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Abstract— The reflection coefficient
encountering embedded thin layers is commonly estiated
using a plane wave, far field approximation. But wlen the
thin layer is situated in the near field of the antnna, the
spherical nature of the waves and the possible pragation of
a lateral wave into the layer may have a strong imfience on
the measured reflected amplitude. In this work, westudied
through 2D FDTD simulations the behavior of a radarwave
interacting with thin layers of different thicknesses. The
snapshots and radargrams showed a large influencef the
layer thickness on the wave propagation. For the ve thin
layers, the evanescent wave plays a major role aride plane
wave approximation gives a good estimation of theeflection
coefficient. For thicker layers, the specific inchation of each
multiple reflection has to be taken into account, aswell as the
lateral wave propagation. On the basis of these obs/ations,
we determined which analytical method should be uskefor
the analytical prediction of the reflection coeffitent, as a
function of the layer thickness.

Index Terms—GPR, thin layers, lateral wave, spherical
reflection, plane wave approximation, evanescent wa.

|. INTRODUCTION
Thin layers are relatively common in civil enginegr
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Full waveform inversion methods can give good
estimation of thin layers parameters [1-3], butytlaso
require an antenna calibration, as well as a lacgeputing
cost. The faster alternatives to these methodsogxiie
reflection coefficient of the layer to determing iroperties
[4-6]. The reflection coefficientR, is the proportion of the
incident wave reflected by the layer.

Analytical expressions for the reflection coeffitieare
well known when the layer is sufficiently far frothme
antennas [7]. But when civil engineering structusee
tested, the antenna is seldom in the far field,ctwvhaill
generate the appearance of other phenomena, suttte as
lateral wave. In this paper, we analyze numericalhd
analytically the reflection of a GPR wave on a thinlayer
embedded into concrete, as a function of the Ithekness.
We propose a method allowing the reflection cogdfitto
be estimated for every layer thickness.

Il. ANALYTICAL DESCRIPTION OF THE REFLECTION
PHENOMENA

In this section, the equations of two different hogls
for the estimation of the reflection coefficient simple
interfaces are detailed. Two different methods foe

For example, the waterproofing layer of a bridg&:kdeestimation of the global reflection of a thin layare

presents a large extent for a very low thicknes4 @m).

presented as well.

The reflection of GPR waves on these layers is ¢@Xp o Reflection coefficient of plane waves

due to the multiple reflections on the two intedadimiting
the layers (Fig.1). The determination of the lgy@rameters
requires then a detailed analysis of the refleatadelet.
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Fig. 1. Multiple reflections in a thin layer

The reflection and transmission coefficieR&nd T for
a plane wave reflected by the interface between two
materials of relative dielectric permittivities,; and &',

with the incidentangled,; can be calculated by the Fresnel

formulas (1)-(2). These equations are valid intthasverse
electric mode (TE) and for low-loss materials [J7, 8
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The amplitude of the reflection coefficient is efjteal x
when the incident angle is larger than the critioadled,:
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This situation only occurs when the deeper matdiaal
a lower permittivity than the surface one. The temder
the square root in (1) is then negative: the réflac
coefficient becomes a complex number. The refleatade Lateral wave &2 < &
has the same amplitude as the incident one (FitpuB with
a different phase.

With this postcritical incidence, no power is tranitsed
to the second medium but a field is generated albeg
interface: the evanescent field. This evanescenéewall be
observable in the propagation snapshots of Fig. 5.

The transmission coefficient calculated with ecuragi
(1) and (2) can be applied without modificationetimate o . 6
the evanescent wave [9], whose amplitude decree L P Ocr ©)
exponentially with the distance from the interfgte, 11].

It propagates into the second medium with an imegin
angle of energy transfer which can be calculatedigus
Snell’'s equation:
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Fig. 2. Representation of the ray propagationsyteerical wave.

If nis the refractive index:

the reflection coefficient for the simple refleatiof the
spherical wave at the interface between the mégetiand
2 is given by (7):

: 87,‘1 . RlZ.spherical
ams = —_ 7
Oerans = asin ,e,ﬁz sin b, “) =R'+R"\/1—sin?6, \/n? —sin2 6, u(p) @
Despite i . . With
espite its fast amplitude decay and its lack ofigp
the evanescent wave cannot be neglected in allsca .2 2 a2
. . . . 1- 0,) + - 0

Indeed, if a second interface is present closkeditst one, R' = ( S%nz J (nz S%nz ) (8)
in the zone where the evanescent wave amplitud®tis (1 —sin®6,) — (n* —sin6,)
negligible, the wave can be reflected by this sdcc-
interface and become propagative again [12]. Tihison R -2 ©)

will occur when very thin layers are inspected ViRR. ~ (1 —sinZ 6,) — (n? — sin26,)
B. Reflection of spherical waves For incident angles larger than the critical anghe

When the incident wave is spherical and not plane, yefiection coefficient of the lateral wave is eqte[13, 14]:
Fresnel reflection coefficient can be used as

approximation, but it is not exact anymore [13,.1%he Riateral
actual reflection coefficienRy,, sprericaPresents a deviation 2in . (10)
X . ’ ! = elkalertkals) F(T))
that can be considerable in the neighborhood ofthece, ky(n? — 1) vx L2
1

if the dielectric parameters of the materials aggy\similar
or in the vicinity of the critical angle [13]. Thapparent In (10), L, L, and x are parameters linked to the
reflection coefficient will then be frequency degent. geometry of the reflection (Fig. 2k, and k, are the
In addition to this modified reflection coefficiena propagation constants of the materials and depenth®
lateral wave will also appear. This wave meetstirelayer wave pulsations as well as on the spegdand attenuation
with an incident angle equal to the critical angitel travels coefficiento in the materials:
at the interface between the surface medium andhihe
layer (Fig.2). The amplitude of the lateral wave tlae i = <g N ia-) an
receiver can be estimated through a pseudo-reftect 7 v; J
coefficient R era [13]- The global reflection coefficient for
a spherical waveRherical iS then the sum of those two In (7) and (10)u(8) andF(;) are functions enclosing
events: complex integrals which do not have analytical sohs.
Nevertheless, they can be approached for spedifies by
Rsphericat = Rizsphericat T Riateral (5) asymptotic expansions [14] or, more efficiently, be



evaluated numerically for all values. They depengs @and

Amd
n, two functions related to the dielectric propertisthe 1—et7z cosf
materials and to the geometry of the reflectior].[13 Ri21 plane wave = R12—2 and o (12)
Equations (5)-(11) are based on exact solutic 1—-Rize 4

approximated by high-frequency asymptotic methdd. [
Those approximations are totally valid when therseu
interface distance is sufficiently important, whehe ) S S
propagation constamg is high and for interfaces with a low |f_th|s plane wave approximation is not valid, & i
velocity contrast. These conditions are not totedigpected po§S|bIe to evaluate numenca_lly thefirst terms of the
in the configurations and distances used in thiskptne SEMe€s, with the actual incident angle geometycall
equations can thus only be considered as appraginsat d_etermmed for_ each one of them._ For_each p_ath, the
In Fig. 3, the reflection coefficients calculated the different reflectlon_s are calculgted using Fresgmjlanons
spherical equations (5)-(11) and by Fresnel equafi are (1)-_(2) [161. We will refer to this method as thiesf terms
compared to reflection coefficients obtained thiougp estimation:
FDTD modelling (with the program GprMax [15]), ihe&
case of a concretee’(;=7.7) - air interface situated at ¢

distance of 10 cm from the investigation line. Tlenerical When the wave has a vertical incidence, both method
reflection coefficient is obtained by dividing tineeasured give the same results. But when the incident aisglarge,
amplitude by the amplitude reflected _by a perfetiector ihe paths of the rays get more and more differsptecially
[16]. The tests are performed for an incident Ty Of it ihe Jayer has a lower permittivity than the matindeed,
2.3 GHz. . _ _ _the incident angles remain inferior to the critieagle for

The estimations computed with the spherical eqoatiqne first terms estimation (Fig. 4), while they @mequal
are much closer to the numerically estimated r8fiac (g the initial angle, with the plane wave approximation.
coefficient than the curves obtained with Fresmglagions. In this case, the multiples calculated by the tveihads
In particular, the oscillations due to the intei@ttwith the 5. very different, and correspond in fact to twtiecent
lateral wave for large angles clearly appear inntioelelling  sets of waves travelling in reality. The multipkflections
results. The difference between Fresnel and spiflerlg R calculated by the plane wave approximation (12)
predictions is the most important at the critiqagla. At thiS correspond to the evanescent wave and its different
point, the reflection coefficient predicted by HR1eE refiections into the layer. Indeed, these refletioare
equations overestimates the numerical reflectieffioient -, -ulated from the first reflection coefficient, hose
by more than 50%, while the difference with theesptal 5mpiitude is equal to 1 for large angles. The tratied
equations is smaller than 2%. wave is thus evanescent, propagating with an inaagin
C. Reflection on thin layers angle and becoming propagative again by refleaimghe
second interface.

On the other hand, the exact estimation of the tirsns
(13) does not take into account this evanescentewav
because the multiple reflections are calculatedirfoident
waves under the critical angles (Fig. 4).

In (12), the reflection coefficient for a simpleérface
Ry» can be calculated using (1).

RlZl,first terms = R1(01) + R(03) + - + R, (6,) (13)

The global reflection of a thin layer correspondghe
sum of all the multiple reflections (Fig. 1). Ifethincident
wave can be considered as plane, i.e. the differasfc
inclination of each multiple can be neglected, geemetric
series formula allows to transform the infiniteisgiinto the
simple, well-known [4, 7] equation:

R121=R1+R2+R3+...
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Fig. 3. Comparison of the amplitude of the refigetcoefficients Fig. 4. Thin layer reflection of a spherical wawveihcident angle
estimated with Fresnel and spherical equationsgaoefficients measured superior to the critical angle, for the first terastimation.

through 3D modelling.



I1l. OBSERVATION OF THE WAVE PROPAGATION
To understand the propagation of GPR waves w

encountering embedded layers, we performed nunher

simulations of the propagation of a GPR pulse auocrete
encountering air layers of different thicknessesFig. 5,

the snapshots for the layers of 1 cm and 10 cm a

displayed.

The wave propagation is totally different for thamd
thick layers. No visible wave front propagates itite 1 cm
layer, which means that the multiple reflectionsl ahe
lateral wave are highly attenuated. Simultaneousih
amplitude of the evanescent wave has not decréasazio
yet when encountering the second interface: thigewaill
reflect and become propagative again. A similarabar is
observed for the thicknesses smaller thari0.3

It is thus expected that the reflection coefficiewitl
ve to be described by different equations, dépgnoin
layer thickness.

IV. COMPARISON OF THE NUMERICAL REFLECTION
COEFFICIENT TO THE ANALYTICAL PREDICTIONS

reIn Fig. 6. (a), we plotted the reflection coeffitie
amplitude measured by 3D FDTD simulations as atfonc
of the incidence angle and for different layer khiesses.
The behavior observed in the snapshots (Fig. 5.) is
confirmed: for the thin layers, the evolution oétreflection
coefficient is smooth, which means that no constreand
destructive interferences can be observed betweewave
front in the layer and the first reflection.
In Fig. 6 (b) the same curves are calculated with t

On the other hand, when the thickness is largen tigethod of the plane wave approximation (12). Itegia
0.52, the evanescent wave is equal to zero when regacrgﬁ‘)d estimation of the numerical reflection coedfit for
the second interface. However, the wave front f tHe thinnerlayers (1 cm and 3 cm).

multiple reflections and of the lateral wave canobserved
in the layer. For the layers with intermediate khiesses
(0.31 - 0.52), the observed behavior is intermediate [16].
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Fig. 5. 2D snapshots of the 2.3 GHz wave propagdita@nm concrete
(e'=7.7) to air layers of (a) 1 and (b) 10 cm. D, SRLand E are the direct
wave, the source, the lateral wave, the seconéélactions and the
evanescent wave, respectively.

In the curves calculated with the first term estiora
(13), represented in Fig. 6 (c), the oscillatioose€sponding
to the interaction between the two wave fronts appleut
the results are far from the predictions, everttierthickest
layers. Indeed, a sharp slope discontinuity is Meskat the
critical angle, and the amplitude of the oscillatiafter the
critical angle does not decrease as expected.

The discontinuity at the critical angle is duetie tise of
Fresnel equations, that does not describe weltefiection
of spherical waves nor the propagation of the #teave.
To take these phenomena into account, we calcuthied
first reflectionR; in (13) by using the spherical reflection
equations (7)-(11) instead of Fresnel equationg. @-(d)).

With this ‘First terms spherical’ method, the
discontinuity at the critical angle is strongly eattiated,
giving a fair estimation of the numerical reflectio
coefficient at the critical angle, and even for lasgup to
about 35°. For larger angles, the method overetgsntne
oscillations of the curves. An attenuation functstrould be
introduced in the equations in order to be ableetch a
good estimation of the reflection coefficient fdriacident
angles and layer thicknesses.

V. CHOICE OF THE BEST ANALYTICAL MODEL AS A
FUNCTION OF THE LAYER THICKNESS

Under the observations of the previous sectionscave
conclude that the best model for the estimationthef
reflection coefficient of a thin layer depends ¢we tayer
thickness [16]:

- for very thin layers (under 0.3), or for layers
presenting a higher permittivity than the matrix,
the plane waves approximation (12) may be used;
for thick layers (above 0.%), the method giving
the best results is the first terms methods (18h w
calculation of the first reflection by the sphetica
equations (7)-(12). This method is valid only for
incident angles up to 120% the critical angle. € b
able to characterize larger angles, a specific
attenuation function should be introduced;
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Fig. 6. Reflection coefficient amplitude versusident angle curves of air thin layers of differthitknesses into concrete : (a) estimated throlyh 3
FDTD modelling, (b) calculated with the plane waygproximation method, (c) calculated with the fiestns estimation method and (d) calculated with
the first terms method modified with the spher@aliations.

- for the intermediate layers (0.8 - 0.5 1), we of the spherical equation. In this second caserdbelts for
suggest to calculate the reflection coefficient dhe large incident angles could be improved by the
the basis of a linear interpolation between the twadroduction of an attenuation function for the ilations of
previous methods. the reflection coefficient amplitude.

The analytical evaluation of the reflection coeéit
V1. CONCLUSION AND PERSPECTIVES may be exploited as the forward solution of an isi
The behavior of radar waves, when encountering tiprocedure, or as a fast pre-evaluation of the #yer
layers in the near field with a postcritical inade, is parameters, in order to reduce the parameters dyHose
dependent on the layer thickness. For very thiergythe the use of a more sophisticated method.
reflection of the evanescent wave on the secordfaue is However, when the tests are performed with surface
predominant, while the propagation of the multipntennas, additional surface phenomena will appear
reflections and of the lateral wave into the laigenlmost influence the measured amplitude. For example,réac
inexistent. For large layers, the influence of évanescent lateral wave, travelling along the surface aftdlecting on
wave can be neglected; the propagation of the pheltithe thin layer with the critical angle, will be nsemed
reflections and of the lateral wave into the laygghly simultaneously to the lateral wave travelling itie layer
influences the global reflection coefficient, eviénthose [16]. To efficiently exploit the analytical resulpsesented in
waves are submitted to an attenuation influencedhey this paper for field data inversion, it will be mssary to
layer thickness. develop a mathematical expression of this surfatardl
Therefore, the best equations for the predictiorthef wave similar to (10). Other parameters that sholodd
reflection coefficient of an embedded layer willpded on accounted for in order to obtain a comprehensivevdod
the layer thickness. The plane wave approximasowaiid model for the radar measured amplitude are thextans of
for thin layers while, for thicker layers, bettasults are the antenna-medium coupling and the antenna rediati
obtained by using the first terms method with idtrction pattern.
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