Evaluation et Controle ’H\g\
Non Destructifs 0
e
DE LA
IR “jcam
INSTITUT D'ELECTRONIOUE ET DE TELECOMMUNICATIONS DE RENNES

Diffusion radar par des surfaces
rugueuses aléatoires
- Application aux surfaces de chaussée
Nicolas PINEL

Icam Ouest — site de Nantes
IETR— UMR 6164
nicolas.pinel@icam.fr

GIS ECND-PdL Webinar 16/06/2020



Evaluation et Contréle

/{[ECND= OUTLINE

. Generalities
1. Rough interfaces: Statistical description
2. EM scattering by an interface

Il. EM scattering from random rough surfaces:
Asymptotic models

Ill. Applications to GPR

16/06/2020 Diffusion radar par des surfaces rugueuses aléatoires



Evaluation et Contréle

//( ECN Dz Rough interfaces

Rough interfaces (EM): No surface is perfectly flat

at all scales of EM wavelength:
At a given scale A: At a different scale A’:

e YN

Incident ...........

wave )
......... '<
Flat surface ( ) Rough surface
YWWAMA I AMAMANAN MW IAAA
Scattered wave
Reflected wave
. in the Incident . in
Incident o wave " multiple directions
wave specular direction

Flat surface Rough surface
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Evaluation et Contréle

// ECND Rough interfaces

Random rough surfaces: Different types of variations: z = {(-++):

* Space variations only: z = {(x, y):
- agricultural surfaces (ploughed fields, ...)
- surfaces of mountains, sand dunes; ice, ...
- road surfaces, wall surfaces, ... (@ high radar frequencies)
- optical surfaces (non-grounded glasses, ...)

* Space and time variations: z = {(x, y; t):
- sea surfaces
- surfaces of sand dunes; ice, ... (! — long-time observation)

Random rough surface characterised by:
* py: height probability density function (PDF)
W3 : height autocorrelation function (ACF)
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Non Destructifs

//( ECNDRough interfaces: Statistical description

LOIRE

Height PDF p;,:
* Mean value {; = ({(x))
* Characteristic dispersion around ¢,: standard deviation o,

Typically & centred Gaussian process (zero mean C,=0):

Q) = — (— 52)
ph C _O_hm eXp 20-h2

2D profile (1D surface):

Gaussian
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// ECNDRough interfaces: Statistical description

LOIRE

Height ACF Wy: Wy = ({(x1, ¥1) ((xz: Y2)) 2D profile (1D surface):
 Standard deviation o, . :

* Correlation lengths L_, L

c, X! =cy

For a stationary process:

Wy, =({(ry) (1))
=({(ry) {(ry + 1)),

withr =1, (xz,yz) — T1(X1,Y1)

xg>>L. . = M, M, uncorrelated

—> Gaussian process fully characterized by:
* Height PDF py,
* Height ACF W,
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/ ECNDRough interfaces: Statistical description

LOIRE

Height ACFs W, and spectra S},: for 1D surfaces (x,y) — x:
* Gaussian, Lorentzian and exponential ACFs:

1. W, (x) = g,%exp (— x—z)

Lc
Gh

1+x2 /L%
3. Wy(x) = gy, exp( Ixcl)
* By Fourier transform (FT), their corresponding spectrum are:
1.Su(00) = Vroy?L exp (-155),

2. Wh(X) —

4
2. Sh(k) = T[O-hZLc exp(_LclkD;
201h°L,
3. Sh(k) — 1+GLhczk2

—> the FT of a Gaussian is a Gaussian,
whereas the FT of a Lorentzian is an exponential and vice-versa

16/06/2020 Diffusion radar par des surfaces rugueuses aléatoires



Evaluation et Contréle

//{ ECN Rough interfaces: Statistical description

LOIRE

Generated (Gaussian) surface — Influence of correlation length L :
2 ! ! ! ! -

————————————————————————

constant
L.=50m: RMS height:
o,=1m
L. =100 m:
V2o
RMSslope: gg ==— > L./ = o,
Cc
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//( ECN Rough interfaces: Statistical description

LOIRE

Generated surface — Influence of correlation type: (constant 5, and L)
3 T T T T

Gaussian:
-3 L ' ! 1
0 400 800 1200 1600 2000
o,=1m
Lorentzian: o
L.=50m
_30 400 800 1200 1600 2000
3
2 .
1

exponential: or "'y Mol

| | 1
0 400 800 1200 1600 2000

Gaussian = Lorentzian - exponential: higher frequencies
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// ECND EM scattering by an interface

DE LA
LOIRE

Incident wave E; on the random rough surface R = Rq:
Ei(Ry) = E exp(ik,K;.R,) &
Total field Eq; on the random rough surface R = R, in the medium (4:
E1(Ra) = Ei(Ra) + E.(Ryp)
Incident E; and reflected E; fields check the Helmholtz equation in ();:
(V2 +k*)E=0
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// ECND EM scattering by an interface

DE LA
LOIRE

Kirchhoff-Helmholtz equations:
Equations describing the Huygens principle:
E; & E, = Kirchhoff-Helmholtz equations

e Scalar case (2D or 3D problem):

0G1(R,Rp) 0E1(RA)
VR Q,ER=/d>: Ei(R —_G{(R,R
c 1, Er(R) =+ - A( 1(RA) ON s 1( A) ON

with N, the normal to the surface X, at considered surface point A, G{(Ra,R)
the Green function inside ()4

Unknowns: Surface currents
* Vector case (3D problem):

VR € Q1,Er(R) = —I—/ZA d¥ 4 {iwuo G1(R,Ryp) + [NA AH(Ry)]

+VAG(R,RY) - [NA/\El(RA)]}
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//( ECND EM scattering by an interface

DE LA
LOIRE

Scattering coefficient or NRCS vs. RCS (Radar Cross Section):
* Definition of the RCS (far-field assumption):

RS = 4 tim g2 7a=l]

R—o0 E; |2
 Definition of the NRCS ¢ (far-field assumption):

o° = lim R 5
R—oo . LyLy cos 9i|Ei | :

______________________

total incident power

2
. E
— Coherent NRCS g %<0 g0con — |y g2 —Facoll
R—oo LyLy cos 9i|Ei |

— Incoherent NRCS g%i¢ = g0 — g0.coh.

oine — 1. g WFasol)l(Eac)l
o”"M¢ = lim R

2
R—co LyLy cos 9i|Ei |
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LOIRE

// ECN DEM scattering by random rough surfaces

Random rough surfaces — Models and methods:

- Models of description of the EM problem:
rigorous (“exact”) vs. asymptotic (approximate)

- Methods of resolution (computation):
numerical (sampling) vs. analytical (mathematical equation)

Method / Model Rigorous Asymptotic
Numerical MoM; FEM; FDTD; ... | KA (KA+MSP); SPM;
SSA; ...
Analytical (none) SKA, GO; SPM; SSA; ...
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LOIRE

//( ECND&M scattering by random rough surfaces

Random rough surfaces — Simple asymptotic models:

Validity domain:
physical surface-characteristic quantity (o, L, R, ...) compared to A

* “low-frequency” models (large A): A > physical quantity
Example:
SPM (Small Perturbation Method): 05, < al, a € R

* ‘“high-frequency” models (small 1): A < physical quantity
Example:
KA (Kirchhoff-tangent plane Approximation): R > al, a € R
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//[ECND= Kirchhoff Approximation (KA)

LOIRE

4 I
(Infinite) Tangent plane

approximation:

Re>A

1 €y (eriho)

(infinite) locally flat surface

B

At each surface point A:
- the Snell-Descartes laws
- the Fresnel coefficients

-——
-—a
-——

} can be used

= directions and amplitudes of E,, E,
corresponding to each scattering point A (y,) at any point of
the considered medium

16/06/2020 Diffusion radar par des surfaces rugueuses aléatoires 18



/ ECND KA for 2D problems

LUIRE

Coherent NRCS under the KA+MSP:

General expression of the coherent NRCS ¢ %¢oh:
0,coh _

2
o = lim R? —{Eaw)
7
R—o0 anm94ﬁ|

— evaluation of coherent scattered power / |E, |2:

|<E??O(R))‘2 _ k1|f?«(K1,Kr)|2 erLA/de ez‘(Ki—Kr)-RA :(R )
2m|Eo|? dmmR —La/2 4 —A

2

M

Random variables inside {-:-): {4, and E(R,)

— Gaussian statistics:

1 2T (

= (K Ky) = 1 (i Ko)? A (o — ki) 571 (K; Ko,
A =

cosl; k1L

—4Ra _ o\ (8n%cos€i)2
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ECNDz KA for 2D problems

LOIRE

Coherent NRCS under the KA+MSP:

Coherent intensity |(Er,oo)

- plotting of attenuation term A = e *Ra" =

|? in specular direction 8,. = 6;:

e—(8n7h cosS Hi)

for =t = {0.01;0.1; 0.2}

1 '|._\ s

R .
0.8¢ '1‘ Y — o, /L= 0.01 S

LN o .o /h=0.1 ;o op . .
01 -G h=02 S T = coherent intensity
0.6¢ ! ‘\ : : K i :
05F i 3 ...‘.“; .............................. {,{ ........ '_i .......
e T T A S - 6; N = coherent intensity /1
0.3 % A (16;] = 90° = flat EM surface)
U..E.. 1.‘ -“""--"‘"‘. ,;'
D1 | '1.‘.. ;_!'j
B0 %0 -0 0 30 60 90

6; [deg.]
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//ECND SPM for 2D problems

LOIRE

Small perturbation method (2D problem)
The field scattered by the surface is:

Es(r) — ES,(O) (l‘) T Es,(l) (l‘) + Es,(z) (l‘) T -,
with E () the n-order scattered field at [k{(x)]"

> validfork{(x) K1 = ko, K1

 PCsurface = H (TE) polarisation (Dirichlet condition):
Boundary condition on the surface:

Y(r) =;(r) +9s(r) =0, reX

> Ps @ =—Y;(r) = Py (@) = = Py (2 (r) = -

 PCsurface = V (TM) polarisation (Neumann condition):

Boundary condition on the surface:
61/)(r)/ _ 0Y; (r)/ alps(l’)/ =0, rey

on on
AP, 4y B
- v (r)/an Vi (r)/ = Ps (1) (r) = — lps,(z) (r) =

16/06/2020 Diffusion radar par des surfaces rugueuses aléatoires
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// ECN Bmalytic (asymptotic) methods: State of the art

LOIRE

Topical Review: [Elfouhaily & Guérin, WRM, 2004]

/(" Small Perturbation Method (o, <<\) Low Frequency
approximations
-
/ . . o
Kirchhoff Approximation (R_>A) High Frequency

B>Geometric Optics approximation (R >A + o, >A/2) approximations

< \B>Scalar Kirchhoff Approximation (R >A + 6, <<})

Small Slope Approximation (- <<[y; |) Unified
approximations

\ etc.

A: incident EM wavelength
O},: RMS surface height

: RMS surface slope
R.: mean surface curvature radius
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//( ECND Unified models for 3D problems

LOIRE

e Expressions of scattered field E and (incoherent) NRCS o*
/ scattering amplitude (SA) S:

ej(k’ " T+qrz) ~ ejKR ~
E.(R) = / S ko) diY - Bo = ~2jr o S(k. ko) - Eo
k

—> Expression of SA for simple asymptotic models:

* SPMO+1+2: S(k, ko) = B(':Q’ ko) 5(Qsr) - i Bk, ko) H(Qr)

e KAHF (= K/A+MSP): L /5 B2 (k, ko, &) 7(k — &) 1(§ — ko) d§
S(k, k'r[j) = K(g k[]) /e_jQz"?(‘P)e_jQH T dr

 SSA1+2: S(k, ko) = LB(‘Z ko) /f:.—.;cz;”(r}ﬁ—;afaﬁ T

—J / fM{k._k.}:.s}f}(g)f:*-?f"‘" dg e=3Q:n(r) e=iQu "7 gpn
Jp JE

—> SSA1: same structure as KAHF, but B kernel instead of K kernel
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//{ ECND Unified models for 3D problems

LOIRE

Expressions of (incoherent) monostatic NRCS a¥ (k = —k,):

o0 (k. ko) = 167k W (—2ko) (1 + sin® 6y)?,
e SPM1: s k” ’ "
T v s fvQ
oy (K, ko) = [Byy(k, ko)|” W(Qmu) ~ '

)
) =
Tho (ks ko) =
o (k, ko) = 16ﬁk4W( —2kg) cos” 0.

oP
* KAHF - GO: 7% lhsteo) = 0L .ty = tan o).
K,q(k, ko) | 0 (b ko) —
o0, (k, ko) = % D, (7:_%1'-1) | UE“E ; 0; )
’ ? o (k, ko) = 0,
rh\Fs Ko 0084901)@7—&110,

2
e SSA1: gpq(k?ko):% ‘%ﬂﬁpq(’c?ko) exp [—QZW(0)]

z

/{exp [+Q§W(‘r)] —1} exp[—jQmu - 7]dr
with W (r) the surface height autocorrelation function
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DE LA
LOIRE

Pavement survey and control by NDT (Non-Destructive Testing) methods

To measure the thickness of the pavement layers

First layer of pavement: surface course (~ 5 cm)
GPR

Temporal signal

French standards: VTAS/UTAS
tfansm‘“‘”gj— —L it (Very / Ultra Thin Asphalt Surfacing)

antenna \ / antenna

surface course

Tendency: reduction of the thickness
-» Thickness: H ~ 2-3 cm

Shoulder

surfacing

: GPR i
/ (Ground Penetrating Radar)

Step frequency radar Pulse GPR
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/{[ECND= Context

General context of the study:
Electromagnetic wave scattering from rough thin layers in GPR context
- Better pavement thickness / medium permittivity estimation = to reduce the

uncertainties
- Surface roughness estimation

15253
________ \.2.’. l____. b Modeling of the EM scattering of GPR
_ Surface course (SC)\ * _/_ H-~2cm,
Rolling band (RB) v e ~8cm from the rough thin SC of the pavement: s, s,
Base course \ = Integration in signal processing algorithms

EM scattering modeling (random rough surfaces)

S1 S
- one interface - air/SC interface: %X\ // |
relatively well-known M"

SC

- two interfaces = air/SC and SC/RB interfaces:

2B
. RB
active research
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/lECND:. Objective

Different possible approaches:

/\ ______________ .

rigorous ( asymptotic ,

|

‘exact’ : fast I

- long computing time '\ - restricted validity domain !

- large memory space

- KA (Kirchhoff-tangent plane approximation)
+ scalar approximation (SKA)

- SPM (small perturbation method)
- SSA (small slope approximation)

- frequency domain: Mol, ...
- time domain: FDTD (GprMax), ...

—> Description of the problem to be solved (waves / surfaces & media)

16/06/2020 Diffusion radar par des surfaces rugueuses aléatoires
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ECNDz Configuration of the study

DE LA
LOIRE

Configuration of the study (2D problems — co-polarisations)

Monostatic configuration, Normal incidence (0, = 0), Far-field assumption

Plane incident wave — Gaussian beam: lllumination width: ~ 100 mm < L_, = 5-10
mm
— Variability of the backscattered echoes

Frequency study (large frequency band: B = 10 GHz)

Homogeneous media (OK at 6. = 0 for this frequency range [Gentili and Spagnolini, TGRS, 2000])
Statistical description of the rough surfaces = Realistic simulations:

Height PDF p,(¢) (=Gaussian)
— RMS height G,: O = 1 mm, Cig~ 2 mm |
Height ACF W(x,) (=exponential) e
— correlation length L: L_,=5-10 mm, L_;=10-20 mm

Representation of air/SC and ﬁ 0, (5) ‘
SC/RB surface heights .= B

Q5 (g5)
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//{ ECNDEM modelling: Simulation parameters

LOIRE

Simulation parameters — PILE method (MoM-based):

Media permittivities €. and conductivities o:

8I’2= 45 = 62 = 5X10-3 S/m
8[’3: 70 = 03 = 1X10-2 S/m

Rough surfaces Z, and X characteristic values (c, and L ):
1.opa=05mm-L,=64mm; cp=1.0mm-L =15.0mm

2.00=05mm-L,=64mm; cz=2.0mm-Lg=15.0 mm
3.opp=1.0mm-L,=64mm; cz=20mm-Lg=15.0 mm

Mean layer thickness H:
H =20 mm L S

Radar central frequency f, and bandwidth B:
f,=58GHz - B=10GHz
Incidence angle 6, and polarization:
0.=0deg. - V polarization
Monte-Carlo process: N = 1000 realizations 0, (£4) RB
Sampling step Ax =12.,/8

ﬁ 0, (e2) SC
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/{/ECNDEM modelling: Numerical results (PILE)

LOIRE

Frequency behavior of the backscattered echoes (f < [0.8; 10.8] GHz): Amplitude:
0% e el N Flat case
035p e e a0 | — — Roughocase 1 ()
ol I et S O A R R S S B
g O ) O e oot 8 NS SIS S MO N
ol
= = = Rough case 1 (1) S : : o
031 “I 1!5é2.|5‘33.5£‘14.‘5|5 ‘56| ‘5‘7 |5é |5é 15 1‘016.5
Frequency decrease of
M the rough case:
e T Sl A A S S A A
Y R U O O S O  TTme--o.__ Significant especially for s,
Fow S
m RERERE

0 | | |
115 2 25 3 354455556657 7583859 9510105
Radar frequency f (GHz)

1.opp=05mm-L,=64mm; c=1.0mm-L;=15.0mm
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//(ECN -£M modelling: Numerical results (PILE)

LOIRE

Frequency behavior of the backscattered echoes (f < [0.8; 10.8] GHz): Amplitude:

0.36

e e et T N Hlal case
0 T | R )y
s e Rz )
w S0 T S T
I e O e s
Flat case e
0.32 = = = Rough case 1 (1|~ o
------- Rough case 2 (1) e
031\ T T T T | | | | | | | | | | | | | |
1152253354 455556657 758 859 9510105
Influence of
0177 """ P P P P
R L T lower surface roughness
Q.08F ! rrrwniiygy e :"-"":-"""':"'""':-'-'-'E'-'."_':'_'_"_'.: """ R A S R .
R O T i T e e U U N Gpg -
008 T T e
S o el 77T Decrease of 2 echo
B U T U T U Y0 S amplitude |s
0,020 i T plitude s,

0 | | |
115 2 25 3 354455556657 7583859 9510105
Radar frequency f (GHz)

1.0p0=05mm-L,=6.4mm; chB=1.0mm-LcB=15.0mm> 2
2.6,4=05mm-L,=64mm; c=20mm-L;=15.0mm & B
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ECND:EM modelling: Numerical results (PILE)

Frequency behavior of the backscattered echoes (f « [0.8; 10.8] GHz): Amplitude:
/- R e— — —
3 o o Flat case
0.35 T, — — Rough case 1 (p)
034+ | SRR TURNE SR R Rough case 2 () o 7
w o _ _ _ o - ~ - - Rough case 3 (p) hA
0.33 [ Fat case S S
= = = Rough case 1 (W) . f.."":'-.., L
0.321 o Roughoase 2 (u)| 0 g
et O O NS O B O
©1152253354455556657 758859 9510105
Influence of
01_ ..... R o e e e —_— . e e —_—
o emeese<o__L . upper surface roughness
0.08F 1T iTimsm i e T T R .
| R A S -
008 e AR R NN N S I R Rt Tt
' 3 e T A A Decrease of 1%t echo
0.04F o ST .
: B T A amplitude |s,|
Q.02 o T
i s 0 o Smallinfluence on 27 echo

O\
115 2 25 3354455556657 758859 9510105

Radar frequency f (GHz) amp”tUde |32|

1.o0=05mm-L,=64mm; cz=1.0mm-L;=15.0mm
2.0p4=05mm-L,=64mm; cz=20mm-L=150mm > e
3.om=1.0mm-L,=64mm; cz=20mm-L;=15.0mm hA
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//{ ECND::EM modelling: Asymptotic modelling

LOIRE

Asymptotic computation of forward echoes s, and s,:

Means: Scalar Kirchhoff-tangent plane Approximation (SKA)

Validity domain:
- Surface mean curvature radius: R, >> A
- Surface RMS slope: o, << 1

Mathematical expression of first echo s,

181kl = I8 a(F)] x €Xp(-2 Ra, 2), O (£)
with Ra, ; = Ray, = Ky V&, Gy COS,
— "Ament model” (Ra, ;: Rayleigh roughness parameter)

Extension to second echo S,

1, ska(0)l = 18, ()] ¥ €xp(-2 Ra, %), 12
: - 2
with Ra,, = [ 2(Ray,)? + Ray; ] { Ray, = ky 614 [V, COSO, - Vg, COSO,| / 2

Rayy; = ko Ve, oyg COSO;
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//{ ECND:zEM modelling: Asymptotic modelling

LOIRE

Asymptotic computation of forward scattered field — “coherent field”:

Means: Scalar Kirchhoff-tangent plane Approximation (SKA) 9| )

Validity domain:
- surface mean curvature radius: R, >> A
- surface RMS slope: . <<'1 ]

V4

Demonstration main steps:

- Integral equations: vrecq,, E,®R) = + / 15 ([ExRa 3G1éfj\l;RA)_Gl(R’RAaEl(RA))
XA A

- Kirchhoff-tangent plane approximation: E(Ra) = [1+7(x:)]Ei(Ra)

OE(RA) =i(K; - Na)[l —r(xi)]Ei(Ra)
- Scalar approximation: r(x;) ~ r(6;)
far-field = E®) _ ™D e K / T L KK R
Eo Viram I e
1 2

Coherent intensity: L, = o0 = o7 (Kr. Ki) = (K, Kp)[? A, 6 (km - km)

cost; k1L

A= |Xh(kzz - ksz)|2 Xh(kf.z — ksz) = <ei(kiz_ksz)CA>
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//{ ECND:zEM modelling: Asymptotic modelling

LOIRE

Asymptotic computation of forward scattered field — “coherent field”:

Means: Scalar Kirchhoff-tangent plane Approximation (SKA)

Validity domain:
- surface mean curvature radius: R, >> A
- surface RMS slope: o << 1

Q,(g,)

Evaluation of the so-called “coherent field” in the specular (forward) direction:
- starts from the evaluation of the variations of the phase of the reflected field 6¢,-1,:
0@r12 = 2 kony 6¢4 cos b,
- is derived after statistical average over the reflected field E,,:
(Er12) = Efiar (€/°9712), with
Efiae = 112(0;) Einc
(ej5<Pr12> — f+oo eJ0Priz p({)d(

— 00

- for Gaussian statistics: (e/0¢r1z) = ={(80r12)")/2 = , with
Ra,,, = kon, op4 cos 6;: Rayleigh roughness parameter
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Asymptotic computation of forward scattered field — “coherent field”:

Means: Scalar Kirchhoff-tangent plane Approximation (SKA)

Validity domain:
- surface mean curvature radius: R, >> A
- surface RMS slope: o << 1

Extension to the transmission through a random rough interface:
- starts from the evaluation of the variations of the phase of the transmitted field 61 ,:
8@t12 = ko6Ga (nq cosO; — n;, cos 6;)
- is derived after statistical average over the transmitted field E,,,:
(Et12) = Efiqr (€7°9112), with
Efiae = t12(0;) Einc
(ej5<Pt12> — f_-:,o eJ0Pt12 p(0)d¢
- for Gaussian statistics: (e/6¢t12) = ¢~(60112))/2 = g=2Ran2" yiith
Ra;{, = kyoya|n, cos8; —n, cos 0;|/2
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Asymptotic computation of forward scattered field — “coherent field”:

Means: Scalar Kirchhoff-tangent plane Approximation Z(S

26
Extension to the reflection from a random rough layer 0\'/1

— second-order contribution E,:
- variations of the phase of the reflected field 8¢,
dp, = ky6{4; (n; cosB; —n, cosb,,) 5
+ 2 kqn, 6z, cos0,, T s
+ ko845 (nq cosB; —n, cosB,,)
- mean field (E;,,) — evaluation of (e/%¢2):
Hypothesis: {41, {51, {42 Uncorrelated — Gaussian statistics:
(ej6<02) — o—((692)%)/2
= ((6¢4)2)/2 = 2ky 0, 42(ny cos B; — n, cos 6,,)2 + 4ko°n,20n,52 cos? 6,
= 2Rat122 + Rar232
with

Rar23 = konz OnpB COS Hm
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Simulation parameters: Pavement — calculation of first two echoes:

Media permittivities &, and conductivities c:

8I’2= 45 = 02 = 5X10-3 S/m
8[‘3: 70 = 03 = 1X10-2 S/m

Rough surfaces Z, and X characteristic values (o, and L ):

1.opa=05mm-L,=64mm; c=1.0mm-L,=15.0mm
2.00=05mm-L,=64mm; cz=2.0mm-Lg=15.0 mm
3.op=1.0mm-L,=64mm; cz=20mm-Lg=15.0 mm

Mean layer thickness H:
H=20mm

Radar central frequency f, and bandwidth B:
f,=58GHz - B=10GHz
Incidence angle 6, and polarization:
0.=0deg. - V polarization
Monte-Carlo process: N = 1000 realizations 0, (£4) RB
Sampling step Ax =2.,/8
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Frequency behavior of the backscattered echoes (f  [0.8; 10.8] GHz): Amplitude:

g 0944 -=-= PILE method

+ SKA model

X Gauss flt

(E ) - Exp. correlation

¥
!

B ——- PILE method |
+ SKA model

O 0o o o
N AN O o

X Gauss flt

|field| attenuation

0511522533544555566577588599510

(Er2> - Exp. correlation

0511522533544555566577588599510

Radar frequency f (GHz)

Good agreement of
SKA model

with
reference PILE (MoM) method

for both echoes E, ; and E,,
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|. Generalities

Il. EM scattering from random rough surfaces:
Asymptotic models

lll. Applications to GPR

1. Context & Objective
2. EM modelling: Rigorous numerical method (PILE)

3. EM modelling: Analytical asymptotic method (SKA)
4. Time-domain response & Parameter estimation
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(b): Echo 1

—0.20 B IR R RN RN
""""""""""" ‘ (| e—P|E
— Nurmerical | - -0.3r-- R 7 AR |- Analytical
R i N T : : : = = = Analytical | ' - PILE Smooth | :
02 o6 072 048 -02¢ 0 024 048 072 096 12 -1 -06 -0.2 0.2 06 1 _0'42 2.5 3 3.5 4
Time [ns] Time [ns]

(c): Echo 2 (d) Echoes 1-2
Receiver height: 40 cm ‘ '
Ricker: f, =2 GHz and f€[0.05; 7] GHz
LU: All echoes

PILE: First and second echoes s, and s,

: . : —— P|LE 2
(| == == == Analytical : -0.3 B " | e o= U :
- PILE Smooth| : . : = == = Analytical | :

2 25 3 3.5 4 2 25 3 3.5 4
Time [ns] Time [ns]

Echo 1: Good agreement between analytical (SKA) and PILE
Echo 2: Satisfactory agreement between analytical (SKA) and PILE
PILE 1-2 = LU = only the first two echoes contribute
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Parameter estimation of approximate expression of echoes (exponential):

Method: Least mean squares error (LMSE)

amplitude of the k-th echo
calculated from PILE

N4 (k=1,2 here)

assumed expression (model):

|Sk’mode|(f)| = ak x exp(-bkf)

102 7

To find minimum of R, 10

L S 10°

—> Determination of a, and b, =

2 0l e e 0y a B
A4 _e_Tl,roughlayercasef ::ff:::”“fffffffff%
s _x-TZ, flat layer case i
H ' 10 ¢ rough layer case |

estimation of S e
—_— I—II, rough layer case [~- - i

layer thickness H and times t; and t; 107

0 15 20 25 30 35 40 45
SNR (dB)
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