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* From 3-D SAR Imaging to the Beamformer
* PolTomSAR imaging using 1D Specan techniques
* Advanced PolTomSAR imaging using Specan
* Polarimetric TomoSAR tomography
Full-Rank specan & and SKP decomposition

* Spaceborne 3-D imaging using correlation SAR
tomography
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From 3-D
Synthetic Aperture Imaging
To the Beamformer
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2-D SAR impulse response

2-D focused signal (x-r domain)

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

1a>r.:p(—_,,r'1—7T rn) — two-way propagation phase
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2-D SAR imaging

SAR imaging: coherent integration of a reflectivity density

AT

s(z,r) = /ac(:c', v VR(x — 2,7 — 1) e IR A T o ' du

s(x,r) %/ac(:r;,r, v) e Iker) 4y
C




3-D SAR imaging
z 2 Additional aperture in elevation:
. 2-D - 3-D focusing

s(z,y, 2 ZS" z,7(y, 2 )ejkcr(y,Z)

\

SAR resolution cell
z n
1 < TomSAR resolution cel

Vertical aperture : Liomo

Resolution : 4, = d,sin & with §, = E—i‘ti




3-D SAR imaging

SAR resolution cell

TomSAR resolution cel

Interpolation
HF term




3-D SAR imaging

M
Co-registration on a reference plane  s(z,y,2) = » _ s;i(z,7(y, 2)) e/* )
1=1

Valid for 2 € zpof = Azyqar/2
z e Discretization
J 3 M -
NN-interp.
S| e M
> s(x,y,z) = Z si(z, i, ) et
0 M i=1
Ty R T, T ka2
Flat earth Elevation

After Compensation
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3-D SAR imaging

3-D Synthetic Aperture imaging
M

Sy 2) =Y s, ) et

=1
Filter-like formulation for a given resolution cell

Coregistered Y1 | 5 (z, Tlref)
Resampled _ _

Flattened = Y= B

SLC data ym]  sm(, 7))

Steering vector

S(Z) :aH(Z)y a — [1’e—jkz2z,”.7e—jkzMz]T

3-D Fourier imaging is equivalent
to the Beamformer spectral analysis method




PolTomSAR imaging
using
Monodimensional
Spectral Analysis Techniques
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Intuitive interpretation of Beamforming

Estimation of a single scatterer: INSAR way

Sy = a6+ | [ = Ll

s1 = ace’s A¢ = arg(sqs?
1 :>{ ¢ g(s257)
2

Estimation of a single scatterer: linear filtering way

y= | 2@ = || [r0)= P =2

_, [Ad = argmax, | (4)[2
I=|f(Ag)?

* Phase estimation - linear filtering & search

 Filter output: reflectivity

- a(¢) steering vector: Discrete Fourier Transform filter 1
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Intuitive interpretation of Beamforming

Estimation of several scatterers: MB INSAR way
Ny
€, ik
{81,-..,8M}, Sy = E e, ejgt el Fzm Zt - 299
t=1

Estimation of several scatterers: linear filtering way

S1 1 :
| a(z) ' L Gy Y i
o ® al\z) = . Z)h= —
y anli s g A7 v
SM ejk'zMz
1 1
08 0.8
0.6
0.4 lh‘wf m\
N 2 = argmax,, | f(2)]? il |
Iy = ‘f(ét)|2 b)
0.8 0.8
« Tomographic focusing: spectral estimation problem Ej :j
« Estimation quality: depends on MB-IinSAR configuration “-z M\[‘ /| ﬂ-j oy
0 50 100 0 50 100




Tomographic imaging using specan

Acquired signal (single scatterer)

y = a.a(z)+n
with a(z0) = [1,eF=2%0, . eFm0]T

Second order statistics

y(l) = ac(la(zo0) +n(l) I=1,...,L

L
~ ~ 1
R = E(yy”) = PRP R = i ZYU)}’H(Z)
=1
Y28 ] T YiM |
VI i b REd LR T YoM




Tomographic imaging using specan

Acquired signal (single scatterer) Linear filtering (fast)
V= gealm)tn f(v) —VHy—i”*y'
with a(,:::c.) _ [L e;kzg,:gj . VLESY: :D]T - i Ji
Beamformer
VBF = %

* Unbiased: E(f(v)) = a.
- BF maximizes output SNR atz =z,
* Use:
-compute Pgr(z) = E([vip(2)y[*)

- estimate parameters from the max

0 0.2 04 06 08 1 12
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Tomographic imaging using specan

Uniform baseline sampling
B,.=(-1)B,

g = Ky, =

a(z) = [Litkes, . I M1k

k.B |
rsinf

Spectral sampling: dk, =

Spectral bandwidth: Ak, = Mdk,

Ideal response  y = q.a(z)

Fast
= |ag| |aH(Z)a(ZO)| _ lac| |sin(mAk,(z — z0))| /

| f(2) M M |sin(ndk,(z — 2z0))| *—

M times Slower
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Tomographic imaging using specan

Ej(ﬂ»f—l}dkz:]’f

Uniform baseline sampling a(z) = [1,e79%==

Fast - resolution
— o, l2T@aG0)| _ Jacl | sin(rAk (= — z0)) e
’ M M |sin(rdk.(z — 20))| q—__

Slow - ambiguity

£ (2)

Spatial features of a tomogram

50

* rapid oscillations: resolution 45

35

 band-limited: sidelobes

30

 sampled spectrum :

spatial ambiguities s Zamb’
20
15 0z
5, 2 _2r 5. Famp | " w
P= A =g =0 s
0 | | |
0 06 0.8 1
If]
M=6
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Tomographic imaging using specan

50
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451
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35 a5l
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Tomographic imaging using specan

50

Eo BJ_ : ESO, BJ_ 2
M=6 E /
0 Rule of a thumb >

Ak}ZOCMBJ_ 0

0 02 0.4 Zamb > zzmax 04 06 08 1 12

453

BJ_/Q 30 BJ_

0 02 04 0.6 0.8 1 12 0 L L L L
Ifl 0 02 04 06 08 1 1.2
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Tomographic imaging using specan

Beamformer features Capon's approach

* Excellent statistical accuracy * Also alinear filter (fast)

* Aims to minimize spatial

* Fourier resolution (depends on Ak) perturbations & sidelobes

« Cannot handle closely spaced scatterers

Capon's solution: constrained beamformer

Minimize output power, with unitary gain at the height of interest

ve = argmin E([v?y[*) s.t, vfa(z) =1

\%

R_a(2) R = B(yy")

VvV =

all(z)R—1a(z)




Tomographic imaging using specan

50 T T T T T 50

T T T T T
—BF L —BF
45§ —— CAPON [ 45 L — CAPON ||
true true il
_ ! ol =— ]
o~ e

357

301

257

Z[m]

20
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i

1 1 1 1 1
0 0.2 0.4 06 0.8 1 1. 0 0.2 0.4 0.6 0.8 1 12
Ifl Ifl

« 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




Tomographic imaging using specan

Irregular baseline sampling: logscale distribution

T el—

e

* BF: strongly affected by ambiguities

 CAPON: unsynchronized ambiguities are considered as perturbations and

filtered. Good resolution performance preserved




Tomographic imaging using specan

Over speckle affected environments

¢ Qe = VHy iIs @ Random Variable (1 realization is not representative)

Power Spectral Density: Intensity

P(z) = E(lac|*) = E([v"y[*) = v/ Rv

Po(z) = 2R |y =

In practice | L
n _ H
R=p 2y v

BF: quite stable w.r.t L

Capon may suffer from a poor covariance matrix conditioning

= Diagonal Loading R=R+ aIM, a >0 2




Tomographic imaging using specan

Tropical forest profile at P band with residual phase errors

BF

=pm} 100 150 P m | =50 Soo =g m

Capon

=gm 100 150 == a0 ==0 SO0 SS=0a

'RENN&
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Tomographic imaging using specan

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

(a) Optical image (b} SAR

25

20
— 15
% £ =
= 10 T T
E - = £

o

100 110 120 130 140 150 i00 110 120 130 140 150 i00 110 120 4130 140 150
BF CAPON MUSIC

- Strictly speaking, Capon's technigue is not HR, but is very convenient
- MUSIC (and some other techniques) is HR
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Case study: BIOSAR 2 data

Forest height HH intensity

4400 4400

4600

4800 §

range [m]

5000

range [m]

5200 &

-100 0 100 200 300 400 500 600 700

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

azimuth [m]

o)
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Case study: BIOSAR 2 data

arg(7i;)

|’}’v;j|




Case study: BIOSAR 2 data
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b=
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range [m]
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Case study: BIOSAR 2 data

CAPON: processing OK ?

HH
=
o -y e rl i | &
E-" | | 1| l|'||“fllr L] J.wll' !lll Hr |I|'I||Ilh|||. '”Mﬂ.{#‘dh"ﬁﬂ
4400 4B00 4800 L0 L0 b (0
range [m]
H
=
= 1 \l “'Irlllr' LY [ f L 'I"“ lr' I| N
E TRl T A L \ .LHI \ I'-Y*I' W I‘ﬂﬂ"h,“l' ﬂﬁ“‘#
4400 4600 4300 B L0 b4
range [m]
Wy

height [m]
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Advanced
PolTomSAR imaging
Using Specan methods
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PolTomSAR analysis of complex environments

Ideal scatterers (D sources)

e
—
—
e

A(z)s (*‘) +"(*‘)
Az) = [a(z1),...,a(z0)]

Fluctuating scatterers

e s(/) = +/o @ x(/) varies over the M inSAR
@ acquisitions

* M coherent acquisitions ¢ Observed signal

y=1[n,...,ym]"

e Steering vector y(/) = Z Voixi(l) ©a(zi) +n(/)

a(z) f— [l’ef-‘fzz-‘f’ “eey ejkzME]T
e InSAR coherence matrix: R;; = E(x;(-")xi(-")T)

Xg — I(MKI} u; ""*"N 0 Ru

MB-InSAR signal models




PolTomSAR analysis of complex environments

UM: Speckle-affected distributed scatterers

Roof scattering Truck top Rough surface

i Yolume scattering
scattering scattering

CM: Deterministic scatterers

Wall-ground reflection Double bounce Ground-trunk coherent point
reflection reflection scatterer

= ™t i _=E= ==
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PolTomSAR analysis of complex environments

Single source b =

e POLSAR unitary target vector
k = [ki, ko, ka] ", kTk =1

e Polarimetric steering vector
a(z,k) =k ®a(z)

e 3-M element MB-POLInSAR signal
y1(/)

ye(l) = | y2(l) | =s(la(z,k) +n(/)

ya(/)

D sources

e Polarimetric steering matrix
A(z,K) = [a(z1,k1),...,a(zp,kp)]
e 3-M element MB-POLInSAR signal
yp = A(z,K)s +n

"FENISEER B0 ERES)
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PolTomSAR analysis of complex environments

Discrete case (/Nssources) Continuous case
||,Eiy“” |'l°:iﬂh1Jl
» ' . I— . . \
Heights: 2 .o Reflectivity: 6(z) /’I
o Reflectivities: o — . . _ -
) e Polarimatric mech.: k(z) C
e Polarimatric mech.: K . ~
Reellectivity Reflectivity

Practical implementation

e Parameters estimated from R = %Zle y(Ny('

e N,: estimated using MOS techniques
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PolTomSAR analysis of complex environments

Nonparametric estimators

Beamforming

2 = aJF z Aa z o(z) = s
o(z) =a'(z)Ra(z) (=) a’(z)R 'a(z)

@ Continuous, fast & robust

@ Limited vertical resolution

Parametric estimators (N sources)
MUSIC: subspace based 1-D method Maximum Likelihood (ML) estimators
1 ) ® (z,6,0,) =argmax L(z,0,0,)

el c Deterministic ML (DML)
@ =
o« & =argmins|| Y, y(/) — AZ)s|? cm = TERETmImEte
e Lyy = Stochastic ML (SML)
@ High resolution & relatively fast (1-D)
@ Unadapted to CM scatterers

® Z=arg maxpec,, (

@ High resolution

@ Computationally intensive (Ns — D)
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PolTomSAR analysis of complex environments

Subspaces (V; sources)

A(z)SA(z)" + ol
— E.N.E] +0,E.E]

R =E(yy")

e Signal subspace: E; = A(z)T
 Noise subspace: EJA(z) =0

Weighted LS subspace fit
e R=E.A.El +E,ALE] N,
 Signal subspace fitting (SSF): 2z, T = arg min ||Es wi/? —AT||2F
F): 2

» Noise subspace fitting (NS = arg min ||W,, 22 ElA|%

Weighted Subspace Fitting (WSF) Estimators

Weighting matrix | Method | Performance

Weg =Wy = | A MUSIC @CM scatterers

Ws = A — %1, Wy = R, DML @close CM scatterers
Ws . = (As — a®1)* A SSF ©Optimal CM/UM scatterers
Wi ope = (ATES(As — 0?1)2A, EIA)~1 | NSF ©Optimal UM scatterers




PolTomSAR analysis of complex environments

Influence of vertical resolution, dz and source correlation p

SNR = 20dB, vertical resolution §z = 30/M (m)

" $ . " " $ " " $ & " " 3 "
- T i -t i T - T

1074

----- CAPON
——MLUSIC
—8—NSF
—— DML
SML
——88F
10%F
E
w
w
=
@
107 - 8
1072
10'3 L 4 L L L 1[)'2 I ! I 2 I 3 1 I 1 I
0 50 100 150 200 250 300 05 1 1.5 2 25 3 3.5 4
L Az [m]
p=0ANz=4 ‘m M =3, p =0.995 (outer). p = 0 (inner)

» M, p: huge influence on tomographic performance. Non-parametric
methods: unadapted

» ML and WSF: can cope with high-correlation cases (urban areas).

» NSF and DML: may reach limitations a0
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PolTomSAR analysis of complex environments

Influence of polarization diversity

10! —+——+

]
\
[}

1

i

i \
1

L]

]

]

RMSE[m]

.ID—E ! 1
0 0.2 0.4

0.6 f 1
H value

Single-pol processing: most (solid) and least (dashed) favorable cases

» Deterministic PoISAR response (H = 0):

polarimetric processing may provide a huge gain
» Unpolarized responses (H = 1):

same performance than single-pol processing

_I‘+_l-

| = = =5

2N
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PolTomSAR analysis of complex environments

Required spectral estimation method

Method selection

» High-resolution & able to cope with p~ 1
» Adapted to low M values & polarimetric
= Polarimetric Weighted Signal Subspace Fitting P-SSF

Optimization criterion
7. K = arg max Q(z, K)

v

with Q(z, K) =tr(Pa, x, M)

= Np x N-D search!

Proposed solution: Polarimetric Alternating Projections

P lterative 1-D search: alternating directions

» Polarimetric optimization at each step: i
constrained beamforming o |

= Generalized eigen-decomposition

= ™t i =EsllssFEFNppIlIS = &



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 H.m
10 m 55-73 m
40 m 14-18 m

3 PolSAR images

T - = ’ Ry



Polarimetric SAR tomography over urban areas

g 5 Single scattering (top of the canopy)

.. ground

Multiple scattering

ORI Double bounce
kT Scattering on Scattering on

- arough surface a smooth surface

4 Double bounce ‘

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

e 3 images
= Ns — 2

= r=+ e x =—o [ R

= ™t i _=E= ==



Polarimetric SAR tomography over urban areas

py

-
a3 S
; W 2,847
. L ;o B
i 3 b P -
- - . o . ! -=- |
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Polarimetric SAR tomography over urban areas




Polarimetric SAR tomography over urban areas

Building reconstruction

LiDAR

Estimated by FP-NSF
(Ns = 2)

z[m]

Google map

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




Polarimetric SAR tomography over urban areas

Building reconstruction

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 2756 | 278 | 2756 | 273 | 161

L EE g
His

=t miall aE=11 ==



Polarimetric SAR tomography over urban areas

Full-rank polarimetric Capon tomographic estimator

» Classical unitary-rank PolTomoSAR k(z) € CY¥ed
» Full-rank PolTomoSAR

o~

T(z) with T(z) =E(k(2)k"(2))

3-D H, 1** source

—
w

Height [m]
h o w o
Height [m]
— n
[ (=1

=]

20 40 60 80

100 120 140
Ground range(bin]

50 100 150
Ground range(bin]

200 250

N
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POL-TOMSAR IMAGING OF CONCEALED 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 blasellineldijstribult]qn |
oo}
"E" 1005
¥
£ F
4 of
'E —IDl'JE
-zuu;

AZlmuth sample pluel

Y.; Ferro-Famil, L. & Reigber, A. "Under-Folia
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POL-TOMSAR IMAGING OF CONCEALED OBJECTS

VV refectivity tomograms

'F ‘_'_'WT"?"_

. “L‘LJ“‘ t."“bb

Capon :

limited resolution
= overestimated H: ek

Model Order

> B O

100 150 200 2680

MUSIC :

@ Sub-canopy truck i MUSIC
= hybrid scatterer .

O

S0

@ Uncovered
—> coherent scatterer

o
O

@ Spurious sidelobes.
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POL-TOMSAR IMAGING OF CONCEALED OBJECTS

High Resolution tomograms of underfoliage objects

SSF : shape and reflectivity FP-NSF : scattering mechanisms

i5e
150 /
150
: [y T range I | range
250 .IGD 0 a0 100 150 I“H]EEIEI 2500 100
Under-foliage truck Truck on ground - Under-foliage truck

— 0 10 20 30 40 5% 60 70 80 80
ol T T




POL-TOMSAR IMAGING OF CONCEALED OBJECTS

Sparse (compressive) sensing solution

- a few wavelet components

- a few discrete contributions

min, |[Bp||; subject to  [[R—R|[p <e R = A(z) diag(p)A* (z)
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(b) MUSIC

1 L L L i
50 100 180 200 250

(¢) Proposed method with merging

20 .

16 &

10

- =) 1w 1s0 250 OO0 0 350 AD0 450 SO0

(d) Ground and underfoliage scattering (p.) estimated by proposed
method with merging

i — ‘_:,,‘ ——— f
) LV’“ i r

(e) Canopy power (p.) Lk1|ll1-llu| by proposed method \\11h merging

POL-TOMSAR IMAGING OF CONCEALED OBJECTS
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(d) Ground and underfoliage scattering (p,) estimated by proposed
method with merging
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Tropical forest characterization

Tropical forest test site and objectives

TropiSAR Campaign, 2009 The ECOFOG Sites

() Nouragues
@ ONERA SETH' @ Paracou
e P-Band @® Arbocel
The Calibration site
* 6 tracks @® Rochambeau
s 532 = 1.245m [} Other site
0rg = 1m @ Marais de Kaw

e ), =12.5m
e Ground truth

e LiDAR data

e Biomass measurements

'F,Dr 16 RO|5 Courtesy ONERA
Objectives

e Tree height,underlying ground topography estimation

e Forest vertical structure characterization

e Biomass monitoring

= ™t i _=Em=mll==="k ] =4+



Tropical forest characterization

Tropical forest test site : Paracou

Optical image SAR image LiDAR ziop
| i ¥ i ‘l!' . N VBT RS

|
%{31‘

e Tropical forest environments
(savannah, undisturbed forests, logged plots...)
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Tropical forest characterization

Tree height and ground topography estimation

Hybrid spectral aPPf_Q_?Ch_ -

- g
R h ¥
£ s
L
b il

range —p : o %
s .

e Estimated profiles match LiDAR

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

Aé_é'a o B & B

. . b & B - 3 kR



Tropical forest characterization

LiDAR data (ground range) zg, Ztop d Ml 55t H, d o
ZE' ztop : Hv
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Ztop

TomSAR

LiDAR

Tropical forest characterization

TomSAR

TomSAR-LiDAR [m] | Mean | Std
Az, 0.005 | 4.6
Az 1.6 7.4
AH, 0.9 Ful

I ™+ - = - ] = -
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Analysis of natural volumes
using Polarimetric SAR tomography

Full-Rank specan techniques
and
SKP algebraic decomposition




Need for full-rank Polarimetric SAR Tomography
SAR resolution cell

n
TomSAR resolution cell

Mixed scattering

mechanisms
- full rank

polarimetry

: =
St S :is —— o
Rank 1 polarimetry (Pauli)  Full ranlz pc;larimetry
T(X,r o4

k(x,r)
= owm === | om s 3

Intensit
o X,r)y

= ™t i -



Need for full-rank Polarimetric SAR Tomography

Multibaseline polarimetric SAR tomography

MB SAR Tomography Polarimetric MB SAR Tomography

TomoSAR : reflectivity

-0 ™4 iz = ] == ™
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M PolISAR images

Vij (w1, wk)

Y1
yps = |y2| € C*M
Y3
YVij (w2, W)
Ri1 Ri2 Ris
Rps = Ro2 Ros
R3s

Vij (w37 wk:)

Full rank analysis strategies

o Full-rank P-Capon (LFF et al. 2012)
Rps — 0(2)T(2)

o SKP decomposition (Tebaldini 2009)

Rpg = ZTR‘ 0% Rgi — ZUi(Z)TP%.

-1 ™+ = -

| = - =
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Single-pol or rank-one polarimetric CAPON

SPAN (norm . _ PAULI

fo o 120 152 200 fatc ) 30c 350 k] o g 154

2 el e i} b il 400
range bins

T33 (norm)
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Full-Rank Polarimetric CAPON

SPAN (norm

ry

]
L i T (B He i L=l N i
range bins

mean alpha



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

F : 00
range bins range bins

Wishart classification

R o 30 a0 250 304 %0 Lo
ramngn i



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

&0 00 1840 001 740 ;0
ranga bins

Pauli Yamaguchi

e 1o 150 o0 250 ¥
range bins

Volume Van zyl

E 100 150 P ) B p Lol Ac0

rangs bing
Volume Yamaguchi
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Under foliage vehicle detection using FR-P-CAPON and POLSAR
techniques

Double-Bounce intensity esimated by
Freeman decomposition at different heights

10 M 40 4B

Tm




3-D SAR imaging using PolTomSAR

zA

3 ._ :

a2

e

Antenna array formation at
each (x,r) position

25Kl

. TomSAR resolution cell g **|

220

- 4 2100 f

&0

Polarimetric SAR Tomography
(PolTomSAR)

L
ET. 5] [T WD LT

Slant range
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RVoG characterization using PolinSAR

INSAR configuration Forest response RVoG modeling
b
o _ Tz)
[a0(pe

l fy(2)
Model ertical Phase-Profile

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

kg o 2
@ Coherence: v = fﬁf:ﬁ:?&z “ = Ly, + (1 — L)y,

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

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

= ™t i _=Em=mll==="k ] =4+



Using Multi-Baseline inSAR: TomSAR

Forest response
I-S;:::ge Valurme

TomSAR configuration

[pro=anlp =

Model

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

f(z)e™r12 7 dz
Y12 = / ”Izu

F(z)ef 2 Z dz
Yim = [ fiz) Il

— f(2)

Jkz z
f(z)e (M—1)M" 47
YM—1)Mm = I i

..2

RVoG modeling

' f(2)

Imb (pol)

5(2)

ertical Phase-Profile

Polarimetric diversity
required for separating

fe(2)/f.(2)




Using PolTomSAR

TomSAR configuration Forest response RVoG modeling
Ground i e
| Z b
lzt
b _ (2
|20 o)
iz o fo(2)
ertical Phase-Profile
1 12 ] i hi"ll I
ym(pol) | =L(pol) | 7w |+ —Lpol) | e
_’}‘{M—l}m[PDU- L Yvin — 2y - LV g2y -

PolTomSAR covariance matrix

’}’if{F’Dll,z,a) — |Rp_s=C; ®R; +C, ®R, | € {AMEIM
SKP2-decomposition
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Ground-volume decomposition implies:

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

Ground Volume

22)0 600 1000 1400 1800 2200 2(_)0 600 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




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 a, b that give rise to (semi) positive definite R, R, C,, C|
—> physical validity of the solution

Di 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 :

The region of physical validity is formed by two
branches, spanned by the parameters a, b

0.8
0.6

§_ o] The union of branches a, b results in the same region of
g °':’ physical validity as in PolInSAR
éb -0.27
= .0.45
-0.6] Physically valid solutions @ True Volume Coherence
-0_-18 ! Branch a

A e @ True Ground Coherence
-1 -08-06-0402 0 02 04 06 08 1 Branch b 0
real part

)



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 a, b that give rise to (semi) positive definite R, R, C,, C|
A physical validity of the solution
Di 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
0.8 tends to shrink, depending on the number of available
06 tracks
L o4
(=7
> 0.2
g0
& 0.2
E
-0.4
0.6 Physically valid solutions © True Volume Coherence
-0.8/
4l Branch a
1 08060402 0 02 04 06 08 1 Branch b © True Ground Coherence

real part P

)




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 a, b that give rise to (semi) positive definite R, R, C,, C|

—> physical validity of the solution

Di 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

08 tends to shrink, depending on the number of available

0.6/ tracks
é 0.4/ >  The higher the number of tracks, the easier it is
¢ °'j to pick the correct solution
=
E
E
-0.41
0.6 Physically valid solutions © True Volume Coherence
-0.8
4l Branch a

e e @ True Ground Coherence
-1 -08 06 04-02 0 02 04 06 08 1 Branch b 0
real part

)




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

resolution

Azimuth 1.6 m

resolution

Vertical 10 m (near range) to 40 m
resolution (far range)

=1l T+l aE=E0==%"=5 1=+ ¥



azimuth

slant range

The analyzed profile is almost totally forested,

except for the dark areas

HH:
Dominant phase center is ground locked
Vegetation is barely visible

Similar conclusions for VV

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

Reﬂect1v1ty (HH) Average on 9 tracks

1000 1400

Capon Spectrum - HH

200 600 1000 1400 1800 2200

Capon Spectrum - HV

LIDAR Terrain Height
LIDAR Forest Height

200 600 1000 1400 1800 2200
slant range [m]




f)
Model validation: W =C, @R +C ®R,

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

error = - -

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

1 Percentage of Information

" WaRNANEA

V- W ) > A M

W = W2 < 01 : W 80.85 A / SNy | v

' ' E 0.8 \VM \ N\\v \U/ \1

| | Lo N | =

>90 % of the information can 0.7 K=2 \z

be represented by the sum of 0.65 K=3
_]USt two KPs 200 400 600 800 1000 1200 1400 1600 1800 2060 2200
slant range [m]

= I ™+l = E0 == | =4 ¥



Case Studies: BioSAR 2007

Ground

Residual volume
contributions visible
above the ground

height [m]

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

Volume

RPV

Significant contributions from
the ground level.
Volumetric scattering at the
ground level
Consistent with:

*  Backscattering from

understorey or lower tree

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

height [m]

*  Multiple interactions of
volumetric scatterers with LIDAR Terrain Height
the ground LIDAR Forest Height




Case Studies: BioSAR 2007

height [m]

Volumetric contributions from
the ground level are partly
rejected

height [m]

Backscattering contributions
from the whole volume structure
are emphasized

Ground

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

Volume

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

2200

2200

LIDAR Terrain Height
LIDAR Forest Height

-0 ™4 iz = W == ™ | ot s 3

Improved volume
rejection




Case Studies: BioSAR 2007

Improved ground rejection

Backscattering contributions
from the whole volume
structure are emphasized

=

-1 ™+ =

height [m]

height [m]

Ground

200 400 600 800 1000 1200

slant range [m]

Volume

600 800 1000 1200

slant range [m]

1400 1600 1800 2000

1400 1600 1800 2000

2200

2200

LIDAR Terrain Height
LIDAR Forest Height

L EE g
His

| = 4 +
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Improved volume
rejection




Case Studies: BioSAR 2007

Ground contributions rejected

Contributions from the lower
canopy are partly rejected

Backscattering contributions
from the upper volume
structure are emphasized

-1 ™+ =

Ground

height [m]

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

Volume

height [m]

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

2200

2200

LIDAR Terrain Height
LIDAR Forest Height

Cl R RO

Improved volume
rejection

RPV




Case Studies: BioSAR 2007

height [m]

200 400 600

Ground and lower canopy
contributions are rejected

Only upper canopy
contributions are visible

height [m]

Volume structure is maximally
coherent ) 200 400 600

800

800

Volume top height is nearly invariant to the

choice of the solution, therefore constituting a E

robust indicator of the volume structure

nm 1= - (] = -

His

Ground

1000 1200
slant range [m]

Volume

1000 1200
slant range [m]

1400 1600 1800 2000

1400 1600 1800 2000

2200

2200

LIDAR Terrain Height
LIDAR Forest Height

Maximum volume
rejection

Ground structure is
maximally coherent

RPV




Biomass estimation procedure

Main processing principle: Ground/Volume separation

PolTomSAR

data

A posteriori phase

calibration

Fol/Space
covariance matrix

decomposition

Tropical forest biomass estimation at P band (TropiSAR campaign)

Ground Pol/Space
covariance matrices

—
Volume Pol/Space
e

covariance matrices

Ground spatial
covariance matrix

-1 ™+

Tomography

1- Ground/tree-top height estimation

Volume spatial Tomagrapty

covariance matrix

\olume SKP2
solution

Tomographic
focusing

2- Refined Biomass estimation

< ST -:‘;:‘.ﬂ
A -1 *
It el
PR

Slices/canopy height
Adaptation

s
gt 5
&3
N

Estimated biomass




Forest vertical extent estimation procedure

Ground/volume separation
A posteriori phase SKP2 > Ground Pol/Space
PolTomSAR calibration PolfSpace decomposition covariance matrices
data Coveriance matrix 5. | Volume Pol/Space
covariance matrices
Ground topography estimation Tree top heigh estimation
F"; & TN
e
Ground spatial Temagraphy Volume spatial TRmograpty % :ﬁﬁ
covariance matrix > p covariance rr'am':n: g 4 -
H F'::"l.f"'-:::.':'.l L :r:‘i" . :‘\ﬂ
Qouter AR : i Z A TH0P
i eamforming —-_ Beanforming 21 ¢ Peld
~e —_— T o —_—
Zg Y 2.~ i
Plz) . P(z)
Vegetation height estimation
A, v
Geocoding -

RENNES 1
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Performance over Paracou

Ground topography retrieval

[P o S AR z Lidar G

20 400 AW &0 1000 10 200 410 80 A0 1m0 1A
Slant range [bin) Slant range [bin]

rmse = 2.3m ;

iz i [ban]
[

z_[m]

L L L L L
0 A0 AN am 00l 12m 41 A0 0 -wm @ m
Sant range [bin] OTRA )

rp = 92%

Canopy top height retrieval

i} 300 =1
=0 2500 m
1o 5 200 1
a E a0 o
1a L]
2 1o
20 ol
uu
an e
M 400 A00 200 10nd 1and ag 00 50 401 1odd v
Slanit range [bin] S ark range [bin)

b
B

Az th [k
i
B
z, [mj]

=
B

200 400 add aid 1030 1300
Slant range [bin| Cx=hst ]
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Performance of biomass estimators

[=]
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= 400
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2 300
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Assessment of Spaceborne SAR
tomographic imaging of forests
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3-D imaging of'natural environments  from space

Fighting against temporal decorrelation

Single pass systems:

© Cartwheel > Interferometric baseline varying over time >
o  Tandem-X Pass1 Pass 2 Pass N _

D % e ~= e
O  Tandem-L

o  SA0COM T ﬁ T,+AT ﬁ T,+(N-1)AT ﬁ
l | y

Y1 ) - VN
P rocessing: Coherence vector A
(Nx1) P(z)
N
;’,’; TomoSAR Eﬂ Backscattered power
Y=1: :> processing ‘::> = distribution
¥

—_—
dB/m

Interferometric pair are acquired nearly simultaneously
— Intrinsically robust to temporal decorrelation:

= "= e I =4+ <

-0 Nt ol E-m = -



3-D imaging of natural environments  from space

Fighting against temporal decorrelation

P(z) retrieval from SLC data P(z) retrieval from single-pass InSAR pairs

1 Tz Tan " :
Ya1 = TomoSAR Y2 ; TomoSAR =
R= < =1 .
: ®e & processing Y : processing
451 | YN =

©  Ris (semi-)positive definite == P(z) = 0 — physically consistent !§ o  The solution is not guaranteed to be >0

©  Equivalent to coherent focusing if inversion is carried out using = Countermeasures needed to enforce positive definitiveness
linear methods (Fourier) ©  Not equivalent to coherent focusing — convergence in expected
O Assumption: Frozen Forest = Stable Scatterers value if proper weighting is applied

©  Assumption: Stationary Forest = Stable Structure

D time > At < tc:oh > time :> tcoh < At < tstat

ﬁ ﬁ ﬁ Frozen stationary forest ﬁ ﬁ ﬁ Non-frozen stationary

forest

= Temporal decorrelation

ﬁ ﬁ ﬁ Non-frozen stationary forest ﬁ Non-frozen, non-stationary
: ' - 101 , forest

— Temporal decorrelation
= Structural variations

Physical source: motion and EM changes of scattering elements Physical source: seasonality, weather conditions, soil moisture, '
forest growth, ...



Test site and data

Campaign BioSAR 2008 - ESA




Forest height HH intensity

4400 4400

4600

4800 §

o
=1
(=1
=]
range [m]

range [m]

5200 &

-100 0 100 200 300 400 500 600 700

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

azimuth [m]

o)
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3-D imaging of natural environments from space

Range resolution reduction

fergphit

ZHIN
001
B iy il i s i
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Full vs reduced resolution processing

B; =100 MHz B, = 40 MHz

Multi-baseline INSAR coherences and phases - VV Multi-baseline INSAR coherences and phases - VV

© Quasi regular baselines (almost Toeplitz)
© No noticeable temporal decorrelation
o Theoretical vertical resolution # 10m
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Full vs reduced resolution processing

B; =100 MHz B, = 40 MHz

VV SAR Geometry VV SAR Geometry

£
b=
o
o}
£
4400 4600 4800 5000 5200 5400 " 4400 4600 4800 5000 5200
range [m] range [m]
WV Ground Geometry VV Ground Geometry

w
o
o

height [m]
n
18]
o

200
2200 2400 2600 2800 3000 3200 3400 3600 3800 2200 2400 2600 2800 3000 3200 3400
ground range [m] ground range [m]
VV Ground Geometry relative to DEM VV Ground Geometry relative to DEM

height [m]

0
2200 2400 2600 2800 3000 3200 3400 3600 3800 2200 2400 2600 2800 3000 3200 3400
ground range [m] ground range [m]

—I‘-I—_-- E—.I-—%,‘:-®I-++§M

5400

3600

3600

3800

3800




Full matrix vs coherence set processing

5400 §

range [m]
2
F R
range [m]
S
3

IN
©
o
s}

«

I
@

o

S

4600

4400

[

N

o

o
|

range [m]

S 8 O Full-resolution CAPON

SAR: 2D Imaging TomoSAR: 3D Imaging

z =0 m above the terrain
Total Backscattered power

5400

5200

4600 [

4400
0 200 400 600
0 200 400 600 azimuth [m]
azimuth [m]
z =15 m above the terrain
Lidar height

5400

4400

o 0 200
0 200 400 600
azimuth [

400 600
azimuth [m1]

o Power distribution in height direction

z =5 m above the terrain

0 200 400 600
azimuth [m]

z =20 m above the terrain

azimuth [m]

5400

4600

4400

z =10 m above the terrain

0 200 400 600
azimuth [m]

z =25 m above the terrain

SE

0 200 400 600

azimuth [m]
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Full matrix vs coherence set processing

SAOCOM: 2D Imaging

Total Backscattered power

0 200 400 600
azimuth [m]

Lidar height

range [m]
g
8

0 200 400 600
azimuth [m]

Spaceborne TomoSAR: 3D Imaging

z =0 m above the terrain

z =5 m above the terrain

z =10 m above the terrain
5400 -

i
| L ;
5200 Feur ? -
i =

000 %

=
— 3
el
r '

range [m]

-4
s
4600 + ¢ iy =]
= i
N
4400 - : ! :
0 200 400 600 400
azimuth [m] azimuth [m]

azimuth [m]
z =15 m above the terrain z =20 m above the terrain

(i,
6

z =25 m above the terrain

5400 5400 5400
5200 - 5200 5200 f,

E E E

86000 85000 86000

f= f=4 f=4

s g IS

4800 =
[,

4400
0 200 400 600
azimuth [m]

0 200 400 600
azimuth [m]

o Power distribution in height direction o

o Spaceborne mode BEAMFORMER
- ] = -

= "= e I =4+ <




20 Histogram Normalized 2D Histogram
£ £
= =
o o y
U v £
= = E
g
D{] 10 20 ﬂD 10 20 =
TomoSAR height [m] TomoSAR height [m] =
. heiight biasl[m] . he!ght std [m] F{D 5 0 . 0
! ab- TornoSAR terrain elevation (VV) - Lidar DTM [m]
3. .
1 .
0 10 20 % 10 20
height [m] height [m]
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Limitations of the interpolation approach

int{ﬂr]_'.uu-Lm'L'l(Ml'L =

~ » R

|"r’ij

ALl btidins INSAR cohaseneed and phase - W M-l 1R0AR pbeaiaiih il phicds - WV

- For a negligible temporal decorrelation | Ymn = Y(kz, — k=,.) = 7(Ak.,,..)

- Regular interpolation from a set of known values

—~

V(Bkz13), ..., V(Bkz1n) — A(Bks,,,) =7 ((n - m)AE, )

- Covariance matrix (Toeplitz) reconstruction

= ™t i - = =l



Limitations of the interpolation approach

- Regular interpolation from a set of known values:

- most sensible choice
- enforces Toeplitz symetry
- does not guarantee semi-definite positiveness:

I(z) = aH(z)ﬁa(z) may be negative

- Interpolation relies on very strong assumptions

- small bandwidth
- baseband behavior

- Problems may arise

- with irregular original spatial sampling
- with imperfectly known scene related phase terms

=l et miall aE= 0] =="70p

| = +



Limitations of the interpolation approach

Sample Covariance Matrix (SCM) vs Interp’d coherence vector

Airborne (High Res) case Spaceborne (Low Res) case

55 Airborne SP, BF, SCM Spaceborne SP, BF, SCM

-10 -10 -
4400 4600 4800 5000 5200 5400 5600 4400 4600 4800 5000 5200 5400 5600
Slant range [m] Slant range [m]
Airborne SP CP SCM SEacebome SP CP, SCM =
T T
E 2n E 20 ]
- MM o u.l- “~
-ﬂ- WM .- -1 . ™ "cd,hm
4400 4600 4800 5000 5200 5400 5600 4400 4600 4800 5000 5200 5400 5600
Slant range [m] Slant range [m]
30 Airborne SP, BF, Int vec 30 Spacehorne SP, BF Int vec
T
L

-10
4400 4600 4800 5000 5200 5400 5600 4400 4600 4800 5000 5200 5400 5600
Slant range [m] Slant range [m]
10 Airborne SP, CP, Int vec 85 Spacehome SP CP, Int vec
T T T
g i ‘J T n 'i‘- N ' __ﬂ1 ] A ‘_‘q
g RO e )
M U '} ] [}
10 B 1* | .10 . ‘
4400 4600 4800 5000 5200 5400 5600 4400 4600 4800 5000 5200 5400 5600
Slant range [m] Slant range [m]

Airborne (High Res) — Spaceborne (Low Res)

mmm) OK

SCM — Interpolated coherence vector




Limitations of the interpolation approach

Non PSD intensity estimates
(Spaceborne case)

Spaceborne SP, BF, Int vec

z[m]
o

_1 — - il
4400 W 5600
Slant range [m]
Spaceborne SP, BF, Int vec PSD

30
— 20
% 108 Enforced
10 PSD
4400 4600 4800 5000 5200 5400 5600

Slant range [m]
Spaceborne SP, CP, Int vec

z[m]

Slant range [m]
Spaceborne SP, CP, Int vec PSD

o " ML TN

I : N Enforced
108 | '
e Yot o v P 5o

4400 4600 4800 5000 5200 5400 5600
Slant range [m]

z [m]

PSD has to be enforced at low resolution




Limitations of the interpolation approach

Irregular baseline sampling: 1 image missing

|"f1‘j| v

int{:'r]_'.uu-l.zu'rflull'L 2%,

.

Mhl-Basalng |R0AR peberonce i pheces - VW

Unknown phase terms (imperfect DEM comp.) ol |
- constant (small) shift in elevation: Om to 15m :
- unknown DEM (gentle topography): :m:

180 i i i ; ; i i
— I - | . 4200 4400 4600 4800 5000 5200 5400 5600 5800 10
- . - — Slant range [m] ="\



Limitations of the interpolation approach

Interpretation of coherence interpolation

- Naive linear interpolation  ~; = ~y(k,,), 7o = y(k.,) — Ym = 1 ;’Yz

- Unknown elevation offset Az

i = e = i) =770, withAd = Ak, Az

- Interpolation may be affected (wrong) for large A¢ values

A¢p=0[deg] A¢H=60[deg] A¢=120[deg] A$)=180[deg]

EE

-0 Y ol mEe= I =—-p
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Limitations of the interpolation approach

Irregular sampling (1 image missing), unknown elevation shift Az

Airborne SP, BF, 5im, Int vec, Az=0m
. - :

30
— 20
E 1o Az = 0m
N0
-10 .
4400 4600 4800 5000 5200 5400 5600
Slant range [m]
Airborne SP, BF, 5im, Int vec, Az=10m
€
= Az = 10m
4800 5000
Slant range [m]
Airborne SP, BF, 5im, Int vec, Az=15m
€
= Az = 15m

-10
4400 4600 4800 5000 5200 5400 5600
Slant range [m]

Airborne SP, BF, 5im, Int vec, Az=DEM

SR Ve o N o - o

4400 4600 4800 5000 5200 5400 5600
Slant range [m]

z [m]
o

Large A¢ values

- large DEM errors: Az
- large perp. Baselines: Ak (Near-range effect)




A robust solution: WV-based coherence synthesis

Characteristics of covariance matrix synthesis based on reflectivity estimation

D= Arg min lva —p" A" (2)]2 R = A(z) diag(p) A" ()
P=

* No need to define a sampling strategy

 Naturally adapted to any reconstruction configuration (Toeplitz ...)

* Naturally PSD

* Increased robustness w.r.t. irregular sampling and unknown phase terms

* Discrete description: not well adapted to continuous reflectivity densities

Y piediemn
Zi Pi

 Sensible solution: use a set of (orthogonal) functions

R = A(z) diag(p)A" (z)

1l
~
P

o™
S—

Il
S

>,
P

™

™
]
S—

v(kz,.,)

fz)=) wiv(z) = p=¥"w, w=U¥p




A robust solution: WV-based/coherence synthesis

Irregular sampling (1 image missing), unknown elevation shift Az

z[m]

z[m]

z [m]

z [m]

-1 ™+ =

(Spaceborne case)

Airborne SP, BF, 5im, Int vec, Az=0m

20

10

0
-10

4400 5600
Slant range [m]

30 Airborne SP, BF, 5im, Int vec, Az=10m
20
10

0

4400 5600
Slant range [m]

Airborne SP, BF, 5im, Int vec, Az=15m

Slant range [m]
Airborne SP, BF, 5im, Int vec, Az=DEM

4400 5600

Slant range [m]

- Robust to unknown elevation shifts
- Slight changes in the Az=DEM case: modified search range
(resolution), easily avoided

e o W == | om0 3

Az =0m

Az = 10m
Az = 15m
Az = DEM




A robust solution: WV=based coherence synthesis

Performance w.r.t. resolution
(I(z) vs. p(z) and Airborne vs. Spaceborne case)

Airbarne 5P, BF, WV vec

I(z), Airborne

S000
Slant range [m]
Airborne 5P, BF, p vec

ALY M ‘ ) p(z), Airborne

5 DU 5200 5600

wm'w

Spﬂctbo _V
. m I(z), Spaceborne
'1600 SODU 5200 ' 5600

4400 4600 4300 5000 5200 5400 5600
Slant range [m]

- Robust to unknown elevation shifts
- Spaceborne & Airborne p(z) extremely close
— Deconvolution HR effect




A robust solution: WV-based coherence synthesis

Lot e (NE) E-SAR

Lopn (SW) E-SAR

Radiometric accuracy assessment

s s Biomass estimation using SAR tomography

300 300
Training
AMSE: 26 Irha (28%)
20 A Validation 250 A Validation
AMSE: 23 i/ha (25%) AMSE 24 tha (25%)
200 S . 200
= 150 M 5 1 I = 150} . Y e A s
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0 100 200 300 0 100 200 300
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300 — 300 —
Training Training
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250 A Validation 230 A Validation
RMSE: 24 'ha (26%) RMSE: 27 V'ha (30%)
200 200
= 150 [ S50
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e — g )
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D oFE Q
0 100 200 300 100 200 300
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Coh int Coh int
6 im 5im
Dz=0m Dz=0m
Airborne 2.64 % 14.03 %
Spaceborne 9.89 % 42.35 %

Blomberg et al. Forest Biomass Retrieval From L-Band SAR
Using Tomographic Ground Backscatter Removal, GRSL

z=30m

B =exp(ag + a11,[dB]) I, = / I(z)dz

z=10m
Wy est Coh int Wy est
5im 5im 5im

Dz=10m Dz=15m Dz=15m

4.91 % 25.84 % 4.69 %

11.23 % 84.30 % 11.58 %

m (LR)
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