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Abstract: In civil engineering, conventional methods used to estimate the thickness of pavements assume flat interfaces. In
contrast, this study uses a rigorous electromagnetic method called propagation-inside-layer-expansion (PILE) to simulate the
radar backscattered signal at nadir from a rough pavement made up of two rough interfaces separating homogeneous media.
The statistical distribution of the first two echoes is studied by comparison with the default flat case, together with their
frequency behaviour. Within the scope of road pavement survey by ground penetrating radar, the scattering model is finally
used to assess the performance of the estimation of signal parameters via rotational invariance techniques (ESPRIT)

algorithm, one of the well-known high-resolution time-delay estimation techniques.

1 Introduction

Ground penetrating radar (GPR) is a common tool for non-
destructive probing of civil engineering materials (hydraulic
and bituminous concretes, soils). For centimetre-scale
wavelengths, GPR is often used for the specific application
of pavement survey [1, 2]. For this purpose, the roadway is
assumed to be horizontally stratified. The vertical structure
of the roadway can then be deduced from radar profiles by
means of echo detection and estimation of amplitudes. Echo
detection provides the time-delay estimation (TDE)
associated with each interface, whereas amplitude estimation
is used to retrieve the wave speed within each layer. Some
particular pavement materials are made up of thin layers
(having thicknesses <3 cm), which requires the use of high-
resolution algorithms for thickness estimation [1, 2].
Conventional signal processing techniques that are used to
perform thickness estimation neglect both surface and volume
scattering. The heterogeneity of the pavement material (made
up of aggregates of 2 cm at the most) may contribute to the
overall scattering, and may consequently lead to additional
errors in the thickness estimation. However, according to
[3], at nadir and within the GPR band, surface scattering
dominates in comparison with volume scattering. Thus, this
paper focuses on the influence of the roughness of the
surfaces on the electromagnetic wave scattering from the
stratified pavement. Compared to [4, 5] in which only a
single rough interface is considered, this requires much
more sophisticated electromagnetic modelling. A rigorous
approach named PILE (propagation-inside-layer-expansion)
method [6] is then used. The solution is then expected to
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bring a better insight in the scattering phenomena: to
determine the validity domain of the flat interface
assumption and to assess the performance of the thickness
estimation technique.

This paper is organised as follows. In Section 2, the PILE
method [6] rigorously calculates the backscattered echoes by
the rough stratified pavement. Each rough interface is
characterised by a Gaussian distribution and an exponential
auto-correlation. The results are compared with the
standard case of flat interfaces. Owing to the limited extent
of the illumination beam, a spatial variability of the
backscattered echoes occurs, depending on the location of
the measurement. Thus, this variability is theoretically
studied by computing the statistical distribution of
the backscattered echoes. The frequency signature of the
echoes within studied frequency band (with bandwidth
B =3 GHz and centre frequency f, =2GHz) is shown
to depend on the roughness of the interfaces. Then,
the simulated electromagnetic data are used to assess
the performance of the selected time-delay processing for
pavement survey by GPR, with regard to the signal-to-
noise ratio (SNR). The selected TDE technique, namely
ESPRIT (estimation of signal parameters via rotational
invariance techniques) technique, is presented in Section
3. It was selected among the subspace algorithms family
(MUSIC, Min Norm) because of its smaller computational
burden. The principle of this algorithm is briefly recalled,
as well as the associated assumptions in the signal model.
In Section 4, computer tests show the influence of the
layer roughness on the performances of the ESPRIT
algorithm.
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2 Rough pavement scattering modelling

This section details the influence of the surface roughness of
the stratified pavement on the scattered echoes, as illustrated
in Fig. 1. Analytical formulas based on the Rayleigh
roughness parameter allow us a qualitative analysis of the
latter influence. Then, the numerical method PILE [6] is
used to obtain quantitative results. In comparison with the
literature, the PILE method aims at improving the realism
of simulated data. The simulated data match the
conventional radar configuration used for road survey by
GPR (e.g. [7-9]), that is, monostatic radar backscattered
data at nadir.

2.1 Qualitative analysis

In this subsection, the influence of surface roughness is
examined from a qualitative point of view for the problem
configuration shown in Fig. 1 considering only two interfaces.

First, the simple case of a flat layer (with two flat interfaces)
of thickness H is considered. For normal incidence 6, = 0
(nadir), the first and second echoes s, and s, (corresponding
to scattered fields £, and E, in Fig. 1) backscattered (i.e.
specular reflection) by the two (flat) surfaces of the
pavement (3, and 3, respectively) are given by

E
) = El =TI (1)
1
E TS
§y = fz = tyyryty e OVE) @)

1

respectively, with r;, and r,; the Fresnel reflection
coefficients at the upper and lower (flat) surfaces 3, and
2., respectively, and E; the incident field. In addition to
ry;, the second echo s, takes account of Fresnel
transmission coefficients ¢, and f,, through the upper flat
surface 2, and an additional term owing to the propagation
loss inside the lossy pavement layer €Q,.

Here, s, is defined regardless of the real part of phase
difference between E, and E,, ZI:IkORe(@), which will
be taken into account when studying TDE, see the term
e 3™ in (7). k, is the wavenumber inside the vacuum, e,
the complex relative permittivity of inner medium (), and
Im the imaginary part operator.

Second, compared with the latter case of two flat surfaces, the
surface roughness induces a broadening of the energy away
from nadir 6, = 6, = 0. As a result, the backscattered echoes
s, and s, are expected to decrease in amplitude, depending on
the RMS (root mean square) height of the rough surfaces with
respect to the electromagnetic wavelength in the vacuum A,.

Eﬁ Q, (g) / 1

i 3
Q3 (g5)

Fig. 1 Problem configuration (for the illustration, the incidence
is oblique: 0; # 0)
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The typical surface RMS height is of the order of 1 mm
[5, 10], whereas the wavelength in the vacuum A, ranges from
0.600 to 0.086 m for a GPR frequency band ranging from 0.5
to 3.5 GHz. Therefore the modification of the echo levels
s, = E,/E; owing to the surface roughness is expected to be
rather small, and in particular for s,.

Then, to further study the influence of interlayer surface
roughness on the echo amplitudes, the Rayleigh roughness
parameter Ra, which is well known for the case of
reflection from single rough interfaces [11], is used, and its
associated Fraunhofer criterion [12] is introduced.
Considering the reflection onto the upper interface 3, it is
usually given for normal incidence 6, = 0 by the relation
[11, 13]

Ra,, = kyn, 0,4 3)

with n; =1 the refractive index of (), and o, the RMS
height of % ,. Equation (3) corresponds to the Rayleigh
roughness parameter associated with the scattered field E,
(see Fig. 1).

Recent work [13, 14] made it possible to extend the
Rayleigh roughness parameter Ra to the case of reflection
from a rough layer. For a Gaussian process (i.e. for rough
surfaces with Gaussian height PDF, probability density
function), a satisfactory agreement was found in [13, 15]
between the extended Rayleigh roughness parameters and
exact numerical results. Then, this new tool provides us an
interesting means to evaluate the electromagnetic roughness
of rough layers. For uncorrelated rough surfaces, the
extended Rayleigh roughness parameter Ra,, associated
with the second-order scattered field E, (or associated
second echo s,) is given for normal incidence 6, = 0 and
lossless media 1, and Q, by [13, 15]

_ Jaze ol e 4
Ra,, = 0 hAT+ 298 “4)

where n, is the refractive index of (), and o;,; the RMS height
of 3.

A qualitative criterion (associated to the Rayleigh
roughness parameter) can be used to check if the surface or
layer can be considered as slightly rough. Called Fraunhofer
criterion, it is given by [12]

Ra < /16 ~ 0.196 )

Here, for electromagnetic probing of rough pavements (with
millimetre-scale surface RMS heights) at decimetre-scale
microwave frequencies, the first-order Rayleigh parameter
Ra, ,, given by (3), is very weak and checks the Fraunhofer
criterion. This means that for s, the layer can be considered
as very slightly rough. Nevertheless, the second-order
Rayleigh parameter Ra, , associated with s,, given by (4), is
> Ra,;, and can exceed the Fraunhofer limit, #/16. In
particular, we will see hereafter that it is true for the higher
frequencies of the GPR band: in the example to follow, it is
reached at / >~ 2.17 GHz. This means that for s,, the layer
can be considered as either slightly rough or rough
electromagnetically.

Similarly as in [4], because the pavement area illuminated by
the GPR antenna is not much larger than the upper and lower
surface correlation lengths L., and Lz, respectively, a
variability of the backscattered echoes occurs, depending on
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the location of the measurement. Thus, hereafter this variability
is studied theoretically by computing the statistical distribution
(also called probability density function, PDF) of the
backscattered echoes. Then, the frequency behaviour of the
echoes is studied within considered frequency band.

In what follows, a quantitative analysis is led by means of a
rigorous numerical method, in order to validate the qualitative
analysis and to study more precisely the surface roughness
influence on the electromagnetic scattering.

2.2 Quantitative analysis

In order to compute the fields scattered from the rough layer, a
numerical method, based on the method of moments (MoM),
is used. This method, called the PILE method [6], is a
rigorous numerical method.

Contrary to other MoM-based reference numerical
methods that generally can calculate only the total scattered
field from rough layers E =Y ;o E,=E +E, + -,
the PILE method is able to rigorously compute each
scattered field contribution (£;, E,, and so on, see Fig. 1).
Therefore this method is appropriate for the computation of
the different echoes s, = E,/E; (see (2) of [2]), instead of
considering the simple case of flat interfaces. Thus,
numerical simulations are led to derive s;.

2.3 Simulation parameters

The simulation parameters are chosen to match to the
conventional GPR configuration used for pavement survey
at traffic speed (e.g. [9]), that is, air-coupled radar
configuration at vertical incidence (nadir). It is assumed that
the scope of the probing is limited to the first two layers of
the pavement structure.

Studied pavement structure is made up of a layer medium
Q, of ultra thin asphalt surfacing (UTAS) of mean
thickness /' = 20 mm [16], overlying a rolling band Q; of
same general composition (see Fig. 1). The UTAS and the
rolling band are assumed to be equivalent to homogeneous
media at normal incidence and at the frequency band under
study f€[0.5; 3.5]GHz [2, 3, 7]. Their relative
permittivities €, typically range between 4 and 8 [17, 18],
and their conductivities o between 10~> and 1072 S/m [8].
For the simulations, we take €, =4.5 and €5 =7,
respectively, and o, =5 x 1073 S/m and o5 = 1072 S/m,
respectively. Then, by considering non-dispersive media,
the complex relative permittivity €, can be calculated as

£ =€+] (6)

o
27fe,

with € = 10~? /367 F/m the permittivity inside the vacuum.
For instance, for f=2 GHz, the complex relative
permittivities are €,, = 4.5+ j0.045 and €, = 7 +j0.090.
The two rough interfaces 3., and % are assumed to have a
Gaussian height PDF and an exponential height auto-
correlation function [5, 10]. For %, the RMS height oy, is
of the order of 0.6—1 mm, and the correlation length L, of
the order of 5—10 mm [5, 10]. For 34, the RMS height ;4
and the correlation length L ; are a bit greater. Chosen
simulation parameters are o,, = 1.0mm, L , = 6.4mm,
0y =2.0mm and Lz =15.0mm. In practice, the two
rough surfaces are only weakly correlated; thus, the height
profiles of the two surfaces have been generated from
independent processes for the data sets.
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The antenna is assumed to radiate a vertically polarised
plane wave in far field of probed pavement as in [19]: the
antenna is about 400 mm above the sand surface, for which
far-field condition has been checked from data. The antenna
is thus located beyond the Fraunhofer distance with respect
to the probed pavement. This air-coupled radar
configuration allows us to implement the advanced signal
processing technique to be introduced in Section 3 for TDE.

The typical width of probed surface antenna footprint is of
the order of 300—500 mm [19, 20]. Then, for the simulations,
surfaces of length L = 2400 mm are considered, illuminated
by a Thorsos beam of attenuation parameter g = L/6 [21]
(the Thorsos beam is a tapered plane wave, whose tapering
has a Gaussian shape; the tapering is used to reduce the
incident field to near zero at the ends of the surface
realisations and thereby to reduce edge effects to negligible
levels). The two rough interfaces are sampled with a
sampling step Ax = A,/10, with A, the wavelength inside
Q,. A normal (0; = 0) incident wave is taken, and the first
two orders of the reflected fields by the rough layer £, and
E, are calculated under the PILE method, in order to derive
the first two echoes s, and s, from the ratios s; = E,/E;
and s, = E,/E;. Then, the frequency signature of the two
echoes s, = s,(f) are obtained by running the PILE code at
the different frequencies f over the GPR band, that is, [0.5;
3.5] GHz.

To study the variability of the echo amplitudes s, and s,
(which occurs because the antenna footprint (or spot size) is
not much larger than L, and L, as often in pavement
measurement processes [4]), several independent Monte-
Carlo processes are generated. Thus, it is possible to
estimate the standard deviations of the echo amplitudes, and
even a profile of their calculated PDFs if a significant
number of realisations is used (typically, of the order of
N=10000 [22]). In what follows, a great number of
realisations is then used to thoroughly study the influence
of the variability of the surface roughnesses on the echoes.

2.4 Numerical results

First, numerical simulations are led at a fixed radar frequency
f, in the centre of studied radar band, that is, f =
f. =2.0GHz. In order to study the PDF of the echoes s,
and s,, we take N = 10 000 realisations of the Monte-Carlo
process. A comparison is also made with the case of flat
interfaces (in green vertical line). Numerical results of
computed PDFs are plotted in Fig. 2 for s, and in Fig. 3 for
s,. Moreover, the corresponding mean (m) and RMS (o)
values of s, and s, are reported in Table 1. In each figure,
the PDF of the real part, the imaginary part, the modulus
and the phase (in degrees) of the echo are plotted in a
specific subfigure. The mean value m is plotted in a dashed
vertical line, and the mean value plus or minus the standard
deviation o are plotted in dotted vertical line. The PDF is
fitted with a Gaussian PDF having the same parameters m
and o in full red line. Last, a comparison is made with the
case of flat interfaces (whose PDF is a Dirac delta function)
in green vertical line.

Concerning the first echo s, the imaginary part and the
phase show a slight difference between the flat case and the
mean value m; of the rough case. Moreover, the dispersion
around m, is low: for instance, in the phase distribution, the
RMS phase is <1 (0.275). By contrast, a rather significant
difference occurs in the real part and in the modulus. As
expected, the (upper) surface roughness induces a decrease
in the echo (real part or modulus) comparatively to the flat
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Fig.2 PDFs of the first echo s; (real part, imaginary part,
modulus and phase) obtained from 10 000 realisations, at a radar
frequency f= 2 GHz

Mean value is plotted in a dashed vertical line, and the mean value plus or
minus the standard deviation are plotted in a dotted vertical line. Then, the
PDF is fitted with a Gaussian PDF having the same statistical parameters
(mean and RMS). A comparison is also made with the flat case in vertical line
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Fig. 3 Same simulation parameters as in Fig. 2, but for the second
echo s;.

Table 1 Mean (m) and RMS (o) values of the two echoes s; and
s, from Figs. 2 and 3, respectively: real part (Re), imaginary part
(Im), modulus and phase (in degrees) components

Re Im Modulus Phase, deg.
S1:.my 0.3571 0.0054 0.3571 0.873
S1: 01 0.0002 0.0017 0.0002 0.275
Sp: My 0.0843 0.0013 0.0845 0.888
Sy 0 0.0012 0.0054 0.0011 3.663

case. However, this decrease remains small owing to the small
electromagnetic roughness of the surface [evaluated by
Ra,; = 0.042, see (3)] at this typical frequency. Moreover,
the dispersion around m, is low. It can be noticed that the
general shape of the PDF resembles a Gaussian for the
imaginary part and the phase, and also for the real part and
the modulus.

The same qualitative observations can be made for the
second echo s,. Here, the relative differences between the
flat case and the mean value m, of the rough case are
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higher, owing to the larger electromagnetic roughness of the
layer: Ra,, = 0.181 (which is close to the Fraunhofer limit,
0.196).

Second, in Fig. 4 the frequency behaviour of the echoes
s, and s, (real part) is investigated in the whole range of the
band f'€ [0.5; 3.5] GHz, for which N = 1000 Monte-Carlo
processes were used.

As expected, for both echoes, the influence of the roughness
of the interfaces continuously increases with frequency,
inducing a broadening of the scattered beam around nadir
and a decrease of the magnitude at nadir. This is confirmed
by the Raylelgh roughness parameters Rarl and Ra,, that
increase as f increases. The decrease in modulus (or
amplitude) is stronger for s, than for s, as predicted by Ra
expressions. Then, the layer roughness cannot be neglected
any longer for s,, as it exceeds the Fraunhofer limit for
f22.17GHz.

Thus, within '€ [0.5; 3.5] GHz, the relative difference of
the rough case with the flat case is weak for s,, as it reaches
only 0.5% for f= 1.5 GHz, 1.3% for f= 2.5 GHz, and 2.1%
for f'= 3.5 GHz. Nevertheless, for s,, this difference is more
significant: it continuously increases with f from 6.5% for
f=15GHz to 19.8% for f= 3.5 GHz. This confirms the
qualitative Fraunhofer criterion given by (5), which is valid
here only if f < 2.17 GHz.

Finally, other simulations (not shown here) with a smaller
antenna footprint (i.e. a narrower beamwidth) have been
performed. As expected, a smaller antenna footprint induces
an increased spatial variability of the echo amplitudes
around their mean value, that is, an increased standard
deviation.

In what follows, the echoes s,(f) are denoted as s, for the
flat case and s, w,(f)) for the rough case. Then, the term w,(f)
represents the frequency signature of the ratio of the rough
case relatively to the flat case.

3 ESPRIT for TDE of radar data

In most cases, to provide the depth structure of the pavement
from time delays associated with each layer and the wave

1st echo 51
0.365
— 0.3 :
a
% 0.955 Flalcase
13 = @ - Rough case (u)
0.35 - Rough case (p + 2a)
0.34 + Rough case (1 real] : :
: %.5 1 1. 5 2 25 3 3.5
2nd echo 32
0.11

= @ - Rough case {u)
- Rough case (u + 2a) |

+ Roughcasa {1 real]

0'08.5 1 15 2 25 3 35
Radar frequency f (GHz)

Fig. 4 Frequency behaviour of the echoes s; and s, (real part) in
the frequency band f € [0.5; 3.5] GHz: comparison between the flat
case, the mean value of the rough case and the mean value plus
or minus twice the standard deviation of the rough case (from
N = 1000 realisations). The case of a particular realisation is
also plotted for comparison
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speed therein, radar data are processed on a scan-by-scan
basis. Therefore the received signal is one dimensional and
consists of the sum of K echoes of transmitted radar pulse.
Within the scope of thin pavement survey, we focus on the
signal processing techniques applicable for overlapping
echoes within a limited bandwidth. Then, the algorithm
ESPRIT [23, 24] has been selected for our purpose. As
opposed to Section 2, it assumes a simplified data model to
be presented hereafter. Then, this section recalls the
principle of the algorithm and discusses practical
considerations related to its use.

In far-field condition, impinging plane waves are reflected
at each (rough) interface, and the received signal is then made
up of K backscattered echoes (we concentrate here on K = 2,
which corresponds to one layer with two rough interfaces).
These echoes are simply time-shifted and attenuated copies
of transmitted signal e(f) convoluted with the propagative
channel response. An additive white Gaussian noise n(¢) is
assumed to represent the measurement uncertainties and the
noise in the electronic devices. Most of the spectral analysis
techniques applied to TDE process the data in the
frequency domain [25]. The signal model is written as follows

K
H) =Y spwi(Ne(e ™ + ii(f) (7)

k=1
where the 7 symbol represents the corresponding Fourier

transform of temporal functions. s, and s,w,(f) represent
the kth ‘reflection coefficient’ (or rather echo) in the cases
of flat and rough interfaces, respectively. The term w;(f)
represents the frequency behaviour of the kth echo for
rough interfaces.

The ESPRIT algorithm has originally been proposed for
array signal processing [23]. For TDE, the conventional
ESPRIT algorithm considers an ideal data model, in which
a flat surface and a lossless medium are assumed. This
model has been used for the processing of radar data in far-
field condition and for monostatic configuration (e.g. [21]).
In this case, the term w,(f) = 1 in (7).

Considering N equispaced frequency samples f, within the
bandwidth B, the (N x 1) received signal vector 7 can be
written as follows [2]

F=AAds+h (8)

where A4 is the (N x K) mode matrix, made up of the K
steering vectors a(T}) = [e 7Tk ¢ Al e AWNTiT
of size (N x 1) as columns, with £k € {1,2, ..., K}, A is
the (N x N) diagonal matrix whose diagonal elements are
the Fourier Transform &(f) of the radar pulse e(¢), s is the
(K x 1) vector of echoes amplitudes, that is, the Fresnel
reflection coefficient from flat interfaces and lossless
material at nadir, and » is the (N x 1) zero-mean noise
vector with variance o”.

For TDE, the ESPRIT algorithm exploits an underlying
rotational invariance between two adjacent data sub-bands.
Considering two overlapping data sub-bands of N —1
samples each and overlapping with each other by N —2
samples, the associated (N — 1) x K-dimensional mode
matrices, 4; and A,, are related to each other by the
following (K x K) diagonal matrix @, whose elements
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depend on the time delay to be estimated

A, =A@, with

& = diag(e ¥™MN | . ©)

e AT

In practice, @ cannot be estimated from data. Nevertheless,
on the basis of the eigendecomposition of the data
covariance matrix I = E[##"], where E[.] denotes the
ensemble average, it can be shown that the diagonal
elements of @ can be retrieved from the following similar
matrix W [24]

Zj0,2 Vsig = (A2A17120,1 Vsig)lp (10)

In the latter formula, 3, ; (J =1, 2) are two overlapping sub-
band matrices of size (N — 1) x N, which are defined as the
N — 1 upper and lower lines of the noise covariance matrix
3, , respectively, according to

(0)-(3) o

A; (=1, 2) are two (N — 1) x (N — 1) diagonal matrices
defined from the pulse radar matrix A as

A; = diag@(f), &(fy))s -0 fyayy)  (12)

and V', is made of the generalised eigenvectors of the signal
subspace as columns. The time delays of the K echoes are
retrieved from the arguments of the generalised eigenvalues
of W. Thus, ESPRIT requires to calculate the matrix ¥ in
(10) with either the least-square method or the total least-
square method [23].

ESPRIT can provide the time-delay estimates of the echoes
when the covariance matrix of echoes has full rank. This
condition is met when the echoes are not fully correlated.
Further details on the estimation of the data covariance
matrix are given in Section 4.

Algorithm implementation deserves a special attention
within a multipath environment. As the source vector in the
data model represents the different paths from the same
source, the cross-correlation between echoes may be strong
enough to perturb algorithm operations. Thus, the SSP
(spatial smoothing process) or MSSP (modified spatial
smoothing process) averaging technique is performed to
alleviate the correlation influence. It requires a prior data
whitening by the radar pulse shape &(f). The frequency band
(N data) is organised into M overlapping subbands of L data
each, with L the effective bandwidth. For the largest
overlapping ratio between sub-bands, L, N and M are related
to one another by N = L + M — 1. The frequency smoothing
technique consists of averaging the M covariance matrices
calculated from each sub-band vector (L data); its application
is also called the forward technique (SSP) and the forward—
backward technique (MSSP) if the data are averaged in the
direct (as SSP) and the reverse orders simultaneously.
Consequently, the covariance matrix to be processed by the
sub-space algorithm is reduced to the size L x L.

The optimum size of the sub-band was studied in the literature
in order to approach the performance associated with null
correlation. For pure cissoids in noise [2], the forward
averaging SSP technique leads to a better time resolution
when the effective frequency bandwidth lies between 50 and
70%. Performance is enhanced using the MSSP technique and
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the optimum effective frequency bandwidth is between 80 and
90% of the total frequency bandwidth.

4 Computer tests

In this section, the performance of the ESPRIT algorithm is
tested on the data simulated from the PILE method in
Section 2. By gradually taking account of the material
conductivity and the layer roughness in the simulations,
computer tests afford the sensitivity analysis on the TDE
performance of the ESPRIT algorithm.

As a reminder, the layer thickness is // = 20 mm and the
relative permittivities of the inner media ), and (), are
€, = 4.5 and €5 = 7, respectively. The radar pulse e(f) is
a Dirac pulse. The data vector is made of N =31 equally
spaced frequency samples within [0.5; 3.5] GHz. The two
echoes are slightly overlapped with the BAT product equal
to 0.85. The conductivity and the layer roughness introduce
a dispersion within the backscattered signal that ESPRIT
can only partly handle.

Thus, three data sets have been generated with PILE. Each
one is made up of 1000 spatially independent snapshots at
different SNR to be defined hereafter. The first data set
matches the data model associated with the ESPRIT
algorithm, that is, lossless media and flat interfaces. The
second data set introduces a small conductivity within each
layer (o, =5 % 107 S/m and o3 = 1072 S/m, respectively)
that induces a small dispersion into the simulated signal.
Finally, the third data set obeys the model in Section 2 with
the latter small conductivity and the layer roughness
accounted for.

Moreover, PILE provides the backscattered data vectors
from each interface. Calling y,(f) and y,(f) the data vectors
associated with the two interfaces, the data sets enable us to
vary the cross-correlation amplitude between echoes. Like
in [24], the high-correlation situation is obtained by running

the algorithm from the covariance matrix fjfc related to the
sum  y,(f) +»,(f). By -contrast, the best algorithm
performance is obtained from the null correlation matrix
f‘ic, which is calculated from the sum of the covariance
matrices of the data related to the different data vectors.
Both matrices are then defined as follows

Fﬁ = (1 +32) x 0 + 1)) (13)
0 = Gol) + () (14)

The first situation is relevant to the experiment, because
backscattered echoes originate from the same transmitter.
To alleviate this problem, the covariance matrix is then
estimated using the well-known SSP/MSSP averaging
techniques as discussed in Section 3. The null correlation
case allows us to get the best performance of the algorithm.
Besides, it may help to select the best sub-band size for the
SSP/MSSP averaging technique.

The SNR is defined as the ratio between the power of the
strongest echo at the first frequency (f; = 0.5 GHz) and the
noise variance. The powers of the two sources are deduced
from the particular realisation plotted in Fig. 4.

The performance of ESPRIT is assessed with a Monte-
Carlo process of 500 independent runs of the algorithm,
with independent noise snapshots. For each run, the
ESPRIT method performs the TDE of the first two echoes
T, and T,. Then, the layer thickness H is estimated from
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the knowledge of the dielectric constant €,, inside (), with
the relation [26]

C(Tz_fl)
2 €2

H ~ (15)
with ¢ = 3 x 10% m/s the speed of light in vacuum.

The performance is assessed from the relative-root-mean-
square error (RRMSE) of the layer thickness [2] as follows

JU/O S, @y - By

RRMSE(H) = 100 x -

(16)

where A, denotes the estimated thickness for the jth run of the
algorithm, and H the true value.

Figs. 5 and 6 represent RRMSE variations on the estimated
thickness (/) with respect to SNR for the three data sets. The
best performance is obtained in dashed lines with the optim
label, which corresponds to the ideal situation of both
lossless layers (media) and flat surfaces along with null
correlation between echoes [see (14)]. Then, the RRMSE
continuously decreases with increasing SNR, which means
that the TDE is unbiased.

When the conductivity is taken into account in the data set
(Fig. 5), the best result is obtained for uncorrelated echoes
(uncor label in the legend of the figure). The RRMSE
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Fig.5 RRMSE variations on the estimated thickness ( o ) against
SNR  for overlapping echoes, uncorrelated (‘uncor’) and
correlated cases; for correlated case, the SSP method was used
for various effective bandwidths L, B = 3 GHz (with BAT = 0.84),
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variations are the same as for the former ideal situation up to
12 dB SNR. Beyond this limit, the TDE method has a
constant bias which is small enough compared to the
accuracy requirement for pavement survey, that is, 5%. For
the correlated case [see (13)], we used the SSP averaging
technique with various effective bandwidths L as
preprocessing. The results for different L reach the same
asymptotic plateau of 1% in RRMSE at high SNR. Among
the different cases, L = 18 (corresponding to 58% in
relative bandwidth) provides the closest result to the
uncorrelated case.

In Fig. 6, the overall performance of the TDE algorithm
degrades when both the conductivity and the layer roughness
are taken into account. Compared to Fig. 5, the plateau is
about 2.5 times larger and occurs at lower SNR. The plateau
becomes closer to the 5% relative accuracy requirement in
the practical situation of highly correlated echoes.

This sensitivity analysis shows that the simple data model
associated with the conventional ESPRIT algorithm quickly
departs from the data. Within the scope of pavement survey,
the data model should include a damping factor whose
magnitude is mostly dominated by the layer roughness.

5 Conclusions

This paper brought some evidence that the layer roughness
has the most influence on deeper echoes compared to the
surface echo. In particular, simulations showed that the
spatial variations of the echo amplitudes are significant.
Besides, the layer roughness provides a particular frequency
signature of the amplitude of the echoes, that is, a decrease
with respect to frequency. The difference with the flat
situation is enhanced at higher frequencies, and especially
for the second echo.

In the second part of the paper, the influence of conductivity
and/or layer roughness on the inverse problem is shown, that is
to say the thickness estimation by the selected TDE algorithm
ESPRIT. Strictly speaking, the conductivity of the material
must be taken into account in the algorithm: an asymptotic
bias is revealed for average-to-high SNR. The bias
magnitude is however small enough for the accuracy level
required for pavement survey by GPR, that is, 5%. Taking
the conductivity and the layer roughness into account, the
performance of the TDE algorithm decreases with a relative
error on the thickness that can be close to 2.5%.

It is believed that the use of a refined analytical data model
(based on the Kirchhoff-tangent plane approximation [13,
15]) along with suitable modifications of the ESPRIT
algorithm may greatly improve the performance for
average-to-high SNR.
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