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Prediction of Antenna Reflection Coefficient in
Presence of Multilayer Media: A Fast Spectral
Domain Approach
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Abstract— Asphalt  thickness
penetrating radar (GPR) is an important application in
transportation infrastructure inspections. Thin asphalt
measurement needs to wuse super-resolution or full-wave
methods to process the GPR signals with overlapped echoes.
We propose a model for antenna reflection coefficient in the
presence of multilayer medium by omitting considerations of
evanescent waves and interactions between the antenna and the
medium. We formulated it within the spectral domain, enabling
the explicit incorporation of the antenna’s radiation pattern.
This model is about 100 times faster than the existing full-wave
models. In this model, we calculate the plane wave expansion
(PWE) of the antenna radiated field. Ignoring the evanescent
waves, the PWE of the radiated field is calculated from the
far-field pattern of the antenna. Simulation and measurement
results confirm the validity and effectiveness of this model in
asphalt thickness measurement.

estimation using ground-

Index Terms— Antenna modeling, ground-penetrating radar
(GPR), k-space, multilayer, pavement thickness measurement.

I. INTRODUCTION

ROUND-PENETRATING radar (GPR) has important
Gapplications in nondestructive testing and evaluation
of transportation infrastructures. These applications include
pavement layers thickness estimation [1], [2], [3], [4], mois-
ture estimation [5], [6], [7], void detection [8], and density
estimation [9], [10], [11]. The most important application of
GPR among these applications is the thickness estimation [2],
[12], [13]. Furthermore, thickness estimation of layered media
is useful in other applications such as underground coal
mining [14] or environmental monitoring [15].

The traditional methods for pavement thickness estimation
are based on the calculation of two-way travel time (TWTT) of
the GPR signal [16], [17]. In this approach, the time difference
between the received echoes from the top and bottom surfaces
of each layer is utilized for thickness estimation. One of these
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traditional methods for estimating thickness is using surface
reflection coefficients, which utilizes both the TWTT and the
amplitude of the received echo signal [3], [18]. Other methods
are based on multioffset configurations, such as common
source [2] and common midpoint [19], [20]. Lahouar et al. [19]
and Leng and Al-Qadi [21] demonstrated that evaluating the
thickness and permittivity simultaneously requires only two
TWTT data points—one from monostatic and the other from
bistatic measurements.

The above-mentioned thickness estimation methods that use
the TWTT are not suitable for thin pavement layers where the
echoes from the layer interfaces interfere with each other [1].
This situation occurs when the pulsewidth of the incident sig-
nal is wide or the time difference between the echoes from the
layer interfaces, At, is very low [22]. The pulsewidth of the
incident signal is inversely proportional to the frequency band-
width B of the GPR. The methods addressing this problem
are called super-resolution methods. As defined quantitatively
in [22], super-resolution methods are the methods that can
estimate the thickness of layers with a BAt product less than
1. These methods include layer stripping [23], deconvolution
[24], [25], and high-resolution algorithms, e.g., MUSIC [22]
and methods based on machine learning algorithms [26].
Most super-resolution methods rely on a simplified data
model to predict the backscattered signal. In this model,
the backscattered signal consists of the summation of the
echoes. The received signal from each interface is approx-
imated by amplitude scaling and time shifting of the input
signal [22], [23]. This model is applicable, when the distance
of the antenna from the pavement surface satisfies the far-
field conditions [22]. In addition, in this model, the multiple
reflections from the multilayer interfaces are neglected. Using
full-wave inversion with an exact solution of Maxwell’s equa-
tions for wave propagation in 3-D multilayered media permits
super-resolution reconstruction [27], [28]. Lambot et al. [29]
proposed a far-field model (FFM) for the prediction of the
backscattered signal that considers the electromagnetic (EM)
phenomena in a multilayer medium as well as the antenna
and antenna—-medium interactions. This model was preceded
by Lambot et al. [30], where the antenna—medium interactions
were not modeled. Using this model, the full-wave inversion
is possible and the complete information of the GPR signal
is used. Lambot and André [31] also proposed a near-field
model (NFM) to improve the FFM for near-field measure-
ments and implemented it for asphalt thickness measurement
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in [12]. This model also has been used for other applica-
tions such as multilayer concrete evaluation [27] and soil
moisture content measurement [7], [32]. In these models, the
antenna is considered as a point source [29] or multiple point
sources [31], and the effect of the antenna is modeled by global
reflection and transmission functions that are determined by
calibration. These transfer functions model the free space
reflection coefficient, the transmitting, receiving, and multiple
reflections of the real antenna and convert the point-source
analytical response, so-called Green’s function, to real radar
measurements, e.g., Si; in case of a vector network analyzer
based radar. The spatial-domain Green’s function of multilayer
medium for a point source is derived by using the spectral-
domain Green’s function. Calculation of the spatial-domain
Green’s function from spectral-domain Green’s function
involves a complex integral that is time-consuming, especially
for bistatic configurations involving Bessel’s functions. The
calculation time is important because Green’s function is used
in an optimization procedure and need to be evaluated many
times. Lambot et al. [33] proposed an optimal integration path
to decrease the calculation time, but it improves the speed
only by a factor of about 4. Furthermore, the calculation
speed depends on the structure of the multilayer medium
[34]. Nevertheless, for simple model configurations involving
one layer only, this exact model formulation can already
provide real-time inversion capabilities [35] using gprSense
(https://www.gprsense.com/). For the reconstruction of multi-
ple layers, however, calculation time is still a limitation.

In this article, we propose an approach to predict the antenna
reflection coefficient in the presence of a multilayer medium.
In this approach, instead of spatial-domain Green’s function
of a single or multiple point sources radiated field, we use
plane wave (PW) expansion (PWE) of the antenna radiated
field. The antenna radiated field derived from this PWE can
provide a good prediction of field variations near the antenna.
The proposed model is based on the PW scattering matrix
(PWSM) theory [36]. In this approach, it is not required to
compute a complex integral, and this improves the speed
of forward problem solution. We use two assumptions in
this approach. First, we neglect the evanescent PWs and
second, we neglect the multiple reflections from the antenna-
to-multilayer medium. One of the features of the proposed
approach is the explicit use of the radiation pattern in the
model. In the rest of this article, we first explain the theory
of the proposed approach and present its implementation for
an arbitrary multilayer medium in Section II. Also, in this
section, we explain the existing full-wave model in order to
compare it with our approach. Next, we verify the validity of
this approach by the simulation and compare it with the FFM
in Section III. Finally, in Section IV, we apply the approach
for estimation of the asphalt thickness using simulation and
measurement data.

II. THEORY
A. Multilayer Medium Response to Plane Wave

In accordance with the theory of reflection and transmission
of layered medium [37], [38], we consider a multilayer
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medium that consists of N layers, as depicted in Fig. 1. For
upward and downward propagating PWs, the wave vectors are
k=k<X+kyy+k?Z and k =k.x +kyy — k., respectively,
where &, (k* =k} —k3)'/?. The plane containing the
k-vector of the incident PW and Z is called the incidence
plane. The electric field of a PW is perpendicular to its wave
vector k and can be projected into transverse electric (TE) and
transverse magnetic (TM) polarizations. In TE polarization,
electric field is perpendicular to the incidence plane and in
TM polarization, electric field is parallel to the incidence
plane. The reflection coefficients of TE and TM polarizations
from the multilayer medium are determined using recursive
relations [38]

flected
,TE — ETFee _ Mnt1kzn — Unkz ni 1)
n incident —
ETCI en Mn—!—lkz.n + /vlfnkz,n-i-l
reflected
M HY _ Eniken — Enkznt )
" Hlmndem 8n+lkz,n + 8nkz,n+1
TE/TM TE/TM | j2k_ i 1By
RTE/TM — "y +Rn+] ¢ e (3)
n 1+ RTE/TMrIE/TMe_jZkz.n+1hn+1

n+1

where L represents the field component perpendicular to the
incidence plane, k, , is k. in the nth layer and ' and r™ are
the local reflection coefficients of the nth layer for TE and TM
polarization, respectively. RTE and R™ are the total reflection
coefficients of the nth layer for TE and TM polarization,
respectively. The local reflection coefficient of the nth layer is
defined as the ratio of the reflected field to the incident field
for a half-space medium consisting of the nth layer on top
and the (n 4 1)th layer on the bottom. In contrast, the total
reflection coefficient of the nth layer represents the complete
ratio of the reflected field to the incident field, considering
all layers stacked below the nth layer. The local reflection
coefficient pertains to a single interface, whereas the total
reflection coefficient is obtained recursively by accounting for
the reflection coefficients of all underlying interfaces. The total
PW reflection for TE/TM polarization at the PW reference
plane is

TTEM™ (ke k) = Ry ™ (K, key)e 2ot )
For a multilayer medium ended with an unbounded sub-
space, the total reflection R;E/ ™ equals rZ,E/ ™ If the
multilayer medium is ended to a perfect electric conduc-
tor (PEC) the total reflection coefficients Ri" —1 and
R = 1 are used to start the calculation of the recursive
equations (1)—(3).

B. Antenna Plane Wave Scattering Matrix

In Section II-A, we presented the analytical formulation for
the response of an arbitrary multilayer medium to a known
PW mode. Here, we provide a method for decomposing
the radiated field of an arbitrary antenna into PW modes,
as well as the antenna’s response to different reflected PW
modes.
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Fig. 1. Schematic of a radiating antenna in the presence of a multilayer
medium.

The PWE of a known electric field E is the 2-D Fourier
transform of the field that can be written as follows:

~ 00 o0 .
E(k,, ky) = / / E(x,y,z= O)EJ(kXerk"y)dxdy. (5)

Applying the wave equation to (5), the electric field E can be
written as follows [39]:

E(x, y 2)

[/ / Eq (ke, ky)e I Bt g=ikzgp dk,
T 4n?

+ / / Ei(kx,ky)ej("*”k«‘y)e”kzzdkxdky}
(6)

where E , and E 4+ are the upward and downward propagating
waves in the spectral domain. In (6), for (k7 +k})'/? < k,
the value of k, is real; otherwise, it is imaginary. According
to (6), in the first situation, the magnitude of the PW remains
constant in a lossless medium, while in the second situation,
the magnitude of the PW becomes evanescent as it moves
away from z = 0. Therefore, for (k2 —{—k%)'/2 < k, the PW
modes are called propagating modes; otherwise, they are called
evanescent modes. In this article, we ignore evanescent PWs.
This approximation is applicable, when the antenna inductive
fields are less than the radiating fields. The inductive fields can
be neglected if the distance from the antenna is much greater
than the wavelength. Ignoring evanescent PWs, the limits of
the integration in (6) are restricted to a circle with the radius
of k centered at the origin of the k, — k, plane. In Fig. 1,
the antenna places in z > 0, and the incident PWs propagate
downward in z < 0.

The PWSM of an antenna introduced in [36] is an antenna
model based on the PWE of the antenna radiated EM fields.
In this model, we should consider a reference plane for the
PWs. As depicted in Fig. 1, we consider z = 0 plane as the
PWs reference plane. The PWSM of an antenna consists of
four scattering parameters. These parameters include Sy, Sp1,
Sip, and Spp. The first parameter is the well-known antenna
free space reflection coefficient in the antenna theory [40]. The
last parameter is the ratio of the PW reflected field from the
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antenna to the PW impinging on it. Here, we assume that we
use an antenna for which the secondary-reflection from the
antenna toward the z < 0 region is negligible. In such case,
we can ignore Spp in PWSM. Here, we focus on determining
Sp1 and S;p of an antenna.

Sp1 of PWSM is defined as follows [36]:

TE/TM(/(X, k ) )
in free space (7)

TE/TM _
SP] (kx ' ky) Vincident
where Vipcident 18 port 1 incident voltage and the measurement
takes place in free space.

Ignoring the evanescent PWs in (6), the propagating PWs
can be calculated using the far-field pattern of the antenna by
using [39], [40]

j2nr
—Ef“;‘f/ﬁ“;?ﬁw (ke ky), o(ky, ky)) (8)

~TE/TM _
Ei (kx’ k ) e—Jkr

where FEfarfielq 1S the complex far-field pattern of the electric
field at the distance r from the origin. According to the defini-
tion of TE and TM polarizations, TE and TM components of
the electric far-field are corresponding to (i) and 0, respectively.
In®),0 =m— sin’l((kf + ki)l/z/ko) and ¢ = tan’l(ky/kx)
for k, > 0 and ¢ = 7 + tan’l(ky/kx) for k, < 0. In order
to calculate Sp;, we can calculate the far-field pattern of
the desired antenna in the z < 0 hemisphere by 3-D EM
simulation and using (7) and (8).

Based on the definition presented in [36], for an upward
propagating PW given by Ege/***ky+k3) we introduce S p
as follows:

TE/TM reﬂected
Sip ™M ey ky) = ST )
0

It should be noted that in contrast with ordinary scattering
parameters, according to (7) and (9), the dimensions of Sp;
and S;p are [m].
SIT,]E/ ™ can be calculated using the reciprocity relation [36]
ST ™ (ky, ky) = ZZoks grermM_p gy
nok
where Z is the characteristic impedance of the line connected

to port 1 and ng is the characteristic impedance of the free
space.

(10)

C. Antenna Reflection Coefficient in the Presence of a
Multilayer Medium

Here, we combine the formulations presented in the two
previous sections to derive a closed-form equation for calcu-
lating the reflection coefficient of an antenna in the presence
of a multilayer medium. The total reflected voltage in port 1
is [36]

Vreﬂected

= Sl 1 Vincident

4712/ /
47r2/ /

ETE(kx,k )Sip ks, ky)dk,dk,

ETM(kx,k VST ke, ky)dk dky

(an
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where §;; is the reflection coefficient of the antenna when
placed in the free space. According to the definition of I'TE/T™
in (4), the upward propagating spectral-domain electric field
can be written as follows:

Ef ks, ky) = =T (ke ky) E P (ks ky) (12)
and

EPMke ky) = T™ ks k) EPM ke k). (13)

Ignoring secondary reflections from the antenna, the total

radiated PWs from the antenna can be written as follows:
EV ™ (ke ky) 2 St ™ (K, Ky) Vincident- (14)

Using (11)—(14), the reflection coefficient of the antenna in the
presence of a multilayer medium can be written as follows:

SllML—Sll_4n2/ /

x STE(k,, k )dk dk,

4712/ /

x ST (k,, ky)dkxdky.

FTE<kx,k )Sp ks, ky)

FTM (ky, ky)SEY (ki ky)

5)

Compared with the full-wave radar equation [29], [31], there
are two approximations in (15). The first approximation is
due to ignoring the secondary reflections from the antenna-
to-multilayer medium. The second one is due to ignoring the
evanescent PWs.

D. Discretization Scheme

In order to calculate the integrals in (15), the k- %\)Aace should
be discretized. In the first step, we calculate SP, using (7)
and (8). In this work, we use a discretization scheme, in which
the far-field points in (8) are selected in such a way that they
are equally spaced in the z < O hemisphere of radius r in
the far field of the antenna. In [41], the following approach is
proposed to have M approximately equally spaced points in a
hemisphere. In this scheme, all of the points are placed on m
circles parallel to x—y plane, where m is given by

Mm
m= |1/ —|.
8
Here, [x] denotes the nearest integer to x. The 6 angles
corresponding to the points on these circles are

R A
O=m—i—=|—,
2/)2m

that select the z < 0 hemisphere. The number of points in
each circle is given by

(16)

a7

[2Msin(95)sin(L)], fori=1,2,....m—1
4m

m—
- ZC]h
I=i

for i = m.

(18)
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¢ of the selected points are given by

1 2
= j—= — ], i=1,2,...,q;.
ij (J 2)(%‘) / !

In order to use the proposed discretization scheme to cal-
culate the reflection coefficient of the antenna in the presence
of a multilayered medium, we use the following substitution
in (15) for an arbitrary integrand g(ky, ky):

=
2

:/ /g(kp,(p)kpdkpd(p.
o Jo

Using the relation k, = k sin @, (20) can be written as follows:

19)

g(kx, ky)dk dk,

(20)

2w
1=/ / 20, 9)k? cos 0 sin 0dOd g
0 /2

2n

/ g0, 9)k? cos 0d 2
Q

where dQ2 = sin6d0d is the solid angle differential and €2 is
the z < O hemisphere solid angle. The approximately equally
spaced discretization scheme expressed by (17) and (19)
results in approximately equal solid angles given by AQ =~
2m /M. Hence, for large values of M, we can approximate the
integral in (21) by

Z Z g(6;, <p,])k cos 6; AQ

7T k2 m qi

M Zzg(ei»ﬁl)ij)COSG[.

i=1 j=1

(22)

E. Fast Calculation of Si1.mr

The multilayer response to PW expressed by (1)—(4)
depends only on the 6 angle of the radiated PW and is indepen-
dent of the ¢ angle. Therefore, IT¥/™(k, k) in (15) can be
expressed as I'TE/T™ (@) for propagating PWs. Combining (22)
and (15), the analytical reflection coefficient of an antenna
placed over a multilayer medium can be expressed as follows:

m

@)

aniljl

XSITal(Qz,fpu)S (0i, @ij) cos b;

m

r'™g,) s\t

O, ¢ij)
izl j=1

X S;FII;/[(G,, (Pij) COS 9,'. (23)

For simplicity, we introduce

T ™(6;) = Z Spy O i) S (0, 9ij) cosb; (24)
and rewrite (23) as follows:

2 m
> (™) T™6)

i=l1

Sime = S+

2n M

~TTEE)T™6)).  (25)
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Fig. 2. k-space filter applied in calculation of Sj mr..

It should be noted that according to (16) the calculation time
of Sy1.mL in (25) is of the order of O(v/M).

F. Spectral Domain Filter

As discussed in Section II-B, we ignore the evanescent PWs
in the proposed model and this causes a discontinuity in the
k. —k, plane at the boundary of k, = ko, where k, = ksinf =
(kf + k%)l/ 2. This will cause an error in the modeled reflected
signal. To suppress this effect, we apply a k-space filter defined
as follows:

(26)

This equation is a hypothetical function to smooth the discon-
tinuity in the k-space and has no physical meaning. In this
equation, y is a tuning parameter for the smoothness of the
function. When y increases, the function becomes smoother,
but the accuracy of the PW expansion decreases. On the other
hand, for low values of y, the error due to discontinuity
increases. For values of y between 20 and 60, these errors
do not differ meaningfully for the special antenna used in
this article, and we set this parameter to 40. Fig. 2 illustrates
the above spectral domain filter. Applying this filter, we can

rewrite (25) as follows:
SimL = S11 + L? i((FTM(@)TTM(&)
’ 2n M P
—I™O)HT™6)) x F6)).
(27)

Fig. 3 depicts a summary of the actions needed for calcu-
lating the antenna reflection coefficient in the presence of a
multilayer medium.

G. Theoretical Overview of the Existing Full-Wave Model

In order to compare our model with the existing full-
wave models, we briefly explain these full-wave models. The
main difference between the FFM and NFM presented by
Lambot et al. [29], [31] is that they model antenna global
reflection and transmission by single or multiple point sources,
respectively. The FFM uses the monostatic spatial-domain
Green’s function that is calculated using

1 [ (kzyoRgM B wuRIE

Gups = o—
8 0

“ieohog dk, (28

we kz’() )e ° ? ( )
in which monostatic Green’s function G,,, is the ratio of
reflected electric field to the current of an infinitesimal dipole
located at the same location [31], [33]. It should be noted that
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Calculation of PW coefficients of antenna

3D EM

Calculation of | _ C::lc(;l?tlcg;(zg‘)gp 1y simulation of
E/TM M g b q
TTEMM by (24) (8) and (10) antenna in free
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v
Calculation of Calculation o.f measurement of
antenna reflection .
[TEM™ for a coefficient in reflection
multilayer medium [ [  coefficient of
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parameters by (1) 5 . antenna in free
to (4) multilayer medium Space (Spie)
(Suan) by 27) e

Fig. 3. Illustration of the calculation of Sjjmp as the forward problem
solver for pavement thickness estimation. The blocks with a red background
are executed once, while those with a green background are performed during
each iteration of the optimization process.

according to (28), the evanescent modes are considered for
point source response. The calculation of this integral is the
main time-consuming process of the existing full-wave model.
The NFM uses the bistatic spatial-domain Green’s function
expressed in [31] that is more time-consuming than the
monostatic one. Furthermore, considering more point sources
increases the number of bistatic spatial-domain Green’s func-
tions to be calculated. Therefore, the NFM is slower than the
FFM. In this article, we compare the speed of our proposed
model with the FFM.

In the FFM, there are three main parameters that character-
ize the antenna response. The first parameter is the antenna
reflection coefficient in free space that we previously called
it Sy, rs. the second parameter is H that is the product
between the global transmission functions for the incident and
backscattered fields. The third parameter is Hy that models the
multiple reflections between the antenna and multilayer. H is
actually the global reflection coefficient for the backscattered
field. One can predict the reflection coefficient of the antenna
in the presence of a known multilayer media using

HGI‘HS
1= HiGpy

There is another parameter that is not explicitly presented
in (29), and it is the location of the point source with respect
to antenna [42]. We use the same method as used in [29] to
determine this parameter. The calculation of the multilayer
structure spectral-domain Green’s function is with respect
to this location. In order to determine H and Hy for an
antenna, we can measure the antenna reflection coefficient in
the presence of a PEC at two known distances /pec; and Apec2
and using the following equations [29]:

Si1,rem = St f5 + (29)

Sitpec2=Sit, s Sit,pect =St ss
G, pec2 Gins, pec
Hy = —Cn pec (30)
Sll,pecZ - Sll,pecl
St — S
,pec2 11, fs
H=—2%—2 (S| pecz — Si1,15) Hy. (31)

Gms,pecZ

In (30) and (31), Sii,pect and Siipec2 are the measured or,
in our paper, simulated antenna reflection coefficient when the
PEC is placed in distance of Apec; and fpec; from the point
source location, respectively. Lambot et al. [43] have also used
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a more accurate approach that applies more different distances
to overdetermine the system of equations. However, in this
article, we use the approach formulated by (31) and (30). Only
in far-field condition, the FFM parameters derived from (30)
and (31) are independent of the distances of PEC from the
point source location. However, if one calculates H and Hy
by PECs placed in the near field of the antenna, as performed
in [44], the FFM is valid when multilayer medium distance is
near the distance used in PEC tests. Tran et al. [45] showed
this modified FFM has sufficient accuracy for estimation of
multilayer media unknowns when the antenna distance is more
than 1.2D, where D is the maximum dimension of antenna
aperture.

H. Time-Domain Signals

In this article, we calculate the time-domain reflected signal
from the frequency-domain GPR data. By using time-domain
signal, we can apply time gating to neglect the unwanted
part of signals in time. For this purpose, we first subtract the
antenna reflection coefficient in free space from the antenna
reflection coefficient in the presence of the multilayer medium.
Next, we apply a windowing function in the frequency domain
to decrease the ripple away from the main peaks of the time-
domain signals. Here, we use the Tukey window [46]. This
apodization window has a tuning parameter « to optimize the
trade-off between low ripple level and maximum effective uti-
lized bandwidth. For o = 0, the window becomes rectangular
and for ¢ = 1, it becomes a Hann window. We use o = 0.2
empirically to achieve the best results in asphalt thickness
estimation for a large dataset. The reflected signal in the time
domain is defined as follows:

y@) = F H{Sum(f) = Su(f)HX(fe >}

where F~! denotes the inverse Fourier transform and X (f)
is the Tukey window with o = 0.2, as depicted in Fig. 4(a).
The exponential term is used to make a time shift 7y in
the time-domain. In this article, we use the frequency data
in the frequency range of 1-4 GHz that corresponds to the
frequency bandwidth of B = 3 GHz. The inverse Fourier
transform of X (f)e~/2"/™, which is depicted in Fig. 4(b), can
be interpreted as the time-domain incident signal.

(32)

1. Inversion

Up to this point, we proposed a method to calculate the
reflected signal in the presence of a known multilayer medium.
This method can be considered as a forward problem solver.
The corresponding inverse problem is to estimate the medium
parameters from a known reflected signal. We solve this
inverse problem by using the particle swarm optimization
(PSO) [47]. This method is a stochastic population-based
optimization successfully applied in many function opti-
mization problems and has fast convergence to acceptable
solutions [48]. We use the following cost function:

C(e, h) = z [Ymodel (&, I, 1) — ymeasuremenl(ti)|2

l

(33)
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Fig. 4. (a) Absolute value of apodization window X (f) and (b) its
time-shifted inverse Fourier transform which can be assumed as a time-domain
incident signal.
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Fig. 5. Antenna used for radiation in the presence of multilayer media.

(a) Fabricated antenna and (b) free space reflection coefficient of the antenna.

where ymoder denotes the reflected signal obtained by the
proposed model and ymeasurement 1 the reflected signal obtained
from the measured data. Both ygoder and Ymeasurement are
calculated by using (32). € and k are the vectors representing
the complex electric permittivity and height of different layers
of the medium. The optimized set of (&qpt, Aopt), Which cor-
responds to the minimum of the cost function, is considered
as the estimated values for the medium parameters. In order
to implement the PSO algorithm, we use the particleswarm
function from MATLAB, with all parameters set to their
default values, except for the function tolerance that we set
it to 1071°, This parameter determines the stopping criteria of
the algorithm.

III. MODEL IMPLEMENTATION AND VALIDATION

In order to verify the validity of the proposed approach,
we implement it for a Vivaldi antenna placed above an
asphalt layer and compare the reflected signals obtained by the
model with those obtained by 3-D full-wave electromagnetic
simulation. In this section, we first explain the antenna used for
simulations and measurements. Second, we discuss about the
sufficient number of points, M, that discretize k-space. Finally,
we compare the simulation results and the model results to
verify the validity and accuracy of the model.
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Fig. 6.  (a) Magnitude of 3-D far-field pattern in the center frequency
f = 2.5 GHz, (b) magnitude, and (c) phase of the extracted 775%™ The
extraction process is repeated for all frequency steps. The phase of the far-field
pattern depends on the origin of the far-field monitor that is shown in (a) by
a red point. This point also serves as the phase reference for the PWs.

A. Antenna

We used the Vivaldi antenna shown in Fig. 5(a) for thickness
estimation of the asphalt layer. As represented in (27), the
main parameters that should be extracted for the antenna
in the proposed approach are 7TE/™ and antenna reflection
coefficient in free space, Sj;. In the optimization procedure
used for thickness estimation, TTE/™ ig calculated only one
time. We calculate this parameter by using the far-field radi-
ation pattern of the 3-D EM simulation of the antenna in
free space and applying (7), (8), (10), and (24). This process
is shown in Fig. 6. The result of these simulation-based
calculations is used in thickness estimation based on both
simulated and measured data. TTE/™ and §); provide the
complete information needed for modeling the antenna in the
proposed method. The measurement and simulation results
of the antenna reflection coefficient in free space, S;;, are
depicted in Fig. 5(b). In this article, we obtain all 3-D EM
simulation results by CST Microwave Studio software and
perform all S;; measurements by an E8363b Agilent vector
network analyzer.

B. Sufficient Number of Discretization Points

An important parameter that affects the calculation time
is the number of discretization points, M. Fig. 7 shows
the reflected signals from a PEC surface for three different
values of M in two different situations. In the first situation,
corresponding to Fig. 7(a), PEC is placed at z = —1 m, and in
the second situation, corresponding to Fig. 7(b), PEC is placed
at z = —2 m. As shown in Fig. 7, M = 8000 is sufficient for
the first situation, and increasing M to 32 000 does not change
the reflected signal, but in the second situation choosing M =
8000 leads to error. The reason for this phenomenon is that
for scatterers placed far from the antenna, the phase difference
between radiated PWs from neighboring discretization points
is considerable, and to overcome this problem, M should be
increased. To determine the proper value of M, the phase
difference that occurred due to the two-way traveling time
for the farthest scatterer should be considered. In this article,
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Fig. 7. Reflected signal calculated by the proposed model for an antenna
radiating to a PEC surface placed at (a) z= —1 m and (b) z = —2 m.

as the worst case, we consider a 10-cm thick asphalt layer
with relative permittivity €,; = 9 placed at 10-cm distance
below the antenna aperture, and account for three multiple
reflections. This case corresponds to 2-m two-way traveling
of the PW in free space and in this condition M = 8000 is
sufficient.

C. Verification and Comparison

We consider two problems to verify the validity of the
proposed approach. In the first problem, the thickness of the
asphalt layer is 7; = 7 cm and echoes are nonoverlapped
and in the second problem, the thickness of the asphalt layer
is hy = 1 cm and echoes are overlapped. In both problems,
the antenna is placed over an asphalt layer with €, = 7,
and the distance between the antenna aperture to the asphalt
layer is hg = 10 cm. Note that, in the simulation scenarios,
the two-way distance of the multilayer from the antenna is
greater but not much greater than the wavelength. Therefore,
neglecting evanescent PWs can introduce some errors and
should be investigated. We use CST microwave software
to calculate the reflection coefficient of the antenna in free
space and also in the presence of the asphalt layer and then
use (32) to calculate the reflected signal as the reference.
In this full-wave simulation, all EM phenomena are considered
including the secondary reflection from the antenna. However,
the drawback of using this simulation in solving the inverse
problem is its low calculation speed. The simulation of the
antenna in the presence of the asphalt layer takes about 6 h
using an Intel' core? i7-2600k CPU with 3.4-GHz clock rate.
In order to compare our proposed model with the FFM, here,
we implement the FFM model. The location of a point source
is 6.5 cm above the antenna aperture using the method declared
in [29]. The distances of PEC in two tests used in (30) and (31)
are 9 and 11 cm. Fig. 8(a) and (b) depicts the reflected signals
obtained by the full-wave simulation, the proposed approach

'Registered Trademark.
2Trademarked.
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TABLE I

NRMSE AND CALCULATION TIME OF THE PROPOSED APPROACH AND
FFM FOR TwO CASES WITH NONOVERLAPED ECHOES (h; = 7 cm)
AND OVERLAPPED ECHOES (k] = 1 cm)

hy (cm) NRMSE calculation time (ms)
FFM | proposed model FFM proposed model

1 0.028 0.077 69 + 2 0.60 = 0.02

7 0.035 0.099 68 + 2 0.58 + 0.02

and the FFM for the first and second problems, respectively.
In both problems, there is a good agreement between the
proposed approach, FFM, and simulation. In order to compare
the accuracy of the models, we use normalized root mean
square error (NRMSE) defined by

NRMSE — \/Z,N_’l | Ymodel (1) — Yest (1)1
Z,NZ'] Iyest ()]

where N, is the number of time steps in the time-domain
signal, ycst is the reflected signal obtained by CST, and
Ymodel 18 the reflected signal obtained either by the FFM
or proposed approach. Table I presents the comparison of
NRMSE and calculation time. The accuracy of the FFM is
more than the proposed method; however, the results show
more than 100 times speed improvement in the proposed
approach compared with the FFM. The reported calculation
time for the proposed modeling approach also includes the
IFFT time with 2001 points.

(34)

IV. ASPHALT THICKNESS ESTIMATION RESULTS

In the problem of asphalt thickness estimation, the asphalt
thickness and permittivity are unknown. As pointed out before,
the PSO optimization algorithm and the proposed antenna
model are used to estimate the asphalt thickness. To model
more realistic multilayer parameters, we take into account that
the first layer is lossy. The lossy material electric permittivity
is represented as €; = €,1€p — j(01/w), where €,; and 0| are
the real part of relative permittivity and conductivity of the first
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Fig. 9. (a) NRMSE of forward problem solver and (b) consequent error in

thickness estimation as a function of antenna-to-multilayer distance, obtained
for hy =1cm, €1 =6, €,0 =4, and o1 = 0.04 S/m.

layer, respectively. In the optimization process, we use a time
gating for + > 4 ns to eliminate the remaining errors after
subtraction of the antenna free space reflection coefficient.
In the following, we present the thickness estimation results.
In Section IV-A, we study the effect of antenna-to-multilayer
distance on the thickness estimation error using simulated data.
In Section I'V-B, we investigate the accuracy of asphalt thick-
ness estimation for different values of asphalt thickness and
permittivity. In Sections IV-A and I'V-B, to evaluate Ymeasurement
in (33), we use the CST Microwave simulation results instead
of the measurement results. In Section IV-D, for an asphalt
layer and three PVC layers with different thicknesses, S;; and
S11.mL are used to evaluate Ymeasurement 10 (33) and then PSO
algorithm is applied to estimate the asphalt layer thickness.

A. Effect of Antenna-to-Multilayer Distance on Thickness
Estimation Error

Our proposed approach relies on two approximations,
namely, ignoring evanescent PWs and antenna—medium inter-
actions from the antenna. The effect of these approximations
is reduced by increasing the distance between the antenna
and multilayered medium. Here, we study the impact of the
antenna-to-multilayer distance on the model error and the con-
sequent estimation error of layer thickness. For this purpose,
we conduct full-wave simulations for an overlapped-echoes
scenario, considering the following multilayer parameters:
hy =1cm, € =6, ¢, =4, and oy = 0.04 S/m. In Fig. 9(a)
and (b), for different values of h,, the NRMSE between
the modeled and full-wave simulated reflected signals and
the thickness estimation error are presented, respectively. Our
results indicate that the thickness estimation error remains
below 1.5 mm when the NRMSE is below 0.1. Consequently,
we can state that for o values of 10 cm or greater, the
thickness estimation error is within acceptable limits for
this particular example. These results may vary depending
on the particular model configuration, determining parameter
sensitivities.
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TABLE 11
ESTIMATED THICKNESS hest FOR DIFFERENT THICKNESSES AND ELEC-
TRIC PERMITTIVITIES, OBTAINED FOR hg = 15 cm, ¢, = 4, AND
o1 =0.04 S/m
e h; =1cm h; =4 cm hy =7 cm
"1 "BAT | hess (cm) | BAT | hes; (cm) | BAT | hes; (cm)
2 0.28 1.09 1.13 4.20 1.98 7.19
6 0.49 1.08 1.96 4.05 3.43 7.12
9 0.60 1.09 2.40 4.18 4.20 7.26

B. Estimation Accuracy for Different Layer Parameters

We simulate the reflection coefficient of the antenna placed
above an asphalt layer with relative permittivity of €., =
[2, 6, 9], conductivity of oy = 0.04 S/m, and thickness of
hy = [1,4,7] cm. The distance of antenna aperture from the
multilayer is 4y = 15 cm. Thickness of the asphalt sublayer
is considered to be infinite, and its relative permittivity is
set equal to 4. We used the result of these simulations as
the measurement data in the cost function defined in (33).
In the inverse problem, there are four unknowns, namely,
the thickness, permittivity, and conductivity of the first layer
and permittivity of the second layer. The estimated values of
thickness in these situations are expressed in Table II. It can
be seen that the proposed model is effective for both cases
that BAt is greater or less than 1, and this confirms the
super-resolution capability of the method. The maximum error
of asphalt thickness estimation in Table II is 2.6 mm. Because
of the random nature of the PSO algorithm, the thickness
estimation calculation time cannot be expressed precisely;
however, we can report that it ranges from 4 to 8 s.

C. Effect of Noise on Thickness Estimation Error

To investigate the impact of noise on the super-resolution
capability of the method, we introduce numerical noise to
simulated data. Following a similar approach to [26], we define
the signal-to-noise ratio (SNR) as the ratio between the power
of the strongest echo in the time domain and the variance of
the noise. We added random Gaussian noise with an average
of zero to simulated S;; data. Considering the stochastic
nature of noise, this procedure is repeated 50 times. Table III
presents the results of thickness estimation error for three
overlapped-echo scenarios with the following parameters:
hg = 15 cm, ¢,y = [2,6,9], hy = 1 cm, o7 = 0.04 S/m,
and €, = 4. We consider three different SNR values. For
SNR values greater than 40 dB, at least 94% of samples have
a thickness estimation error of less than 2 mm. Achieving
an SNR of 40 dB in the time domain is equivalent to adding
Gaussian noise with variances of —46.9, —42.3, and —40.4 dB
to the S;; data in the frequency domain for three scenarios with
€1 of 2, 6, and 9, respectively. In practice, the measurement
system noise level remains below these values. However, the
main source of error typically arises from non-Gaussian noise,
which is difficult to quantify as it depends on many factors,
including the radar.

D. Thickness Estimation Based on Measurement Data

In the proposed approach, we used the 3-D full-wave
simulated data to model the antenna and obviously, there is
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TABLE III

EFFECT OF ADDING NOISE ON THE THICKNESS ESTIMATION ERROR FOR
ho =15cm, hy = 1cm, o7 =0.04 S/m, AND €, = 4

Error < 2 mm (%)

SNR (dB) €1 =2 €1=06 €1=9
30 64 20 88
40 94 96 100
50 100 100 100

some differences between the simulated and the fabricated
antenna. Therefore, it is important to verify the validity of
this modeling approach using measured data. A difference
between the simulated and measured data is the time mismatch
between the location of the port in the 3-D simulation and the
point the VNA calibration performed. In order to find this
mismatch, we used a test in which we place a PEC plate at
a measured distance from antenna aperture. Then, we used
the reflected signal of this measurement in comparison with
the proposed approach reflected signal to determine the time
difference. Using this calibration process, we calculated a
64-ps time difference and applied it as a time shift to all
measured data. Here, we use two sets of measurements—one
with asphalt layer and another with PVC layer.

As depicted in Fig. 10(a), the measurement setup consists
of an asphalt layer placed on a PEC plate. This layer consists
of two asphalt slabs of dimensions 39 x 29 x 5 cm placed
next together. These dimensions does not meet the multilayer
independence in the horizontal direction. In order to partially
overcome this problem, we performed 30 measurements with
random displacement of the asphalt layer in the horizontal
direction. In these measurements, the edge effects differ ran-
domly while the thickness remains constant. Then, we use the
average Sj; of the tests as the measured data. This averaging
also decreases the effect of the gap between asphalt slabs. The
PEC plate material is aluminum. The distance between the
lower edge of the antenna and the asphalt layer is 15.6 cm.
Using the PSO optimization algorithm, we achieved the values
of hj = 5.19 cm, ¢,; = 6.1, and o7 = 0.06 S/m. Fig. 10(b)
shows the measured reflected signal and the signal provided
by the proposed approach for the estimated values of the
multilayer parameters. As can be seen from Fig. 10(b), there
are three reflected echoes in the range of 4.5-7 ns. The
first and second echoes correspond to the reflection from the
asphalt top surface and the PEC surface, respectively. The third
echo is due to the multiple reflections in the asphalt layer.
As discussed in Section III-A, the calculation of TTE/T™ jg
based on a 3-D electromagnetic simulation of the designed
antenna, which inherently have practical mismatches with the
fabricated antenna. According to Fig. 10(b), at least in the
context of calculating TTE/T™  the mismatch can be considered
negligible. In order to see the cost function in a global search,
we plotted it in Fig. 10(c). To plot this figure, we used the
estimated conductivity o7 = 0.06 S/m. Based on the inset of
Fig. 10(c), there exists a narrow strip where the cost function
approaches its minimum value. Considering the length of this
narrow strip, even a slight discrepancy between the modeled
and exact reflection coefficient can lead to an estimated
thickness error of approximately 2 mm.
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Fig. 10. (a) Measurement setup that consists of an asphalt layer placed
on a PEC plate and (b) comparison of the reflected signal obtained by the
proposed model for the estimated values of the multilayer parameters and
measured reflected signal. We applied a smooth time gating for # < 4 ns. The
first three echoes, highlighted by green ovals, represent the reflection from
the asphalt’s top layer, the reflection from the metal plate, and the secondary
reflection occurring within the asphalt layer, respectively. (c) Cost function
for oy = 0.06 S/m in terms of thickness and permittivity. In order to have
better insight, we applied a threshold of 0.146 to the values in the inset.

In order to validate the modeling approach by more chal-
lenging measurements, we used PVC slabs with a thickness of
1.6 cm and horizontal dimension of 1.22 x 0.9 m. To have a
more complete set of measurements we use single, double,
and triple slabs placed on a PEC plate. Fig. 11(a) depicts
the measurement setup for a single PVC test. The distance
of the PVC layer from the antenna aperture in all of the
PVC measurements is 14.4 cm. The permittivity of PVC is
about 2 and the corresponding BAt is about 0.45, 0.9, and
1.35, respectively. The two first measurements meet the super-
resolution condition. The estimated PVC thickness for the tests
is 1.78, 3.43, and 4.67 cm, respectively. Fig. 11(b)—(d) shows
the modeled outputs using estimated values of the layer and
the measured outputs for the three tests, respectively.

V. CONCLUSION

In our study, we presented the formulation of the antenna
reflection coefficient in the presence of multilayer media by
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Fig. 11. (a) Measurement setup that consists of a PVC slab placed on a
PEC plate and (b) comparison of the reflected signal obtained by the proposed
model for the estimated values for a single PVC slab (7] = 1.6 cm). (c) Two
PVC slabs (71 = 3.2 cm) and (d) three PVC slabs (71 = 4.8 cm). We applied
a smooth time gating for ¢ < 4 ns.

omitting considerations of evanescent waves and interactions
between the antenna and the medium, whose impacts diminish
as the antenna height increases. Furthermore, we formulated
the antenna model within the spectral domain, enabling the
explicit incorporation of the antenna’s frequency-dependent
radiation pattern. Our aim is to offer a faster calculation
approach that broadens the scope of full-wave inversion
techniques, while ensuring that modeling inaccuracies remain
minimal. The calculation speed of this approach is about
100 times faster than the model used in [29]. We verified the
validity of this approach by comparing the reflected signal
calculated by the model and that obtained by 3-D full-wave
simulation. We performed this verification for a problem that
the multilayer medium was placed at 10-cm distance from the
antenna aperture. In this paper, we used the proposed modeling
approach in companion with the PSO optimization algorithm
in the practical problem of asphalt thickness estimation. Based
on simulation data, we confirmed the super-resolution capa-
bility of this method for thickness estimation. We also applied
measurement data for an asphalt layer and a thin PVC layer
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placed over a PEC plate. According to the estimation results

bas
the

ed on simulation and measurements, for the situations that
echoes are overlapped and the antenna distance from the

multilayer is about 15 cm, the absolute error is about 2 mm.
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