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Basic concept of tomographic imaging
“Fundamentally, tomographic imaging deals with reconstructing an image from its projections”
A.C. Kak, M. Slaney, PCT, 1987

Projections of 2 cylinders Fourier slice theorem in the non diffracting case

—_—
Fourier transform

space domain frequency domain

Synthetic Aperture Radar tomographic imaging

* Diffraction tomography
* Coherent processing

* Generalization of interferometric SAR processing using a synthetic array
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Polarimetric SAR tomography
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INSAR vertical decorrelation over volumes

Volumetric media inSAR response modeling

* Vertical reflectivity structure 0w, (7) = 0. (2) = Ay f(2)

Canopy layer

Sub-canopy layer

* INSAR coherence Y = 7Tth  Vproc Ttemp Vsurf 7z

* Decorrelation due to vertical structure :

- f O-Ue (Z) ejk:zz dz k _ kCB_L
Vz [ o0 (2)dz ° rsinf
* Fourier transform-like coherence-structure relationship Y, <£> Ty, (2)
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INSAR RVOG model

Modeling at order 1
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Parameter estimation often requires to simplify models

* omitting negligible terms

* merging contributions that cannot be discriminated (e.g. ground and double-bounce)
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INSAR RVOG model

Canopy layer

Sub-canopy layer

>

Volume

- A ~~ ' A N\

Volume

Ground

* 2 significant and uncorrelated mechanisms :
= volume + underlying ground
* low density medium
= no refraction
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INSAR RVOG analysis

Ground only

I < g Zg >
0 >

B [ ov.(2) elk=2 4
T2 = [ oy, (2)dz

0o, (2) = 0,0(2 — 25) = v, =elk=%

INSAR well adapted to topography estimation
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INSAR RVOG analysis

Non attenuating random volume only

A A
= hy
d oy, (2) = Ay
Zvo
~ Jou(2)e’**dz -
/YZ _ f O'/Ue (Z)dZ O-’Ue (Z)
ho
No underlying ground vy = 1 /ejkzz dz
° o d
Null extinction: o, _(z) = A, Zug

L hytze k.d
Ve = ek =2 sinc (%)
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INSAR RVOG analysis

;
0.9
0.8
0.7
[v2| o€
0.5
0.4
0.3
0.2

0.1

0

0 ; 1'0 1.5 2l0 2.5 3l0
Volume center height \ / Volume width

. ho+zo k d
v, = e’ 77 sinc (%)

INSAR well adapted to volume analysis under specific conditions
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INSAR RVOG analysis

Attenuating random volume only

0 A A
" hy,
d Ovol(z) — Avf(Z)

Zvg
.
Oy, (2)

Linear differential extinction dl = —KkIds = — fre Idz
cos

Effective reflectivity density Tvor(2) = A, e 2cosg (ho—2) _ A, f(2)
constant extinction

hoy hy
Backscattered volume intensity 1 :/ avol(z)dz:/ Ay f(2)dz
Zv Zy

0 0

. . 1548~ ME
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INSAR |7.| — h, ambiguous estimation

INSAR RVOG analysis

k, =02 z,,=0




INSAR RVOG analysis

30 »¥

ke = [0.001,0.2,0.5,1]dB/m

K, >>0

25

20

arg 7y
kz 15F kz

10F

INSAR arg(y.) — h, ambiguous estimation

Unambiguous solution for known o, (z) shape : 72|, arg(y,) — ﬁv
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INSAR RVOG analysis

Attenuating random volume and ground

A A
= hy
d Ovol(z) - Avf(z)
2o
Zq —)
4>
Tq Ty, (2)

iy hy
Backscattered volume intensity [ :/ avol(z)dz:/ A, f(2)dz
z z

vo v0o

Backscattered ground intensity I, = f(z,,)0, = ¢ 2esel g,
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INSAR RVOG analysis

« Coherence formulation O, (2) = 0po1(2) +0(2 — 24)1,4

_ fOUe(Z) ejk?deZ . fO-’UOl(Z) ejkzzdz+lg ejkzzg

7z [ oy, (2)dz [ opor(2)dz + 1,
Yool + medFsEo
Yz = L +m
o I, .
* Ground to volume intensity ratio m = 7 cR
v
e Coherence interpretation
m—>0:»{ argy; A~ argYyol m—)—l—oo#{ argy. = ¢,
|7z ] <1 |7z ] =1

0<m< +oo ="

INSAR based RVOG analysis: under-determined problem

— another source of diversity is needed : polarization ?

. . 15ae = ME
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Pol-InSAR RVOG analysis

IN APERFECT WORLD

1508~ fleseio (455
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Pol-InSAR RVOG analysis

HH+VV

L. Ferro-Famil & S.Tebaldini



Pol-InSAR RVOG analysis

Attenuating random volume and ground : polarimetric case

0 A 4

" h,

d Uvol(Wa Z) — A(w)f’uol(z)
Zug
| T Zg >
0g(W) - 0y, (2)
Unpolarized Linear differential extinction d/ = —k.Ids = — Keeldz
COS

Effective reflectivity density: Tuol(W,2) = A(W) fuor (2) = W Tyorw fuor(2)
Ground reflectivity og(W,2) = WHTgW 0(z — zg)
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Pol-InSAR RVOG analysis

Attenuating random volume and ground : polarimetric case

0 A 4
" h,
d Uvol(Wa Z) — A(w)f’uol(z)
Zug
| T Zg >
og(W) - 0y, (2)
Unpolarized Linear differential extinction dI = —x.Ids = — Keeldz
COS

hv
Lol (W, Z) — WHTUOZW/ fvol(z)dz
Zvg

I,(W, 2) = foot(2p )W T w = e_2C§;9dWHTgW
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Pol-InSAR RVOG analysis

Unpolarized volume coherence

- JAW)f(z) % dz
+ Polarized GVR m(w) = IIQ(ZV))
vol W

Yool +m(W) e7F=%o

* PolinSAR coherence V(W) 1+ m(w)
m(w

* Coherence interpretation : find a polarisation vector so that

Plausible Unlikely
m—>o:»{ argy, A argYyol m—)—l—oo#{ argy, ~ g
|7z| <1 |7z| =1

0<m< +oo ="
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Pol-InSAR RVOG analysis

RVOG COHERENCE MODEL : LINE MODEL

Yz (mmaa:)

. Yvol + m(w) ejkzzg Yz (mmzn)

1 4+ m(w)

i

Equation of a straight line in the complex plane 1

Yz (W)

Ground estimation through interpolation

PolinSAR RVOG solution :
* some estimates remain ambiguous, requires phase diversity
* assumes a shape for volume extinction
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TomoSAR (MB-Pol-InSAR) RVOG analysis
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r = Unambiguous height estimation for known f(z) shape

« Estimation of f(z) or non-parametric analysis

_ + POITomoSAR (MB-Pol-InSAR) : {7:(k.,), w}h_,




INSAR phases, polarization & TomoSAR
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L-band BIOSARZ2, Capon tomograms
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INSAR phases, polarization & TomoSAR

Polarimetric diversity POL-InNSAR phase center heights
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INSAR phases, polarization & TomoSAR

Polarimetric diversity POL-InNSAR phase center heights

e
h(¢r2)| %
4400 4600 4800 00 5200 5400
range [n]
:
h(¢ie)| £
E
4400 400 400 il 0 gl
Near range rage [ Far range

Single-baseline PolinSAR:
* Phase Center height diversity not always guaranteed
« Requires specific k (baseline) values: adequate volume decorrelation

1Sag =

SUPAERO 20,
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INSAR phases, polarization & TomoSAR

Spatial diversity = MB-INSAR phase center heights
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Polarimetric SAR imaging| of' 3-D'scenes
Multibaseline INSAR (MB-InSAR) tomography

Several mixed scatterers . many across-track positions

SAR resolution cell
z n
1 < TomSAR resolution cell

Acquisition geometry

Processing options
- Direct 3-D imaging: coherent combination of M SAR acquistions

- M x 2-D focusing & coherent processing of M-InSAR quantities

HRally >
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Polarimetric SAR imaging| of' 3=D'scenes

z\ Direct 3-D imaging of an Alpine glacier at L band

TomoSAR Image - 25 m below the Ice surface TomoSAR Image - 50 m below the Ice surface
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Polarimetric SAR imaging| of' 3= scenes

BIOSAR Il, Boreal forest, L band _ _
Forest height [m] | HH |ntenS|ty [dB]
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Polarimetric SAR imaging of 3-D scenes

M x 2-D imaging of a Boreal forest at L band
SAR: 2D Imaging TomoSAR”3D Itnaging
z =0 m above the terrain
Total Backscattered power

z =5 m above the terrain

z =10 m above the terrain
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o Power distribution in height direction
o Full-resolution CAPON
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Polarimetric SAR imaging| of' 3= scenes

Tree height and ground topography estimation

Hybrid spectral approach

e Estimated profiles match LiDAR

e HH profiles : similar to FP case
LIDAR === TOMSAR —

itéﬁfssﬂ

Atééus_sm

m
=

250 300 350 ADD 450

ISde /"‘
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Polarimetric SAR imaging| of' 3= scenes

Pauli-coded 5AR imag

Urban areas

i

il

Mixture of several contributions
in the elevation direction
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Polarimetric SAR imaging| of' 3= scenes

Building reconstruction

LiDAR

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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From 3-D
Synthetic Aperture Imaging
To the Beamformer

L. Ferro-Famil & S.Tebaldini



2-D SAR impulse response

2-D focused signal (x-r domain)

s(x,r) = ac — complex reflection coefficient
h(d — r) — delayed range impulse response
ha(x — xo) — delayed azimuth impulse response

exp(—j3£r) — two-way propagation phase

L. Ferro-Famil & S.Tebaldini



2-D SAR imaging

SAR imaging: coherent integration of a reflectivity density

4T

s(z,r) = /ac(x’, ' V(! — 1 — ) e IR A w40l 4y du

s(x,r) %/ac(x,r, ) e Iker() qp
C

i 1Sd6 ;..( CRIO .Z«ﬂ'v;
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3-D SAR imaging
.z/ : Additional aperture in elevation:
g 2-D 7~ 3-D focusing

$(2,9,2) = Y silw, vy, 2)) /@)
=1

\

. n SAR resolution cell
1 <: TomSAR resolution cell

Vertical aperture : Liomo

Resolution : 6, = d,sin 8 with §, = “"—Lgf:? .
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3-D SAR imaging

n SAR resolution cell
z
1 < TomSAR resolution cell

s(z,y,2) =Y si(z,7(y, z)) elFer®:2)

i=1 / \

Interpolation
P HF term

L. Ferro-Famil & S.Tebaldini



3-D SAR imaging

M
L B ——

Co-registration on a reference plane s(z,y,2) = Z si(z,m(y, 2)) etkerv:2)

=1
Valid for ? € Zref T AZ’UCLl/z ¢
® 4 S i Discretization
Si| T NN-interp.

/9 /riref) ejkcr’b
AN
Elevation

Ryef prommmmmmmneeee--gf--of--of o - o of--

L. Ferro-Famil & S.Tebaldini



3-D SAR imaging

M
. . — Jkeri
Co-registration on a reference plane s(x,y,2) = Z 5i(, 74, ) €
1=1
' 2 € Zref £ Azyar/2
Valid for ref val/ PP e + kziz
“ ) Sm AN
Si| e Flat earth Elevation

|/
9 \ i

After Compensation

M

S<x7yaz) — S’iflat<x7riref)e

B 77 7, ??? """""""" IAZU“Z

[SHE/“’
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3-D SAR imaging: 2D + 1D processing

3-D Synthetic Aperture imaging

(x,y, 2 g s;(x, Ti o ejk’ziz

Filter-like formulation for a given 2-D resolution cell

Coregistered Y1 si(z,ry,, f )
Resampled _ _
Flattened B N
Single Look Complex | YM | S (T, 7M.y ).
(SLC) data

1D Linear filter

Steering vector

— Zyz e_jkziz = aH(Z)y a = [1,ejkz2z,---7ejkzMZ]T

. o ISde /“‘
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TomoSAR imaging
using
Monodimensional
Spectral Analysis Techniques
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Interferometric phase variations with height

Image S, Image S,

Interferogram

¢ = Arg(S,S;)

4  Digital
Elevation Model
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Estimation of a single scatterer, M=2 images

InSAR way . A
S$1 = Q. eJé A¢ = arg(sasy)
. A 2 2
89 = a, eI TAY [ =1l J2r|82|

Linear filtering way

N éqﬁ = argmaxy 1f(o)[?
I=|f(Ag)f

Phase estimation — linear filtering & search

>
Filter output: reflectivity 0 Ao e b

a(?)cering vector: matched filter
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Estimation of several scatterers, M>2 images

Estimation of several scatterers: MB InSAR way
Ny
: "
{s1,...,8m}, Sm = Zact el ekzmze = 777
t=1

Estimation of several scatterers: linear filtering way

S1 1

y=|:[.a@=| : | |f= -

SM e’

M

&t = arginaxp,. ‘f(Z)P

Iy = | f (%))

b)

Matched filter: Discrete Fourier Transform

Tomographic focusing: spectral estimation problem

0 50 100 0 50 100

Estimation quality: depends on MB-inSAR configuration
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Tomographic imaging using specan

Ideal acquired signal (single scatterer)

y = Q¢ H(Eﬂ.)
with a(zg) = [1,e/F=2%0 . . eF=m 0]

Uniform baseline distribution

o\ B, =(t—1)B; =k, =(i—1)dk,
a(z) = [1,eithes, | ei(M-Ddks|T

k.B

- Spectral bandwidth: Ak , = Mdk,
rsin 6

Spectral sampling: dk, =

Fast
[ (a(e0)| _ Jad |sin(rak,(: = 20)) g

|f(2)] = |ac M M |sin(wdk, (2 — 20))| *—

M times Slower

Periodic oscillating filter output
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Tomographic imaging using specan

Uniform baseline sampling a(z) =1, el?'d“;z;1 . 1E:r‘(i"ri‘r—1}t“—'=’s:,::]T
Fast — resolution
\f(z)\ _ ‘a I’aH(Z)a(ZO)‘ _ ‘ac| ‘Sin(ﬂ-Akz(z - ZO))l A/
‘ M M |sin(wdk,(z — zp))|

Slow— ambiguity

Spatial features of a tomogram

50

45

* rapid oscillations: resolution

40

* band-limited: sidelobes 35

30

—
2T 2T o Zamb oz 10 D

* sampled spectrum : E 5 z . -
spatial ambiguities " 0
%15 5Z
0z =—,2 = —,0z =
Ak‘ Y amb dk Y M s
00 012 014 016 018 ; 1.2
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M=

AkZOCMBJ_

Ak,
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Tomographic imaging using specan

50
45
40

35

S B, /2

Il Il Il Il
0 02 0.4 06 08
Ifl

Reduced resolution

Improved ambiguity




Tomographic imaging using specan

AkZOCMBJ_

Ak,
dk, i

M=12

L. Ferro-Famil & S.Tebaldini
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Tomographic imaging using specan

AkZOCMBJ_

Ak,
dk, i

M=12

L. Ferro-Famil & S.Tebaldini
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Tomographic imaging using specan

Akz X MBJ_
Ak,

dk,

M=12

L. Ferro-Famil & S.Tebaldini
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Tomographic imaging using specan

Single-look tomograms I (2) =

Tomographic data from AfriSAR
2016 (ESA)

Site: Gabon
Acquisition by DLR & ONERA

L. Ferro-Famil & S.Tebaldini
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TomoSAR imaging
Using multilook
Specan methods

L. Ferro-Famil & S.Tebaldini



Speckle effect

OPTICAL
DETECTOR 1

BRIGHT PIXEL ‘ BRIGHT PIXEL

_—

RADAR ANTENNA

{ “5r  CONSTRUCTIVE
W/ -, INTERFERENCE

7.
DESTRUCTIVE "¢
INTERFERENCE |

.,

[+L1:14 BRIGHT
PIXEL gghid8
R Lt

e wug B T e
PPN OO P VIR '.-’.r{

© Scientific American

Speckle: coherent effect that appears as a Multiplicative noise
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Speckle effect

s(x,r) %/ac(:c,'r, v) e Iker() qp
C

1 dominant scatterer Rough surfaces
o v e g
a‘t A A
adda o
LI Vo
AL AL A I

L
X

a) b)
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Speckle filtering

Unfiltered intensity image: exponential distribution

A

I=1s()P,

E() =1,

var(l) = I?

L independent samples (looks): ML estimate has chi2 distribution

L=1

L. Ferro-Famil & S.Tebaldini

1 L
I = ZZ|S(Z)’2 )
=1

p({)

E(I) = {0.5,1,2,4,8}

0.5]

. N E
E(l) =1I,var(l) =




Speckle filtering

Equivalent Number of Looks

E(1)?

ENL = -
var [

L. Ferro-Famil & S.Tebaldini
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Speckle filtering

Intensity image

L. Ferro-Famil & S.Tebaldini



Intensity images

Single look image After spatial filtering (N*N boxcar)
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Speckle filtering

Single look image After spatial filtering (N*N Lee filter)
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Speckle filtering

Non local speckle filtering

) o [Sde /‘“""
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Speckle filtering with tomographic data

Speckle filtering for monovariate SLC SAR images

L
A 1 A A
I=—§ 2l E() =1 I ="—
lel |S<l)| Y () Y Va’r() L

Speckle filtering for multivariate SLC MB-InSAR images

S1 1

aHz —9 z
y=|:laE=] i | [ =" =g Tsme

S ejk:ZMz

i(2) = 7 D170 = 5a" (2)Ralz)
=1

L-look (ML) estimate of the TomoSAR covariance matrix

AN

R= ;ya)yﬂm E(R) =R
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Speckle filtering with tomographic data

TomoSAR covariance matrix

R= > yy"() ER) =R
=1

Ry Ry ... Ry
L s
1 " 12 Rao Ron
= vy () -
_R>1kM R RMM_
1 & 1 &
Ru= LS u0 = 1 By = =3 iy () = i 4
=1 =1

Interferometric coherence estimate
Yij = ——— ¢i; = arg(¥i;) Y] <1

- 1538 = fleseio (15
L. Ferro-Famil & S.Tebaldini SUPRER D A S




Tomographic imaging using specan

Beamformer is Fourier imaging

Excellent (optimal) statistical accuracy

. 1 ~ 2
Ipp(z) = WaH(z)R a(z) Fourier resolution: 0z = A—Z:

Cannot handle closely spaced scatterers

High sidelobes

Capon's solution: constrained beamformer

Objective: minimize output power, with unitary gain at the height of interest

50,

s | | | | . vep(z) = argmin E([v?y[?) st, vfa(z) =1
40 . v
*<  BF
Ea : _ « 1
" ] Solution: |Iop = =
- objective ] at(z)R~'a(z)

Ifl

L. Ferro-Famil & S.Tebaldini



Tomographic imaging using specan

50 T T T T T 50

—BF L —BF
45F — CAPON i 45 —— CAPON [
true true I
I d < |
L[V ggie—— e
35
30
E o5
20
15
—
10 I
5

1 1 1 1
0 02 0.4 06 0.8 1 1. 0 0.2 0.4 06 0.8 1 12
Il If|

e Capon: significantly improved resolution
* Resolution improvement is a function of the Signal to Noise Ratio (SNR)
* For regular baselines, BF & Capon are equally affected by ambiguities

i ini IS8 =~ fesgio (4
L. Ferro-Famil & S.Tebaldini SUPRER D A S




Tomographic imaging using specan

Irregular baseline sampling: logscale distribution

50 T T T 0 T T T T
3
chpoN
true

i o I

-
-
40 - 40

* BF: strongly affected by ambiguities
« CAPON: asynchronous ambiguities are considered as perturbations and
filtered (may be dangerous!). Good resolution performance preserved

1548~
L. Ferro-Famil & S.Tebaldini SUPAERO 20




Tomographic imaging using specan

Practical implementation

» Asymptotic (L » +o0) estimators

Ior(z) = AP top(e) =

* In practice, spatial averaging ~ 1
* BF: quite stable w.r.t L
* Capon may suffer from a poor covariance matrix conditioning: sufficient ENL needed

= Diagonal Loading R=R+ aly, a>0
For large a (low SNR):  CP — BF

L. Ferro-Famil & S.Tebaldini



Tomographic imaging using specan

Tropical forest profile at P band with residual phase errors

=g m) o0 1=0 =0 =Z==0 =00 S50

i ini 1588 = fleceio (455
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Tomographic imaging using specan

P band tomogram (Tomosense campaign) with residual phase errors

BF
Il‘h“lii [T w’ LR }
| |

T L Y

ii‘l‘. mﬂi}-:' al I

50

,..tul

G | |
iy - ¥
' . lﬂﬁ Wr L] |
II}."Il i | r | ] Iu
S50 ) . . dw‘:.*."l Ll "“ 0 duia 1”“"5
1000 2000 3000 4000 5000 6000

1538 >~

SUPAERO
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Case study: BIOSAR 2 data

Forest height HH intensity

4400 4400

4800 i 4800 |
= E

& 2]
2 5000 f 10000

-100 0 100 200 300 400 500 600 700
azimuth [m]

-100 0 100 200 300 400 500 600 700
azimuth [m]

range [m]

-100 0 100 200 300 400 500 600 700
azimuth [m]
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Case study: BIOSAR 2 data

BF
=
£
o
j@
20
4400 4600 4800 B R0 b4
range [m]
HY
40 -

height [m]
ézig

4400) 4E00 4200 2000 2200 2400

range [m]

=
£
o
j@
4400 4600 4300 B0 R0 T ]
range [m]

_ . 1538 = A@ESEID
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Case study: BIOSAR 2 data

CAPON: processing OK ?

HH
=
b= Mol | I-ﬁ li
g WO U .,h.m paith ol
20
4400 4600 4800 B R0 b4
range [m]
HY
=
2 \, “flf'F b '|h ol
2 I iy T YL i T ittt P
4400 400 4300 Q) B0 T ]
range [m]

W

bt i qll-r'lulh'q I "."'-Juiﬂinn Wi||.h“t1wrh'h-.#='ﬂﬂ'i#

height [m]

4400 4600 4300 B R0 b4
range [m]

) o I5de f’
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Advanced
TomoSAR imaging
Using Specan methods

L. Ferro-Famil & S.Tebaldini



3-D imaging of an urban area using a minimal configuration

Urban area test site

e Images over Dresden, 2000
e DLR's E-SAR at L-Band
e Resolution : 0.bm x 2.5 m

e Fully polarimetric
e Dual-baseline InNSAR

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

3 PolSAR images

L. Ferro-Famil & S.Tebaldini



SAR tomography over urban areas

| Single scattering (top of the canopy)

o shadow

i i !
Double bounge " PIe Scatering Y Double bounce N
= Scattering on Scattering on
arough surface a smooth surface

e |-band intermediate-resolution data sets

= High-Resolution (HR) tomographic estimators
e 3 images

= N =2

L. Ferro-Famil & S.Tebaldini



Tomographic imaging using specan

Critical configuration (3 images) in an urban environment at L band

n B B
height

height[m]
2
height

he o

100 110 120 130 140 15D i00 110 120 130 140 150 100 110 120 4130 140 150

BF CAPON MUSIC

- Strictly speaking, Capon's technique is not HR, but is very convenient
- MUSIC (and some other techniques) is HR

L. Ferro-Famil & S.Tebaldini



Polarimetric SAR tomography over urban areas

L. Ferro-Famil & S.Tebaldini



Polarimetric SAR tomography over urban areas

L. Ferro-Famil & S.Tebaldini



Polarimetric SAR tomography over urban areas

Building reconstruction

Estimated by FP-NSF
(Ns = 2)

Google map

Difference between LIDAR and estimated surface
e projection of SAR imaging
» vegetation between B1 and B2

L. Ferro-Famil & S.Tebaldini



Polarimetric SAR tomography over urban areas

Building reconstruction

LiDAR

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

i ini 1588 = AEsRI0 (455
L. Ferro-Famil & S.Tebaldini SUPAERO oo




TomoSAR imaging oficoncealed objects

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 b1alselilnelclfist‘rlibult@qn |

200F .

Hadlzonltol boseflne(m}
(=]
1

" " X " i X " i 1 X " i i " " i M
a 500 1000 1500 2000
AZlmuth sample plel

Huang, Y.; Ferro-Famil, L. & Reigber, A. "Under-Foliage Object Imaging Using SAR Tomography and Polarimetric
Spectral Estimators”, IEEE TGRS 2011 o FIETN
1528~ QCESRIO (&)

L. Ferro-Famil & S.Tebaldini SUPAERD o=\




TomoSAR imaging oficoncealed objects

VV refectivity tomograms

Capon :

limited resolution
= overestimated Hi ,cx

Model Order
'l: i
s 5
P
MUS'C F Dc-n B8O 100 150 200 280
® Sub-canopy truck 2P MUSIC

= hybrid scatterer

@ Uncovered
— coherent scatterer

@ Spurious sidelobes. i

L. Ferro-Famil & S.Tebaldini
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TomoSAR imaging oficoncealed objects

High Resolution tomograms of underfoliage objects

SSF : shape and reflectivity FP-NSF : scattering mechanisms

.II‘ #—
. A
\ //1;n \ /I
T T range -~ | 1 | | e
-1 range
0 50 100 150 !imumzm 250 v 100 0 50 /;ﬂﬂ 150 200 2500 100
Truck on ground Under-oliage truck Truck on ground i Under-foliage truck
3 = — ﬂuwzoaommaumwm
reflectivity (dB)

L. Ferro-Famil & S.Tebaldini



TomoSAR imaging oficoncealed objects

Sparse (compressive) sensing solution

- a few wavelet components

- a few discrete contributions

miny, [|[Bpl|; subjectto  ||R — R||p <e R = A(z) diag(p)A* (z)

B =

p=I[p, p,]' €eRTVX

0

I(NoXNo) 0 c R(NexN)
0 W (N, xN,)

15ae =~ fleseio (455
L. Ferro-Famil & S.Tebaldini SUPAEROD 4 =




TomoSAR imaging oficoncealed objects

55 0 . . . . . . . . . ; :
15 B i 15 o
10 b - - 08 ]

S N . = 5B 7

o .. S O A ok B = " S
. . . h { 1 i . . | i .

5 T T T T 50 100 150 200 250 300 350 400 450 500 550

(b) MUSIC (b) MUSIC
20 . . : . ' ; 20 T T T T T
15 15F
10k 10F
s| 5k
° - - 1l
5 : . . i i . A i . . h . L 1 . . . L L

50 100 150 200 250 300 350 400 450 50 0 50 100 150 200 250 300 350 400 450 500 550

(¢) Proposed method with merging (¢) Proposed method with merging

. 20 . . . . . : : " v : v
15 51 _
10k 10k _
50 58 g
5 L L L L 1 L L L f L L

50 100 150 200 250 300 350 400 450 500 50 100 150 200 250 300 350 400 450 500 550

(CY] hGls)un_dhand .Ll_ndertohage scattering (po) estimated by proposed (d) Ground and underfoliage scattering (p,) estimated by proposed

method with:merging; method with merging

20 =

; d #’ 20 . ’ . ’ . T .--w--,
.l (I bl W
» .1 ALY 15
7 i;, '«"W = y
L o '3 4-
1 e MUY 1{" 10k W‘f’ ’hf‘ g R
L (WL o I : ‘ ..r LR y
(r B sH : ‘P o) ;
N - i . L R
ol
=

(e)

50 100 150 200 250 S00 550 200 as0 00

Canopy power (p-) estimated by proposed method with merging

20

25
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35
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(e) Canopy power (p.) estimated by proposed method with merging

® dB 20 25 30 3 40 45 50 55 B0
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TomoSAR imaging
of a tropical forest at P band

Preparation of the BIOMASS mission



Context: ESA’s BIOMASS mission

Tropical forests, Paracou, French Gwana

e LA

_éi#_esss

BIOMASS
P-band
polarimetric SAR

Sub-canopy DTM Fmest helght

Polarimetric SAR Tomography
(PolTomSAR)

L. Ferro-Famil & S.Tebaldini



BIOMASS products supporting the scientific objectives

AGB density [t/ha]

Forest Height [m] Disturbances [ha]

" v ey

Above Ground Biomass Upper canopy height Areas of forest
(tons/hectare) (meter) clearing (hectare)
« 200 m resolution *» 200 m resolution » 60x50 m resolution
* 1 map every 6 months * 1 map every 6 months * 1 map every 6 months
« global coveraOge of * global coverage of » global coverage of forested
forested areas forested areas areas

« accuracy of 20%, or 10t ha! + accuracy of 20-30% 90% classification accuracy

for biomass < 50 t ha!

L. Ferro-Famil & S.Tebaldini



Global coverage restriction (SOTR)
— Europe and North/Central-America are excluded

Temporal decorrelation
— repeat-pass multi-baseline INSAR

Potentially delayed launch (Vega-C)
- current launch date: May 2025

L. Ferro-Famil & S.Tebaldini
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Context: ESA’s BIOMASS mission

Tomographic Phase:
7 x 3-day repeat
15 months for global coverage

Interferometric Phase:
3 x 3-day repeat; 7 months for global coverage
= 4 years time series

PolTomoSAR

DB-Pol-InSAR

L. Ferro-Famil & S.Tebaldini

Height

Objectives
- Performance quantification tool

-~ Minimal achievable estimation uncertainty

- Key forest parameters
- DTM, FH, (AGB proxy)

- Assess simulated BIOMASS configuration
— Airborne vs BIOMASS resolutions

- Synergistic use of BIOMASS modes

— Performance improvement using priors




Evaluation data set

TropiSAR Campaign, 2009
ONERA SETHI

P-Band

6 tracks

daz = 1.245m

0rg = 1m

d. = 12.5m

e Ground truth

e LiDAR data
e Biomass measurements s
for 16 ROls (a) Optical Image

Simulation of BIOMASS data

L. Ferro-Famil & S.Tebaldini



Performance evaluation principle

Acquisition parameters

Direct modeling

Forest descriptors

d —

p

;i

PolTomoSAR data

(hy, 2¢, f(2)...)

M

_>

Inverse problem

Estimated descriptors

T

b

priors

AN

d -

F=M"-

y

Estimation errors

AN

od=d-d

- E—

Statistical
analysis

L. Ferro-Famil & S.Tebaldini

What is needed

- Valid direct model

- Forest configuration
& acquisition conditions
- Potential priors

- Theoretical statistical analysis

!

minimal achievable uncertainty
of parameter estimates




Airborne vs simulated BIOMASS coherence maps

Airborne data Simulated BIOMASS data

Oz = 1m  Opg = 1m 0oz = 12.5m 4,y =25m

- Important loss of spatial resolution
- Range decorrelation

L. Ferro-Famil & S.Tebaldini



Model selection and validation

Model selection
Low rank reflectivity profile + decorrelation terms

A,

fo(2) fo(2)

fo(2)
fo(2)

fq(2) fq(2) f3@

Validation of radiometric representativity

Original data

Original data

-2l ‘ ViS4 wa, i . ; i ;
200 400 600 800 1000 200 400 600 800 1000
bins bins
60 ' Model f|F 60 ' Model fllt

-20 l ; " % 'Iw‘, . |. LA l | | | '
200 400 600 800 1000 200 400 600 800 1000
bins bins
Airborne data Simulated

BIOMASS data

L. Ferro-Famil & S.Tebaldini



Theoretical limits vs experimental performance

DTM estimation, airborne configuration
Cov fitting: HH

LIDAR
0 0
500 500
1000 1000
— 1500 — 1500
E E
£ 2000 £ 2000
= =
‘N 2500 ‘S 2500
< <
3000 3000
3500 3500
4000 < j 4000
- 3
0 500 1000 1500
[ T T |
1
— HH fit
0.9} — SKP
0.8F
0.7F
0.6
0.5F
04r
03F
0.2F
0.1F
o | .
-30 -20 -10 Q 10 20 30

DTM difference [m]

L. Ferro-Famil & S.Tebaldini

500 10
1000 "
— 1500
E 10
£ 2000
g .20
5 2500
< 30
3000
-40
_ 3500
P, B b t- 50
‘b 4000
500 1000 1500 0 500 1000 1500 60
Range [m] Range [m]
Tomo - Lidar bias sdev
Cov fit 0.10m 1.26m
SKP 0m 1.67 m

m Similar good performance

m SKP: potential unstability, a few large errors




Theoretical limits vs experimental performance

CHM estimation, airborne configuration

Cov fitting: HH SKP
0 0 _ 50
500 PAL 500 { o0 -
1000 :‘{f.'-"‘t' A ol ikl 1000 1000
A ‘A% <5 .
S5 I Sy Ze e ;
— 1500 pIEEERa S Stss, Nl 1500 Vol 1500
E gl e 2 e E E 30
E UX7s 7 £ E
£ 2000, ,&.-ﬁ‘ (LT, , | 52000 g £ 2000 . -
.'_" nY. 37 b 4 E e
£ 2500 e .:\':.‘;‘ € 2500 g, & ¥ 5§ 2500 @5 gas
< 5. [ | > T << o ?
3000 E‘ ) (35 3000 3000
ey 3500 i 3500
0L
4000 ‘; 4000

09F
08F
0.7F
06F
05F
0.4F
03f
02F
0.1f

1500

—HH fit
—S5KP

-30 -20

L. Ferro-Famil & S.Tebaldini

CHM difference [m]

20 30

500 1000 1500 0

1000

1500

Range [m] Range [m]
Tomo - Lidar bias sdev
Cov fit —0.18m 2.40m
SKP —0.02m 2.83m

m SKP: less stable




Theoretical limits vs experimental performance

DTM estimation, spaceborne configuration
Cov fitting: HH

LiDAR

SKP

0 0 0 20
500 500 500 10
1000 1000 1000 g o
~— 1500 ~— 1500 ~ 1500
g E E --10
£ 2000 £ 2000 £ 2000§
g E g 4-20
= 2500 ‘& 2500 ‘= 2500
< < < 4-30
3000 3000 3000
40
3500 3500 3500
-50
4000 4000 J . 4000
] 500 1000 1500 0 500 1000 1500 0 500 1000 1500 -60
. Ranne Iml Range [m] Range [m]
—HH fit
0.9 —_—SKP
- Tomo - Lidar bias sdev
0.7
0.6 Cov fit 0.33m 2.67Tm
0.5
b SKP 1.10m 3.63m
0.3
0.2 o .
oa m SKP: overestimate ground elevation,

0 i i :
-30 -20 -10 0 10 20 30
DTM difference [m]

L. Ferro-Famil & S.Tebaldini

some systematic large errors




Theoretical limits vs experimental performance

CHM estimation, spaceborne configuration
LIDAR Cov fitting: HH SKP

0 0
500-F s BT 1' 500

500 -* g 45
v ! r ’
1 r A b i 40
1000 ffu S g : 1000 :". A M 1 1000
A ,\ T ! ﬁ L] ! 3s
— 1500 " | iy \ — 1500 "fi o { — 1500
= (i ; £ - L ] E 10
E = v 1 =
£ 2000 L LIE8, £ 2000}" 4} {1 5 2000 "
e i N :
; 1
E 2500 |4, I J4L ‘N 2500 . {1 5 2500} | 20
g ¥ i h A 2 " i ' [ I ‘E LY
3000 ";. t 3000 v - 3000 15
3 | k"f ‘. . \ F ' . 10
3500 o H 3500 | 1 3500
: d "R & y 4 ] 5
e . ..
2000, * t‘{ Lt o 4000 A B LN 4000
LN W (Y b ad hA i : 0
0 500 1000 1500 0 500 1000 1500 0 500 1000 1500
Range [m] Range [m] Range [m]

- Tomo - Lidar bias sdev
o7 Cov fit —0.20m 3.31m
- SKP —1.42m 421m

o m SKP: underestimate CHM with larger errors

0.2

0.1

‘ i L | | m Cov-fitting:
=30 =20 =10 V] 10 20 30
CHM difference [m]

overall smaller errors & uncertainty
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Minimal achievable uncertainty: application to real data

Ground topography
Airborne BIOMASS

DTM uncertainty sensitivity to range slope well assessed by this method

NIy -
L. Ferro-Famil & S.Tebaldini SUPAERDO \




Minimal achievable uncertainty: application to real data

Tree height

Airborne -~ BOMASS

L. Ferro-Famil & S.Tebaldini



Minimal achievable uncertainty: application to real data

L,
GVR L= I, + 1,

Airborne 025 _ OASS

0.25

0.2 0.2
10.15 10.15
10.1 10.1

0.05 0.05

L. Ferro-Famil & S.Tebaldini



Synergistic use of priors

Tomographic Phase:
7 x 3-day repeat
15 months for global coverage

Interferometric Phase:
3 x 3-day repeat; 7 months for global coverage
= 4 years time series

PolTomoSAR

DB-Pol-InSAR

Synergistic use of priors

Inject Tomo DTM estimate prior

...to improve Dual Baseline Performance

Height

L. Ferro-Famil & S.Tebaldini




Synergistic use of Tomo DTM prior in Dual Baseline process

Ground topography

DB InSAR using z, Tomo prior

ISde /“‘
L. Ferro-Famil & S.Tebaldini SUPAERO




Direct Model: Random Volume over Ground

Tree height

DB InSAR using z Tomo prior
[ i i W [ 5 i ] | 4 I # 5
’ 1 'y
fi : q\ ? , *\ 4.5 ¥ i’: Iu 4.5
ik 'Er ! ML ] 4 4
= 1F r;IH O b
-WH L s !5
o i{ ;
i e i | | |
M.u:l i b 3 3
| =' |l 4 {h ll 2.5 2.5
QFI \
L} P y 2 | 2
'
' |: _ : 1" 14 1.5 1.5
P 0.5 0.5
e _'R’ 1o
‘f" S S ﬂ'.-". 0 0

DTM prior . moderate improvement of tree height uncertainty

ISde /“"
L. Ferro-Famil & S.Tebaldini SUPAERO




Direct Model: Random Volume over Ground

I+,
using z, Tomo prior

GVR

0.3 0.3
0.25 0.25

10.2 10.2

10.15 10.15
0.1 0.1
0.05 0.05
0 0

DTM prior - strong improvement of GVR uncertainty
Important for ground and forest volume characterization

- Isae =~ geseio ({5
L. Ferro-Famil & S.Tebaldini SUPRER D A 42




Analysis of forest
using Polarimetric SAR tomography

Full-Rank specan techniques
and
SKP algebraic decomposition

L. Ferro-Famil & S.Tebaldini



Need for full-rank Polarimetric SAR Tomography

SAR resolution cell

TomSAR resolution cell

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

Mixed scattering
mechanisms
- full rank
polarimetry

ﬁI:l.

:

L. tosiman

Intensity Rank 1 polarimetry (Pauli)  Full rank polarimetry
o(X,r) k(x,r) T(X,r)

L. Ferro-Famil & S.Tebaldini



Need for full-rank Polarimetric SAR Tomography

Multibaseline polarimetric SAR tomography

MB SAR Tomography Polarimetric MB SAR Tomography

Reflectivity . N\

TomoSAR : reflectivity

L. Ferro-Famil & S.Tebaldini



Full-rank Polarimetric SAR Tomography

-
I8 [Pol_Space_Paulitemographic_coherences] (importée)-7.0 (Couleur indexée, 1 calque) 3677x2957 ~ GIMP

age Image Calque Coulewrs Outils Filizes Fenétres Aide

M PolSAR images vii (w1, w)
Y1 | E
yps = |y2| € C*V "
Y3

Vij (w37 wk)

Full rank analysis strategies
o Full-rank P-Capon (LFF et al. 2012) i

[+]Pel_Space_Pauli tomographic_coherences.bmp (3

Rps — o(2)T(2) R, c CMxM
o SKP decomposition (Tebaldini 2009)

Rpg = ZTR; ®Rg, — ZO‘@(Z)TPZ.

L. Ferro-Famil & S.Tebaldini



Full-rank Polarimetric SAR Tomography

I [Pol_Space_Paul_tomographic_coherences] (mportée)-7.0 (Couleur indexée, L calque) 3677x2957 - GIMP

Fichier Ediion Sélection Affichage Image Calque Coulewrs Outils Filizes Fenétres Aide

Polch. 1 7vij(wi,wg) |
= 4 4 @

BT

Pol ch. 2 Yij (w2, wy,)

Pol ch. 3 Vi (ws, wy)

25 [+]|Pol_Space_Pauli_tomographic_coherences.omp (826 !\I)J

i
Rzy c (CMXM

Combined
| e spatial & polarimetric
] correlations
1
ISde /“"

L. Ferro-Famil & S.Tebaldini SUPAERO



Full-rank Polarimetric SAR Tomography
Single-pol or rank-one polarimetric CAPON

SPAN (norm ) PAULI

Y

5
=i

Wi

o 120 153 200 onk 2ac 220 &md Lr i 1o (s 20 i o \.'IZIJ b el #00
range bina
T33 (norm)
15 y
I |
10
Z z I
!
A '
' \
n [ ’
=K
I L § I v
Wl o H  §-H0 B L] o i) HLTLE ] i T

range: bins
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Full-rank Polarimetric SAR Tomography
Full-Rank Polarimetric CAPON

SPAN (norm

rv

50 170

L. Ferro-Famil & S.Tebaldini




Full-rank Polarimetric SAR Tomography

FR-P-CAPON over the Dornstetten temperate forest at L band
SPAN (norm H-alpha classification

rlng.l bins i w bins
Wishart classification

50 14 130 a0 250 304 %0 ol
rangs i

L. Ferro-Famil & S.Tebaldini



Full-rank Polarimetric SAR Tomography

FR-P-CAPON over the Dornstetten temperate forest at L band
Pauli Van Zyl

L (] 134 ] 40 00 LT A0t
ranga bins

Pauli Yamaguchi

& 100 180 2000 240 5 R ]
range bins

L. Ferro-Famil & S.Tebaldini

Valume Van zyl

’ range bing
Volume Yamaguchi




Full-rank Polarimetric SAR Tomography

Under foliage vehicle detection using FR-P-CAPON and POLSAR
techniques

Double-Bounce intensity esimated by
Freeman decomposition at different heights

10 M 40 B

Tm

L. Ferro-Famil & S.Tebaldini



Full-rank Polarimetric SAR Tomography

3-D SAR imaging using PolTomSAR

zZA

s | #

[

Antenna array formation at
each (x,r) position

25000

.. TomSAR resalut'iun ceIIE “"":

Polarimetric SAR Tomography
(PolTomSAR)

AT e L) e =]
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Full-rank Polarimetric SAR Tomography

RVoG characterization using PolinSAR

InSAR configuration Forest response RVoG modeling
s R i
|g ' . I =
1 d .;Z ¢
- zt
_ 2)
| IMJ{PDI.‘J
1z b f4(z)
Model ertical Phase-Profile

e Vertical structure: f(z)= f.(z) + f.(2)

ik z
@ Coherence: v = Jrf[f:ﬁj;di “ =Ly, + (1-1L)y,

Volume-Contribution-Ratio (VCR): L= 2
v1ig

Yv, Ve, L estimation — PolInSAR: ~v(pol) = L(pol)~. + (1 — L(pol))=

o
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Full-rank Polarimetric SAR Tomography

Using Multi-Baseline inSAR: TomSAR
TomSAR configuration Forest response RVoG modeling

Ground Walurme
reaponEs rESpOns:

| Z b
4 zt
" _ f(2)
[ﬂq: {pol)
+
dzg o fo(2)
Model ertical Phase-Profile

Spatial baseline diversity: M(M —1)/2 coherences

[ f(z)ef* 1274z
A ! Polarimetric diversity
: required for separating
k. z A . —
"}"IM — fﬂz}eﬂj W de — f{z) ﬂ(Z)/f(Zjl

k= z
flz)e (M—1)M 45
YM—1)Mm = ! i
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Full-rank Polarimetric SAR Tomography

Using PolTomSAR

TomSAR configuration Forest response RVoG modeling

Ground i e

 Z b
1zt
¢|, _f'.rl:z}
[aq:tpcru
12 f,(2)
ertical Phase-Profile
[ Vw2 ] [ Y2 ]
ym(pol) | = L(pol) | |+ @ =L(po) | Yeu
-’TI:M—I}M[DDU- L7 Ving — 1) - L Sind — 1) -

PolTomSAR covariance matrix

’Fﬁ{pﬂll,z,a) — |Rp_s=C; @R +C, ®R, | € pAMRM
SKP2-decomposition

r
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L. Ferro-Famil & S.Tebaldini SUPAERO

Full-rank Polarimetric SAR Tomograph;

Ground-volume decomposition implies:

Separation of Structural Properties
=> Separated Tomographic Imaging of Ground-only and Volume-only Contributions

Ground Volume

- -10! -10
200 600 1000 1400 1800 2200 200 600 1000 1400 1800 2200 200 600 1000 1400 1800 2200

Separation of Polarimetric Properties

=> Evaluation of the Ground to Volume Backscattered Power Ratio for each polarization

P-Band HH P-Band HV L-Band HH L-Band HV

1538~




SKP Decomposition

General procedure for ground and volume decomposition
Approximate W by retaining the first two KPs of the SKP Decomposition
Choose the proper values of a, b :
1. Select values of 4, b that give rise to (semi) positive definite R, R, C,, C|
—> physical validity of the solution

Dl Optimize some criterion in order to pick a unique solution

Region of physical validity for the ground and volume coherences in the interferometric pair
formed between tracks 1 and 2 (Numerical simulation)

Coherence Locus — N =2

Single Baseline case :
17 . . A .
o8 The region of physical validity is formed by two
! branches, spanned by the parameters a, b
g o) The union of branches a, b results in the same region of
g 02 physical validity as in PolInSAR
= 0
.gb -0.2]
E
0.4
0.6/ Physically valid solutions © True Volume Coherence
-0.8]
P Branch a
1 -08 060402 0 02 04 06 08 1 Branch b © True Ground Coherence )
real part )
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SKP Decomposition

General procedure for ground and volume decomposition

Approximate W by retaining the first two KPs of the SKP Decomposition
Choose the proper values of a, b :

1. Select values of 4, b that give rise to (semi) positive definite R, R, C,, C|
A physical validity of the solution
Dl Optimize some criterion in order to pick a unique solution

Region of physical validity for the ground and volume coherences in the interferometric pair
formed between tracks 1 and 2 (Numerical simulation)

Coherence Locus — N =3

Al Multi-Baseline case : the region of physical validity
08! tends to shrink, depending on the number of available
0.6 tracks
T 04
(=9
>, 0.27
o
£ 0
& 0.2
g
-0.47
L) Physically valid solutions © True Volume Coherence
-0.8
4l Branch a
L . @ True Ground Coherence
-1 0.8-06-04-02 0 02 04 06 08 1 Branch b )
real part )
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SKP Decomposition

General procedure for ground and volume decomposition

Approximate W by retaining the first two KPs of the SKP Decomposition
Choose the proper values of a, b :

1. Select values of 4, b that give rise to (semi) positive definite R, R, C,, C|
—> physical validity of the solution

Dl Optimize some criterion in order to pick a unique solution

Region of physical validity for the ground and volume coherences in the interferometric pair
formed between tracks 1 and 2 (Numerical simulation)

Coherence Locus — N =10

| Multi-Baseline case : the region of physical validity
08l tends to shrink, depending on the number of available
06 tracks
g ull > The higher the number of tracks, the easier it is
e 0': to pick the correct solution
=
2 02
E
-0.4
-0.6/ Physically valid solutions © True Volume Coherence
-0.8
a4l Branch a
) 0 5 ) 45 1) G0 001 6 B { Branch b © TrueGround Coherence
real part )
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Case Study

BioSAR 2007 - ESA  |i &

System E-SAR - DLR

Period Spring 2007

Site Remningstorp, South
Sweden

Scene Semi-boreal forest

Topography Flat

Tomographic 9 - Fully Polarimetric
tracks

Carrier 350 MHz

frequency

Slant range 2 m A B
resolution ,
Azimuth 1.6 m

resolution

Vertical 10 m (near range) to 40 m e

resolution (far range) e

L. Ferro-Famil & S.Tebaldini



Case Study

Reﬂect1v1ty (HH) : Average on 9 tracks

50
Reflectivity (HH) — Average on 9 tracks 40
ST el TG B - E
: £ 200 600 1000 1400 1800 2200
1 E c[;]:
5 , , ,_ o Capon Spectrum - HH
g azimuth 50
“ 40
The analyzed profile is almost totally forested, 30
except for the dark areas £ 20
= 10
20 o
HH: 2
Dominant phase center is ground locked 200 b LU e 1800 2200
Vegetation is barely visible Capon Spectrum - HV

LIDAR Terrain Height
LIDAR Forest Height

Similar conclusions for VV

HV:
Dominant phase center is ground locked
Vegetation is much more visible

height [m]

200 600 1000 1400 1800 2200

slant range [m]

L. Ferro-Famil & S.Tebaldini



Case Study

‘)
Model validation: W =C,® R +C ®R,

Methodology: | W, =arg mm[HW - W, J
evaluation of the error between the sample covariance matrix W ’
and its best L2 approximation with K = {/,2,3,4} KPs W- W,

error = - =

Remark: the best L2 approximation is obtained simply by W p
taking the dominant K terms of the SKP decomposition

1 Percentage of Information |
- : I ARG AN
W- W, <0.1{W T N L AN
F F ol Y il |
o skl J -
> 90 % of the information can 07 K=2 - v
be represented by the sum of 0.65 K=3
. K=4 -
JuSt two KPs 200 400 600 800 1000 1200 1400 1600 1800 2000 2200
slant range [m]

L. Ferro-Famil & S.Tebaldini



Case Study

height [m]

Significant contributions from
the ground level.

Volumetric scattering at the
ground level

Consistent with:

*  Backscattering from
understorey or lower tree
branches

*  Multiple interactions of
volumetric scatterers with
the ground

height [m]

L. Ferro-Famil & S.Tebaldini

Ground

Residual volume
contributions visible
above the ground

800 1000 1200 1400 1600 1800 2000 2200
slant range [m]

Volume

600 800 1000 1200 1400 1600 1800 2000 2200
slant range [m]

LIDAR Terrain Height
LIDAR Forest Height

15 =~

SUPAERO




Case Study

Ground

Improved volume
rejection

height [m]

800 1000 1200 1400 1600 1800 2000 2200
slant range [m]

Volume

Volumetric contributions from
the ground level are partly
rejected

height [m]

Backscattering contributions
from the whole volume structure
are emphasized 10

600 800 1000 1200 1400 1600 1800 2000 2200
slant range [m]

LIDAR Terrain Height
LIDAR Forest Height

. o 1Sae =~ ESBID
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Case Study

Ground

Improved volume
rejection

height [m]

800 1000 1200 1400 1600 1800 2000 2200
slant range [m]

Volume

Improved ground rejection

Backscattering contributions
from the whole volume
structure are emphasized

height [m]

800 1000 1200 1400 1600 1800 2000 2200
slant range [m]

LIDAR Terrain Height
LIDAR Forest Height

. o 1Sae =~ ESBID
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Case Study

Ground

Improved volume
rejection

height [m]

200 400 600 800 1000 1200 1400 1600 1800 2000 2200
slant range [m]

Volume

Ground contributions rejected

Contributions from the lower
canopy are partly rejected

height [m]

Backscattering contributions
from the upper volume
structure are emphasized

800 1000 1200 1400 1600 1800 2000 2200
slant range [m]

LIDAR Terrain Height
LIDAR Forest Height

L. Ferro-Famil & S.Tebaldini



Case Study

Ground
60
50 Maximum volume
40 rejection
E 30
S 20 Ground structure is
(4}
o maximally coherent
0
-10
800 1000 1200 1400 1600 1800 2000 2200
slant range [m]
Volume
60
Ground and lower canopy 50
contributions are rejected 20
E 30
Only upper canopy 5 1
contributions are visible o
0
Volume structure is maximally

800 1000 1200 1400 1600 1800 2000 2200

coherent slant range [m]
Volume top height is nearly invariant to the LIDAR Terrain Height
choice of the solution, therefore constituting a LIDAR Forest Height

[ ——

robust indicator of the volume structure

L. Ferro-Famil & S.Tebaldini
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