) distance measurements (employing
interferometric techniques);
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Unique Characteristics of Microwave Remote Sensing

 (Active) Microwave systems are able to operate day and night.
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In the Wilkins Ice Shelf an area of about 160 km?
collapsed during the Antarctic winter 2008.

This animation, comprised of .images acquired by
Envisat’'s Advanced Synthetic Aperture Radar (ASAR)
between 30 May and 9 June 2008, highlights the rapidly
windling strip of ice that is protecting thousands of
kilometres of the ice shelf from further break-up.

This was the first ever-documented episode to occur in
winter.
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SAR Remote Sensing and Global Societal Challenges

85 cm/d’ay’ 2y

Glacier Movement & : iy
lce Melting, Switzerland _ Deforestation, Brasilien

Environment

3 Floo‘dmg Deggendorf
Germany

Urban Planing, Istanbul Traffic monitoring, Prien Vulcano Monitoring, Island

Megacities Mobility Hazards Disaster

{s#) Earth Observation and . . ETH
))), Re mote Sensing hajnsek@lfu'baUg'ech'Ch ) 16 Eidgenossische Technische Hochschule Ziirich

Swiss Federal Institute of Technology Zurich



Basic Radar Operation Block Diagram

Antenna

)

» Transmitter: generates a high power pulse; /
» Circulator (Switch): switches the transmitted pulse to the_~
antenna, & the returned echoes to the receiver;
* Antenna directs the transmitted pulse towards the scene;
* Receiver amplifies the received signal and converts to
base band.

Circulator

\

Deutsches Zentrum
DLR fiir Luft- und Raumfahrt eV,
in der Helmholtz-Gemeinschaft



Basic Radar Operation Block Diagram

D/ \ Antenna = Flashlight
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Circulator —

» Transmitter: generates a high power pulse;

* Circulator (Switch): switches the transmitted pulse to the
antenna, & the returned echoes to the receiver;

* Antenna directs the transmitted pulse towards the scene;

* Receiver amplifies the received signal and converts to
base band.

Deutsches Zentrum
DLR fiir Luft- und Raumfahrt eV,
in der Helmholtz-Gemeinschaft



- Basic Radar Operation Block Diagram

\Antenna = Flashlight

Circulator —

* Transmitter: generates a high power pulse;

* Circulator (Switch): switches the transmitted pulse to the
antenna, & the returned echoes to the receiver;

* Antenna directs the transmitted pulse towards the scene;

* Receiver amplifies the received signal and converts to
base band.
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Basic Radar Operation Block Diagram

Antenna

Circulator

Radar Puls

£

» Transmitter: generates a high power pulse;
» Circulator (Switch): switches the transmitted pulse to the_~

\

antenna, & the returned echoes to the receiver;

* Antenna directs the transmitted pulse towards the scene;
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Basic Radar Operation Block Diagram

Antenna

Circulator

Radar PuUlse

« Transmitter: generates a high power puIse’,I //
* Circulator (Switch): switches the transmitted pulse to the
antenna, & the returned echoes to the receiver;

* Antenna directs the transmitted pulse towards the scene;

* Receiver amplifies the received S|gnal and converts to
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Basic Radar Operation Block Diagram

Antenna

Circulator 2

3

Radar Pulse

pald

1 The transmitted pulse interacts with the scene / scatterer;

Some of the energy of the incident radar pulse is scattered

back towards the radar

and is measured by the radar. Itis known as the scatterer’s

(complex) radar reflectivity (radar brightness).

4 Normalized radar cross-section

(backscattering coefficient):

o, [dB] =
1ISO

E: Energy received from (backscattered by)
the scatterer

» Transmitter: generates a high power pulse;

antenna, & the returned echoes to the receiver;

base band.

* Circulator (Switch): switches the transmitted pulse to the

* Antenna directs the transmitted pulse towards the scene;
* Receiver amplifies the received signal and converts to

E,so: Energy received from (backscattered by)
an isotropic scatterer
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4 Azimuth

Pulsed radar system

T =1/PRF

Range » -«

| PRF = Pulse Repetition Frequency 4

1/ Sampling Frequency

Azimuth

2-D SAR Image

2-D Imaging

Iluminated area



Backscattering Coefficient G,

Levels of Radar backscatter Typical scenario

Very high backscatter (above -5 dB)

High backscatter (-10 dB to 0 dB)

Moderate backscatter (-20 to -10 dB)

Low backscatter (below -20 dB)

Earth Observation and
Remote Sensing
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Man-Made objects (urban)
Terrain slopes towards radar
Very rough surface

Radar looking very steep
Rough surface

Dense vegetation (forest)
Medium level of vegetation
Agricultural crops
Moderately rough surfaces
Smooth surface

Calm water

Road

Very dry terrain (sand)
ETH
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Kaufbeuren, Germany

F-SAR C-band HV



Amazon Deforest Watch (Santarel
2007/6/13
2007/9/13
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SAR Interferometry (INnSAR)
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The Phase-to-Height Sensitivity increases with increasing the spatial baseline (i.e. AB or BB);
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SIR-C / Test Site: Mt. Etna, Italy
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Interferometric SAR Implementations: Single vs. Repeat-Pass

Single-Pass or Simultaneous Interferometry

The two acquisitions are performed simultaneously

(Zero temporal baseline)

Two Platforms
flying in (close) formation

Single Platform
with two antennas

Repeat-Pass Interferometry
The two acquisitions are performed at different times

(Non-Zero temporal baseline)

)

Single Platform
in repeated orbit(s)
or
Two Platforms
flying on the same orbit

# Deutsches Zentrum
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Aletsch Glacier Switzerland
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Height loss of Aletschgletscher 2011 - 2018

TanDEM X vs. SwissAlti3D (2009)
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Paddy Rice Monitoring by
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Radar Backscattermg Image @ X-Band




W)

:2*HV, B:HH-

V,G

HH+V

imetry (R

Polar




What is polarisation ?

For all vector waves polarisation refers
to the behaviour of the wave field vectors in time observed at a fixed point in space.
(AZZAM & BASHARA)

Elliptical Polarisation Linear Polarisation

. i . >k
Direction of Wave Propagation ---> k Direction of Wave Propagation
’ Earth Observation and . . ETH
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The Polarimetric Scattering Problem

Incident (Plane) Wave

E, ()

(Jones Vector Representation)

ks
In the far zone region
CITR>N (T[T )
—S (7 _ EE(F)
Ehv(r) = |:E\S/(F):|

Scattered Field

(Jones Vector Representation)

Scatterer
Transforms the incident

into the scattered wave

2x2 Complex Scattering Matrix

|

Eq ()
EL(r)

|

exp(ikr)
r

|

Suu(r) Sy (1)
Sw(r) Sw(r)

|

|

E} ()
E, ()

|

& Mapping of the 2-dim incident vector E| (F) into the 2-dim scattered vector E, (F)



Bistatic
T & R Separated

Monostatic
T & R Colocated

Bi- & Mono-Static Measurement of the Scattering Matrix

T = 1/PRF

\ 4

TX

v

Rx

\'/

Receiver




Coherent Scattering Matrix

... also known as the Jones Matrix in the bistatic and Sinclair Matrix in the monostatic case

EL | exp(iKr){SHH SHV} = Complex Scattering Amplitudes:
r Sw Sw » S, =S, |exp(ip,,) =f( Frequency, Scattering, Geometry )

Total Scattered Power: TP =Span ([S]) = Trace([S][S]") =l Suu I +|Suy IF +1Swu IF +1Sw I?

Absolute

. . . . Phase
Bistatic Scattering Matrix: S, #Syy Factor

[S]=

exp(ikr) F Spn [ exp(ipyy) [Spy |eXp(i(PHv)} 0 eelow F Sy lexpi(@yy — 0wy ) Sy [expi(@yy — oy )}

r ||Sw lexp(i9y,) |Sw lexp(iow)] F  [|Sw | expi(@y, —®w) |Sw |

The bistatic scattering matrix contains seven independent parameters: 4 Amplitudes & 3 Phases

Monostatic Scattering Matrix: Sy, =Sy = Sxx

[S]:exp(iKr){I St 1 €XP(I9y) | S« Iexp(icpxx)}e‘”e“"w {I S | €XPI(@y ~ Py ) |Sxx|expi((Pxx_(va)}

r | Syx | €Xp(i9yy) |Syy | exp(i@y) r | Syx | €XPi(Pyy — P ) | Sy |

The monostatic scattering matrix contains five independent parameters: 3 Amplitudes & 2 Phases




Scattering Vector

Vectorial formulation of the scattering problem in terms of system vectors

S S
Scattering Matrix: [S]= { i HV}
SVH SW

Frobenious Norm of[S]: TP =Span([S]) =S, I +1S.y I© +1Suu I© +1Sw I°

\ 4

— 1
Scattering Vector: K ::V([S]):ETrace([S]sU):[kl k, k; k1 e C,

V([.?]) .. Matrix Vectorisation Operator
v ... Complete Set of 2x2 Basis Matrices
Frobenious Norm of k; Ik, IP=k, -k, =Span([S]) =| S, > + 1S, I* +1Sw P +1Sw I

E i) Earth Observation and ETH
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Lexicographic & Pauli Scattering Vectors

Scattering Vector: IZ4 =V ([S]) = %Trace ([S]¥)

¥ ... any complete set of four matrices leaving the norm d?f4 invariant

Lexicographic Matrix Set: Y’L={ ZLO OJ' ZLO OJ’ Ztl OJ’ ZLO 1J}

¥

Lexicographic Scattering Vector: IZ4 =[Sqy Swy Sw ST

Advantage: Directly related to the system measurable

1o0] 1 0] 0 1] S0 -i]
Pauli Matrices Set: ¥y = {\ELO 1J’ \ELO B 1J’ ﬁh OJ’ ﬁb OJ
Pauli Scattering Vector: k, = %[SHH +S, Sy —Sw  Sw +Su  1(Su =Sy

Advantage: Closer related to physical properties of the scatterer

e’ Earth Observation and E'H
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Partial Scatterers

Deterministic Scatterers Partial Scatterers

Point Scatterers Scatterers with Space or Time Variability

e Change the polarisation state of the wave ¢ Change the polarisation state of the wave

e Do not change the degree of polarisation and also change the degree of

polarisation
Monochromatic Monochromatic Depolarisation
Incident Wave Scattered Wave described by second order statistics
Completely described by [S] Cannot be described by a single [S]

G‘ W) Earth Observation and ETH
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Covariance & Coherency Matrices in Backscattering

Lexicographic Scattering Vector: » Covariance Matrix [C]:
lz3L :[SHH \/Esxx Svv]T [C3] =< k3L ) k;L >

IS P> V2<S,. Sy > <SS >
[Co):=|V2<SSi >  2<S,, > 2<S,S), >
<SySiw > V2 < SwSnv > 48w I”>

Pauli Scattering Vector: » Coherency Matrix [T]:
lzsp :i[SHH +Sw Suw ~Sw 2Sxx]T rl-3] =< k3P ) k3+P >
V2
i < (SHH + va) |2> < (SHH +Sw )(SHH —Sw )* > 2< (SHH + Sy )S;v >_
ﬂ-s] =< (SHH - va )(SHH + va )* > <| (SHH - va) |2> 2< (SHH - va )S:N >
i 2<Syy (SHH +Sw )* > 2<Syy (SHH —Sw )* > 4 < Sy |2> i

[C3] and rl's]are by definition 3x3 hermitian positive semi-definite matrices &
contain in general 9 independent parameters

G‘ Earth Observation and E'H
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SAR Remote Sensing and Global Societal Challenges

85 cm/d’ay’ 2y

Glacier Movement & : iy
lce Melting, Switzerland _ Deforestation, Brasilien

Environment

3 Floo‘dmg Deggendorf
Germany

Urban Planing, Istanbul Traffic monitoring, Prien Vulcano Monitoring, Island

Megacities Mobility Hazards Disaster
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