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Synthetic Aperture Radar (SAR)

4
<& :‘- g o s Largfa-scale im'aging, all-weather capabilities, high
spatial resolution . ..
e Sensitive to earth surface properties, volume density,
moisture . ..
i e« Lround range’y' . . .
g e Adapted to forest biomass estimation and urban area
Y characterization.
o

e Ambiguous identification

e No structure information.

- 3rd ADVANCED COURSE ON RADAR POLARIMETRY European Space Agency
19—23 January 2015 | ESA-ESRIN | Frascati [Rome), Italy




_~ N\

—

e
- esa

Sﬁ-h g Sw .
-S.hh_-suv —}TZE{kk'}
sﬁv T Svﬁ

IHH+V| IHH-VV| [HV| Entropy (H) «

© Enhanced discrimination possibilities

@ Saturation over dense volumes
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_Pol-inSAR principles

Polarimetric SAR interferometry (PolInSAR)

Polarization-dependent interferometric phase

l"’.'

i

yw) = LY o (w) = kyAz(w)

w?T3w

o .3,

Discrimination of phase centres according to polarisation

0 ideally
® in practice f I T & B B2
0 BT ’ r-----‘i-l"-----‘-j-:"-----11:=-:-L--~
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Cloude, S. & Papathanassiou, K. "Polarimetric SAR interferometry” IEEE TGRS, 1998
Papathanassiou, K. & Cloude, S, "Single-baseline polarimetric SAR interferometry,” IEEE TGRS 2001
Cloude, S. & Papathanassiou, K. "Three-stage inversion process for polarimetric SAR interferometry"”, IEE RSN, 2003




Multibaseline INSAR (MB-InSAR) tomography

Acquisition geometry

. n SAR resolution cell
1 < TomSAR. resolution cell

Vertical focusing

e Vertical aperture : Liomo

e Resolution : d, = d,sin @ with 4, = “"“_Lgfﬁ

Reigber, A. & Moreira, A. "First demonstration of airborne SAR tomography using multibaseline L-
band data", IEEE TGRS, 2000
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Multlbaselme polarimetric SAR tomography

MB SAR Tomography Polarimetric MB SAR Tomography

Reflectivity

TomoSAR : reflaectivity PolTomSAR: Cx

Tebaldini, S. "Algebraic Synthesis of Forest Scenarios From Multibaseline PolInSAR Data", IEEE TGRS 2009
Tebaldini, S. "Single and Multipolarimetric SAR Tomography of Forested Areas: A Parametric Approach" IEEE TGRS 2010
L. Ferro- Famll Y. Huang, E. Pottier, “Principles and applications of polarimetric SAR tomography for the characterization of complex environments”, IAGS
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MB-InSAR data model (M acquisitions)

Single-pol case Full pol case

gy = k. = Paf = 'i‘-.l A <

/_'/' -!.;I | bs = ks, 2 .. SR -
@ - ¥
ey=1[y1,....ym]" y1
e a(z) = [jﬁjg_;-ﬂ‘zgz3 o ef“zmz]T ey —>yp= 1|y | ,a(z) »a(z,k) =k®a(z)
Y3

e Sum of D contributions
y(/) = Eil Vaixi(h®a(z)+n(/) e Polarimetric target vector k = [k1, ko, k;.-,]T

MB-InSAR signal models

CM UM \\@ HM I

Xe; = Limx) xu; ~ N(0, Ri) e




3 '",;:olanmetrlc SAR Tomography princij
Objectives of PolTomSAR focusing

Hi.ﬂ:ightJl
Discrete case (/N; sources) — . Continuous case
d .
: " . e Reflectivity : 6(z)
e Heights : ——»
i R 7 e Pol. info. :
e Reflectivities : &
; - .« k()
e Pol. info. : K L= o T(z) = E(k(2)k!(2))
il 3
Reflectivity

Practical implementation

e Parameters estimated from R = : ELI y(Ny(NT

e N : estimated using MOS techniques

e Various types of estimators :

e Beamformer, Capon, Music
e ML, Subspace Fitting
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Ianmetrlc SAR Tomography prlncu@Jg

Acquired CM signal (single scatterer)

= a.alzg) +n
y ( D).1 : o flw) =
with a(zg) = [1,e/F=2%0,  e/F=m 0]l
Objective
p(wapt) — |f(wapt)|2 — |'&-‘:|2
Beamformer
al 2z
 adapted filter maximizing the output SNR: Wgpr = Eﬂr)

. SNR maximized atz =z, : % = arg max |f(z)|’

- Reflectivity estimate: |f(%)]* ~ |a.|*
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Proposed approach: linear filtering

wly = Zwyz
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% Ianmetrlc SAR Tomog raphy princi

Uniform baseline sampling  a(z) = [1,e/%%=% . /(M- Ddk=1T

a'(z)a(zg) B la.| [sin(mAk. (z — zp))|
PG = lad === = 77 Toin(rdk.(z = 20))

Spatial features of a tomogram

50
 rapidly varying: resolution ®
« band-limited: sidelobes 3

« sampled: ambiguities g: amb
) 20
15

. 2m 27 . Zamb |1 GZD

0z = NG Zamb = T 0z = A i

% 02 04 06 08 : 12
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metric SAR Tomography princip
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Beamformer features Capon's approach

» Excellent statistical accuracy * Linear filter

* Poor resolution « Aims to minimize spatial perturbations

« Cannot handle closely spaced scatterers & sidelobes

we =argminE(w'y) st wla(z) =1
W

R !a(z)
p— p— T
For UM (stochastic) signals
Speckle filtering P(z) = E(|la.]*) = E(|w'y|?) = w'Rw

Multilook estimates Ppr(z) = a'(z)Ra(z), Po(z) =

- vy

al(z)R~la(z)

In practice

t'*-i |
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Bolarimetric SAR Tomography principlesa
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BF CAPON MUSIC

Strictly speaking, Capon's technique is not HR, but is very convenient
and can be easily derived in the full-pol case
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Pglanmetrlc SAR Tomography principlesa

Classical (rank 1) FP Beamforming and Capon

MB-POLiInSAR signals

» Scatterer characteristics :

Elevation z — a(z) & target vector v; = s;k; € C**!

» Separate processing of Ypp, Ypq, Yaq :

» Different elevation estimates : Zpp, Zpq, Zgq
» Incoherent estimates : relative phase information is missing
» Estimates depend on the chosen basis

» Joint polarimetric processing :

Y1 klfa(z;)
yp = |y2| e CM"Y = yp, = S;i | ko,a(zi) | +n=s;a(z, ki) +n
Y3 ks, a(z)

» Polarimetric steering vector : a(z;, k;) = ki ® a(z)

Parameters to estimate from second order statistics Rp = E(ypyL)

» Elevation z;, reflectivity o; = span, = E(|s;|?),unitary target vectors k;

» Over continuous media :0(z), k(z)
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“’,golanmetrlc SAR Tomography prln

Classical (rank 1) FP Beamforming and Capon

Objective functions

> PB(Z, k) — af(z,k}ﬁpa(z,k)’ P(j(Z, k) _ 1

M2 at(z,k)R, 'a(z,k)

» Reformulation : a(z, k) = Ba(z)k

.1‘ z
Po(z, k) = ~MBE% Pe(2,k) = gt
» "Focused” matrices :
M;z(z) = B (2)RrB.(2) > 0, Mc(z) = BI(2)R,'B.(2) > 0

Parameter estimation : eigen-problem

Amax(Mp(z TV Y
Pe(z) = max Pa(z, k) = 220380 Pe(z) = max Pe(z,k) = s—arzy

» Span : g, = Ps.c(z)

» Dominant scattering vector : kg, = emnax (Mg(2)), ke, = €min(Mc(2))
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\-»""'-*—.--f-’;_::"_f';,.f.eolarlmetrlc SAR Tomography prlnc g@

Full rank FP Beamforming and Capon

Source characteristics

» Elevation z;, polarimetric covariance matrix T = E(wv') € C3*3

3
» Eigen-decomposition T = UAUT = )\juju;.r with ulu; = §;_;
j=1

Beamformer full rank FP estimator
?B(Z) = ﬁEMB(Z)
Capon full rank FP estimator
Tc(z) = M (2)

3-D (x,y,z) coherency matrices can be generated and processed
like usual 2-D images, i.e. with PolSARpro!
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3 D IMAGING OF AN URBAN AREA

e Images over Dresden, 2000
DLR’'s E-SAR at L-Band

e Resolution : 0.5 m x 2.5 m

Fully polarimetric
Dual-baseline INSAR

Baselines Him
10 m 55-73 m
40 m 14-18 m

3 PolSAR images
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Performance evaluation results

TBIOE e MUSIC ; ' ] sef : '
oM Ah = 4m — :rl::mc Ah =4m
S5F 55F
1,00
RMSE
[rm]

i BLi}

(1) L . A . | .01 | 5
1381} ia.F 4 b [ 8§ 1.0 Eriid <14 i 10
EsdTEiabsn Tacsar i LICR{d8)
z .
DML
gssfg £ =0.99
4~ ., n

e 5= 0.98 equivalent to UCR = —16dB
* S55F: adaptive to scatterers

RMEE

ot . * NSF: optimal resolution if p# 1
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*+ Polarimetric SAR tomography over urban

* Scattering mechanisms: ky, ka with polarization difference { = acos( - I‘Ik I"’}
2

1 ' : ' : 3 e 1 : .
T — FP-Capon Ah=4m 1 FP-Lapon Al = dm

—— FPMUSIC (=0 ] —— FPAMUSIC p=1

——— FP-NSF — FRNSF ]
I l,_/ff 3 'l .
[ 5

AMSE AMSE
rn] _A/I : [m] H\\_._.______h_r

niag 1
m“ M
H ] [ 1] i1 iE] 11 v a4 # a u foo
Comeal 3iicn lador 0 polarzten ciferenca |

* FP-MNS5SF: better than SP case for higly correlated scatterers
¢ FP-Capon: similar to FP-MUSIC when { > 60°
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bLarlmetrlc SAR tomography over urban

e
e

TN Single scattering (top of the canopy)

-, Eround ; Volume scattering

\‘-‘._" iy - / 1
x__\' - . . i 1 statt d LY
RN Double bounge ""UIUPI® Scattering \ Double bounce x
Ea Scattering on Scattering on
_— a rough surface a smooth surface

¢ L-band intermediate-resolution data sets
= High-Resolution (HR) tomographic estimators

e 3 images
= Ns —_ 2

e Sum of diverse (polarimetric & statistical) contributions
= FP-NSF model adaptive estimator.

a SEANCE -\ )
p

Ha
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&« Polariméetric SAR tomography over urban areas;

Surface elevation map

L 3
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‘'« Polarimetric SAR tomography over urban areas;a

Building reconstruction

LiDAR

Estimated by FP-NSF
(Ns =2)

Google map

Difference between LIDAR and estimated surface
e projection of SAR imaging
« vegetation between B1 and B2
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Estimated by FP-NSF
(Ns =2)

Bing map

Averaged z[m] B1 B2 B3 B4 B5
LIDAR 30.0 | 30.2 | 30.1 | 30.8 | 16.3
Estimated grs | 278 | 275 | 273 | 181
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L-TOMSAR IMAGING OF CONCEALED OBJEGES

T N\
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e

Above ground and under foliage objects observed at L band

e DLR E-SAR image over

Dornstetten, Germany
e L-Band

e 21 tracks : average baseline
20m

e §, =2m

Horizpnt.all b‘aselineldistrjbult@qn |

T
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Capon :

limited resolution
= overestimated Hi ek

Model Order
A
MUS'C 5 Dc-p B0 100 150 200 ZB0
@ Sub-canopy truck op3PMUSIC

= hybrid scatterer

@ Uncovered
—> coherent scatterer

. “ Ofs
@ Spurious sidelobes. i H

AAAN AL MRS Bias b
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High Resolution tomograms of underfoliage objects

SSF : shape and reflectivity

A
¥z
[y T range
0 50 150 200 250 % 100
Truck on ground Szt Under-foliage truck
—— " ——
rfleﬂectlvit:flldﬁl
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FP-NSF : scattering mechanisms

5-
c'— o - ; {I-F'f
LT
-5 /;U
I k_l range
0 PG
Truck on ground S Under-foliage truck

a 10 20 30 4 50 &0 70 80 80

c N
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Power spectrum of a mixed environment

e H-distributed scatterers : Continuous Spectrum
Forest canopy :

- Reflectivity

e H-localized scatterers : Discrete Spectrum
Objects :

[

haight
Object top

—_—

i i omplex Structure

""" | abjecs

Ground-object /
Ground-trunk

Ground object Ground-trunk reflection Reflectivity

e Underfoliage objects : Mixed-Spectrum
A

height

Canopy

object top

b ™= - e Complex structure
----- = 0Of object

Ground-object /

Ground-trunk

= Reflectivity
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OL-TOMSAR IMAGING OF CONCEALED OB3EGH

=~

Isolated Scatterer (IS) discrimination

Height“ HE.‘igl"lt'l
P}Nis P qu sources

—_— -

WSF (Y — ::)l IS selection '::

L e
- L -

- -
Reflectivity Reflectivity

Principle

IS scatterers : stable and coherent scatterers
Diffuse scatterers : unstable scatterers with varying reflectivities

Observation /| Obsearvation /+7 Observation [ Cbsarvation +7
A A 'y A
[
HE — = HL— = HE——= H*H
EEEEE— EEEEEE— IEEEEE—
[ I -
.._ ... - -
Reflectivity Reflectivity Reflectivity Reflectivity
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+POL: TOMSAR IMAGING OF CONCEALED OBJEGES

N

Isolated Scatterer Extraction

208 50.0
i 3 46.5
15 - = 43.0
; : = 3.5
10f ; 3 36.0
‘7 2.5
sF = 3 20.0
; e 3 25.5
ofF : L, = | 22.0
E ] 18.5
=5 L i i - L E 6.0
a 50 100 150 200 . 250
20 F E X g r . 3 0.0
3 C 7 A6 5
Overestimated 1S ) 1 o
: o5 ; 39.5
. 10 = 36.0
e Bare soil, sub-canonpy ground ; - 1| | o2
5 = 28.0
s aE 3 26.5
e Under-foliage truck of - - e e 22.0
i - 3 18.5
5k ) . : : 1 3 16.0
a 50 100 150 200 250

Qverestimated number of 15
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OL-TOMSAR IMAGING OF CONCEALED OBJEGTES

Single-pol or rank-one polarimetric CAPON
SPAN (norm PAULI
m { i

S

I

i L]
[ 120 153 200 e 280 03 o 118 i Fo 2o kT xc 400
range hins rangs bins

T11 (horm) T33 (norm)

l

———
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#POL.TOMSAR IMAGING OF CONCEALED OBJEGES

Full-Rank Polarimetric CAPON

SPAN (norm

r

> 3rd ADV. _____ED _|m0 ; > .
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Ljnder foiage vehicle detection using FR-P-CAPON and POLSAR
techniques

Double-Bounce intensity esimated by
Freeman decomposition at different heights

10 M 40 4B

Tm
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#POL-TOMSAR IMAGING OF A TROPICAL FORESZa

Tropical forest test site and objectives

TropiSAR Campaign, 2009

The ECOFOG Sites
() Nouragues
L] ONERA SETH' @ Paracou
e P-Band @® Arbocel
The Calibration site
® 6 tracks @ Rochambeau
s 532 = 1.245m Other site
érg =1m @ Marais de Kaw
e ), =12.5m
e Ground truth
e LiDAR data
e Biomass measurements
for 16 ROls Courtesy ONERA
Objectives

e Tree height,underlying ground topography estimation
e Forest vertical structure characterization

e Biomass monitoring
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._hToMj_SAR IMAGING OF A TROPICAL FORESTa

X

Tropical forest test site : Paracou

T R

Optical image SAR image LiDAR zg

e Tropical forest environments

(savannah, undisturbed forests, logged plots...) * Highly varying ground topography
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#POIL-TOMSAR IMAGING OF A TROPICAL FORESTa

Tree height and ground topography estimation

WA m AT i |

Hybrid spectral approgch_

e Estimated profiles match LiDAR

e HH profiles : similar to FP case
LIDAR = TomSAR s

rq ADVANCED COUR BN RADAE POLARTN -ar
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Estimated results (ground range)
F
g
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%POL-TOMSAR IMAGING OF A TROPICAL FORESZa

NS
=

Ztop Hy

&

(]
(=]

K
o

TomSAR
TomSAR

10 20 0 44 50 60 a 10 20 £ 40 50 60 a 10 20 30 40 50

LiDAR LIiDAR LiDAR

TomSAR-LiDAR [m] | Mean | Std

Az, 0.005 | 4.6
B 16 | 7.4
AH, 09 | 7.7
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#POL-TOMSAR IMAGING OF A TROPICAL FO
Full-pol MB-RVOG model

{f

] N
Model Vertical Phase-Profile
L.‘.'rhﬂ[:.z}
» Point-like scatterer MB-response : y(I) = A.(/) | kwwa(z) | = A(/)k = a(z)
ka(z)

» Uncorrelated P-S processes : E(yiy!) = I,C; @ R;
» Global MB-POLInSAR response : y(/) = y(/) + y.(/)
RF‘S — cg®ﬁg+CvERv

Tebaldini, S. "Algebraic Synthesis of Forest Scenarios From Multibaseline PolInSAR Data", IEEE TGRS 2009
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'="-POL»-TOMSAR IMAGING OF A TROPICAL FO@Eéa;é

VMB RVOG parameter estimation

SB case MB case
» Coherence line estimation » SVD SKP-2 decomposition
» GV separation : strong assumptions » GV separation :
|7l =1, rank(Cg) < 3 » several solutions
» f.(z) known » accuracy increases with N

Yolume-only contributions

KRR Yw)
1! = =
a8 -~
018 /

o4t/

- | L] 200 Lo B L] 14000 JHC:
" -
“r 1 I

:I'.LL:' /

a4t \
a8 ‘x._‘\\
g rank(C) <N_

{ J808-04402 0 02 040808 1

ranl:ﬂi;.:-ﬂ__
Tebaldini, S. "Algebraic Synthesis of Forest Scenarios From Multibaseline PolInSAR Data", IEEE TGRS 2009
Tebaldini, S. "Single and Multipolarimetric SAR Tomography of Forested Areas: A Parametric Approach” IEEE TGRS 2010
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| Interpretation of the different selected solutions

azimuthal cut |HH|2 total contribution
range—p : _’; ::t - ) " ,- i".-. -L ';_." i =
E : E 'r - ﬁ' ‘j.. ahi 3
§' *: ;' { -' lk?ﬁg— o
= [
i b &. 15’ :’F
| hr w = -._

Avemernntly sy

i

 } a e L
FaN STIARSE M BT Aveuem iy {gans

|HH|* volume with b = bigner |HH|* volume with b

— bu:l-uter
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OL-TOMSAR IMAGING OF A TROPICAL FORESTa
~ Full-rank polarimetric CAPON Tomograms : SKP2 matrix

» BF,CAPON : non-parametric approaches
» SP: a(z), FP : key(2), FP-Full rank : T(z)

Span

50 100 150 200 250 300 a50

50 100 150 200 250 300 as0
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- Choosing context adaptive b solutions
Ry=bR1 + (1 - b)R2 Cg = -1 ((1 - b)Cy — bCa)

» Terrain polarimetry : by = arg min(||C.(b) — Ccaronl(z = z.)||F) = R
» Canopy structure : beq = min b|CAPON(R,(b).z = z;) —+ 0 = R,

Span

= 1040 150 200 i S0 a0

VOLUME

50 100 150 200 250 300 350

CANOPY
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#POL-TOMSAR IMAGING OF A TROPICAL FORESZ 4 -
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_Urban‘tomography using sparse techniquesesa -

Sparse signals
contain a few contributions + artefacts

Objective
characterize a minimal number of sources which describe well the
measured signal

Noise filtering

generally performed using SLC data (without averaging)

automatically performed in the stack dimension (source model + sparsity
driven technique)

Sparsity-driven technique

Iteratively Reweighted Least-Squares (discards contributions too far from
the model)
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Cosmo over Milan

Beamforming

The technique leads to improvements
in terms of resolution and image
contrast.
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* In order to perform the step from the 2D to 3D a thresholding
procedure is hecessary.

* The facade structure reconstruction is a typical application of
the 3D SAR imaging.
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*TomoSAR techniques displacing targets in their correct position in
the space allow to produce images not affected by layover effect.

Building image from google

earth
2D SAR 3D SAR

(top view of 3D
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