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Abstract: This paper investigates the performance of a wide variety of radar imaging modes, such as
nadir-looking B-scan, or side-looking synthetic aperture radar tomographic acquisitions, performed
in both back- and forward-scattering geometries, for the inspection and characterization of roadways.
Nadir-looking B-scan corresponds to a low-complexity mode exploiting the direct return from the
response, whereas side-looking configurations allow the utilization of angular and polarimetric
diversity in order to analyze advanced features. The main objective of this paper is to evaluate
the ability of each configuration, independently of aspects related to operational implementation,
to discriminate and localize shallow underground defects in the wearing course of roadways, and
to estimate key geophysical parameters, such as roughness and dielectric permittivity. Campaign
measurements are conducted using short-range radar stepped-frequency continuous-waveform
(SFCW) devices operated in the C and X bands, at the pavement fatigue carousel of Université Gustave
Eiffel, over debonded areas with artificial defects. The results indicate the great potential of the newly
proposed forward-scattering tomographic configuration for detecting slight defects and characterizing
roadways. Case studies, performed in the presence of narrow horizontal heterogeneities which
cannot be detected using classical B-scan, show that both the coherent integration along an aperture
using the back-projection algorithm, and the exploitation of scattering mechanisms specific to the
forward-looking bistatic geometry, allows anomalous echoes to be detected and further characterized,
confirming the efficacy of radar imaging techniques in such applications.

Keywords: synthetic aperture radar (SAR); ground-penetrating radar (GPR); ground-based SAR
(GB-SAR); tomographic SAR (TomoSAR); roadways; artificial defects; bistatic radar; forward scattering;
back scattering

1. Introduction

Roadways represent an essential kind of infrastructure for transportation systems,
and their safe and efficient operation is critical for society. However, over time, they
can experience degradation due to a variety of factors, including climate, traffic loads,
and material quality [1]. Invisible defects, caused by embedded and structural cracks, are
serious issues that can lead to costly repairs or even accidents. Therefore, there is a need
for effective techniques to evaluate the structural integrity and maintain the durability
of roadways [2].

Microwave radar devices have proven to be valuable sensors for detecting and charac-
terizing subsurface features. In particular, ground-penetrating radar (GPR) B-scan measure-
ments have been extensively used for roadway inspection [3-5], using incoherent series
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of high-resolution vertical radar profiles sampled along scanning paths. Efficient tech-
niques, based on such acquisitions, have been developed for characterizing the structure of
complex underground media [6-9]. Advanced signal processing methods may be used
to retrieve high-precision vertical information and estimate structural properties of the
observed roadways [10,11].

Synthetic aperture radar (SAR) imaging is a coherent signal processing technique
which uses spatial and spectral diversities in order to synthesize a 2-D map of the reflec-
tivity of a scene [12]. SAR imaging is generally operated in a side-looking configuration,
which allows important geophysical parameters such as roughness or humidity to be
estimated using different modes of diversity [13]. Classical 2-D SAR mapping is affected
by a cylindrical ambiguity and cannot discriminate scatterers located at different elevation
positions and whose responses fall into the same azimuth-range resolution cell. Tomo-
graphic SAR (TomoSAR) imaging represents a solution to this limitation, and may be
employed to estimate the 3-D reflectivity of environments [14,15]. This technique relies
on the acquisition of multi-baseline interferometric SAR data from slightly shifted trajec-
tories [14], which are coherently combined in order to generate 3-D images. TomoSAR
has been used to investigate the characteristics and scattering mechanisms of complex 3-D
media such as snow [16], ice [17,18], and forests [19]. Practical studies used near-range
TomoSAR imaging to explore detailed structural properties by employing ground-based
SAR (GB-SAR) systems [16,17,20,21].

In a typical back-scattering (BSC) configuration, TomoSAR imaging is usually imple-
mented using several acquisition passes involving co-located transmitters and receivers.
The length of the additional aperture determines the vertical resolution of the resulting 3-D
image. This study also considers SAR tomography performed in a forward-scattering (FSC)
configuration, i.e., with transmitting and receiving antennas located on opposite sides of
the scene. In such a mode, the vertical resolution is fixed by the signal bandwidth, whereas
the aperture length sets the resolution in the horizontal direction. FSC mechanisms are
known to have a much higher energy than their BSC counterparts, due to the fact that
waves travel along nearly specular paths. These facts make FSC SAR tomography a very
interesting technique for the refined characterization of roadways.

This paper proposes a new FSC tomographic imaging mode and makes a comparative
analysis with the traditional imaging configurations. This study shows that:

¢  FSC TomoSAR is well adapted for characterizing all roadway defects, and outperforms
nadir-looking B-scan mode, particularly with improved resolution in the X band.

*  The utilization of polarimetric diversity enables the estimation of dielectric permittivity
and the compensation of refraction.

*  Roughness is estimated using a scattering model, which benefits from the angular
diversity of the side-looking configuration.

Three radar modes, nadir-looking B-scan, BSC TomoSAR, and FSC TomoSAR are
described and their advantages and drawbacks are presented in Section 2. Measurements
conducted with a GB-SAR operated in all three configurations over a pavement fatigue test
circuit are described in Section 3. Section 4 discusses and compares the performances of
the radar modes over pavement defects corresponding with three artificially debonded
areas. Further analysis and the estimation of advanced roadway features, such as dielectric
permittivity and roughness, are investigated in Section 5.

2. Investigated Imaging Modes
2.1. Nadir-Looking Ground-Penetrating Radar

A classical nadir-looking GPR system uses a pair of transmitting and receiving an-
tennas to measure waves in the direction perpendicular to the air-ground interface, as
illustrated in Figure 1. The vertical resolution éz of such an acquisition depends on the
frequency bandwidth By, and is given by
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67 = 6d = — )
2By

where v is the propagation velocity of EM waves in the considered medium, and 5d
represents the range resolution. The azimuth resolution over distributed environments
is given by the width of the Fresnel region of the antenna system, as explained in [4].
A nadir-looking GPR radar can be operated to acquire a B-scan which contains a series of
echos at different positions along the scanning path. The ability of GPR devices to local-
ize heterogeneities and discontinuities makes such systems well-adapted to applications
related to road characterization and diagnosis.

Incoherent aperture

Tx RXx GPR profile

AA

Figure 1. Geometry of a nadir-looking GPR acquisition.

Nevertheless, such a system has a very limited resolution in the azimuth direction,
as B-scan is affected by migration effects, which reduces the possibilities of analysis. GPR
systems being operated in the nadir direction generally do not exploit angular and polar-
ization diversity.

2.2. Off-Nadir Synthetic Aperture Radar

Compared with a nadir-looking GPR achieving 1-D imaging along a track, an off-
nadir SAR system utilizes a side-looking configuration to perform 2-D and 3-D focusing
using horizontal and vertical spatial diversity, as shown in Figure 2. The back-projection
algorithm is used to perform 3-D tomography in order to discriminate embedded cracks
and to characterize dispersive media [15,22].

2.2.1. Single-Channel Monostatic SAR

BSC is the natural observation mode of monostatic SAR, and provides measurements
that are sensitive to roughness and polarization diversity. In the case of horizontal layers,
the resolutions of a single-channel BSC image are given by

od od

7 (S]/B|z:zo = (2)

5ZB|y:y0 =

cos 6 sin 6,

where (1o, zo) represent the ground-range and elevation coordinates corresponding to
0 = 0.

BSC imaging suffers from a deterioration in horizontal resolution at the near range,
i.e., when 6; reaches values close to 0 in (2), and is subject to a cylindrical ambiguity.
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Cylindrical ambiguity is illustrated in Figure 3, with scatterers located at Cartesian coor-
dinates y; and z; which cannot be separated in a BSC configuration, whatever the signal
bandwidth, as they are located on a cylinder, centered at the radar position whose radius
verifies dy = /(H —z;)? +y?, Vi. This ambiguity is a strongly limiting factor for the
characterization of volumetric media.

Ground Range
Y

Figure 2. Geometry of off-nadir SAR imaging in BSC and FSC modes.

Z(m)4+ Tx/Rx
1

-0.1
-0.2

@)

2.4

z =I0m

d, (m)

o Y, ¥3 1 2
y (m)
(b)

Figure 3. Illustration of cylindrical ambiguity when measuring 3 superimposed layers in BSC mode
(a) in the ground-range elevation plane (b) in the ground-range distance plane.
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2.2.2. Single-Channel Bistatic SAR

In order to meet the requirements of road inspection, the FSC mode of bistatic SAR is
proposed to enhance the longitudinal detection capability [23]. Forward-scattered signals
traveling along a quasi-optical specular path are much more energetic than back-scattered
ones, significantly improving the signal-to-noise ratio (SNR) and detection capability. The
range resolution dd is converted into quasi-constant vertical resolution dzr, whereas the
ground-range resolution éyr is very coarse

26d 26d

OYF|z=zy = 0zF ly=y, = ~ V/26d Yy 3)

|sin 61 — sin 6,]” |cos 61 + cos 6, |

where the expression is given at a certain case with incident and reflecting angles of 45°.
Considerable information in the vertical direction can be obtained from a single
channel, i.e., with only one pair of antennas. One may note that in such a configuration,
the estimated ground-range location is ambiguous, as illustrated in Figure 4. Indeed,
considering a scatterer lying on a horizontal layer, there are always two ground-range
locations, y1 and y», leading to equally traveled FSC distances, d(y1) = d(y2), with

d(y) = di(y) +d2(y) 4)

Z(m)y Tx Rx
1 [\ <7

0 \ J Y (m)
—0.1 V1 Y2
-0.2
(a)
3.6 z=0m
z=-0.1m
z=-0.2m

"o Y, 1 Y, 2
y (m)
(b)

Figure 4. Illustration of ground—range ambiguity when measuring 3 superimposed layers in FSC
mode (a) in the ground-range elevation plane, and (b) in the ground-range distance plane.
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2.2.3. Tomographic Monostatic SAR

A synthetic aperture in the vertical direction can be introduced to implement BSC
tomographic imaging, which allows the cylindrical ambiguity to be solved. The tomo-
graphic vertical resolution component related to angular diversity only is called 6zpT, as it
corresponds to the value obtained under the assumption of an infinite signal bandwidth,
or d < ¢ L in Figure 5a. The expression of the vertical resolution is given by

Acsin 0y

0287 = FGin(A0/2) ©)

where A, is the carrier signal wavelength.

6ZBT00
5L Z S - Sypr |z
N Ly o) oy

() (b)

Figure 5. Graphical representation of tomographic resolution cells separating two horizontal layers
in (a) BSC and (b) FSC modes with 6; = 6, = 45°.

Computing effective resolution values may be required to account for the signal
bandwidth as éd and ¢ L reach comparable levels.

2.2.4. Tomographic Bistatic SAR

Tomography is introduced in FSC mode to resolve the ambiguity problem in the range
direction of a single-channel acquisition. The displacement of the transmitting antennas in
the vertical direction synthesizes an antenna aperture, which focuses an equivalent beam,
as indicated by the transparent red zone in Figure 2. The corresponding ground-range
resolution, dyrr, is given by

Ac
2 cos B sin(A6/2) ©)

dyrr =

The features of the discussed imaging modes are summarized and compared in Table 1.
GPR operated in the nadir-looking configuration achieves great resolution in the vertical
direction but has limited discrimination in the azimuth direction. Tomography brings
improved resolution and solves the ambiguity in both the BSC and FSC modes, at the cost
of increased complexity. By implementing a single channel, FSC can obtain comparable
vertical discrimination while keeping a simple structure.

Table 1. Comparison of imaging modes.

Imaging Modes Advantage Drawback
Nadir-looking Excellent vertical resolution No focusing on AZ, low polarimetric sensitivity
BSC Tomo Polarimetry, good resolution, sensitive to roughness Complex, long time
FSC Tomo Polarimetry, good resolution both H/V Complex, long time

FSC single-channel

Polarimetry, good vertical resolution Poor horizontal discrimination
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3. Experiment Configuration for Roadway Characterization
3.1. Ground-Based SAR System Operated in BSC and FSC Configurations

A GB-SAR system operated in the BSC and FSC configurations, and depicted in
Figure 6b, has been developed at the IETR, University of Rennes [24,25], in order to acquire
data in both BSC and FSC modes at different frequency bands.

() (b)

47 Tx A T/R1 (BSC/FSC)
Rx Elevation T/R2 (BSC/FSC)
T/R3 (BSC/FSC)

Radar

Footprint S R4 (FSC)

X

Azimuth
Ground Range

Tomography Slice
(c) (d)

Figure 6. Configurations used during the experiment: (a) GPR system operated in nadir-looking con-
figuration; (b) GB-SAR system operated in BSC and FSC configurations; (c) nadir-looking acquisition
geometry; (d) BSC and FSC acquisition geometries.

The SAR device is based on a vector network analyzer (VNA) having four bidirectional
ports connected to horn antennas. The VNA generates stepped-frequency continuous
waveforms (SFCWs) over a wide spectral domain and measures the response of the scene
with a high accuracy. Three antennas are fixed on the platform facing the scene to be
illuminated, whereas the other one is placed on the other side of the scene in order to
acquire signals in FSC mode. The set of three antennas can be moved along a 2-D aperture
in azimuth and elevation with a high-accuracy servo system and a high-precision lifting
platform. In the present study, the system is operated in the C and X bands in both the
BSC and FSC modes, and at HH and VV polarizations. The experiment parameters are
summarized in Table 2, where N is the number of frequency steps, and Ly and L; are the
aperture lengths in the azimuth and vertical directions, respectively.

As explained in [21,26], by combining the transmitting and receiving channels together
with an adequate physical antenna spacing and platform motion in the vertical direction, it
is possible to generate a quasi-uniform equivalent array of antennas in elevation, with an ef-
fective inter-element spacing in elevation denoted by dz in Table 2. The values of the
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equivalent spacings dzg and dzr differ in the BSC mode, as all three antennas on the same
side are used as transmitters and receivers.

Table 2. GB-SAR system parameters.

C Band X Band
fe 5.85 GHz 10 GHz
B i 2.3 GHz 4 GHz
Ny 1001 2001
Ly 2m 2m
L, 0.8 m 0.72m
dzp 0.04m 0.03m
dzp 0.08 m 0.06 m
Polarization HH/VV HH/VV

3.2. Experiment Setup and Scene Description

Measurement campaigns were carried out at the roadway test center of IFSTTAR,
Nantes, France. The fatigue-test facility consists of a ring of full-scale asphalt paved road
constructed with four load-bearing robotic arms rolling in a circle in order to create naturally
deteriorated road conditions. One section of a 25 m loop road is built to simulate debonded
areas by inserting artificial defects between two asphalt layers. Three types of materials,
sand, geotextile, and air gap, are used to construct thirteen test zones, as shown in Figure 7;
zones I11, 112, and I13 are associated with this experiment.

E g2t
(2]
2
B 10+
o
sl
6k
4+ .
Air Gap
2t Geotextile
Sand
0 I 1 I : ]
0 2 4 6 8 10 12 14 16 18 20 22
Radius (m)

Figure 7. (a) Overview of the fatigue test circuit during the preparation of the defectuous roadway
sections; (b) locations of defects on the circuit ring [27].
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As shown in Figure 8a,d a layer of sand is inserted to simulate a light defect at
zone I11 [28]. A serious defect is created at I12 using a rectangular patch of geotextile in
Figure 8b,e. Figure 8cf represent a defect having the shape of a horizontal crack, corre-
sponding here to an air gap. It is important to know that the defects represent very shallow
layers with a thickness of a few millimeters buried at a depth of approximately 8 cm below
the upper ground surface, as indicated in Figure 8g.

(d)

(e) (f)

Asphalt

8 » Artificial Defect
Asphalt

¥ Depth (cm)
(8

Figure 8. Description of the debonded roadway zones from (a—c) top view and (d—f) side view,
over (a,d) sand-defect zone, (b,e) geotextile-defect zone, and (¢ f) air-gap zone [27]. (g) Side-view
structure of a debonded zone.

The experiment is implemented with two groups of the nadir-looking GPR and the
GB-SAR operated in BIZONA mode, as shown in Figure 6. The nadir-looking configuration
uses a pair of antennas moved in the X direction to obtain an incoherent B-scan with
vertical resolution dz. Off-nadir GB-SAR configurations synthesize a vertical aperture L,
by lifting the antenna array from 0.56 m and 0.64 m to 1.36 m, for the C and X bands,
respectively. The spatial resolutions obtained for different configurations are calculated
using the experimental setup illustrated in Table 2 at the scene center, i.e., with ; = 45°.
These calculations consider angular apertures of Af = 10° and Af = 20°, in both the C
and X bands. The detailed results provided in Table 3 confirm that FSC mode maintains
a constant vertical resolution dzrr, independent of the angular aperture, which surpasses
the resolution ézpr in BSC mode with a full angular aperture. On the other hand, the BSC
mode reaches more refined ground-range resolution values than the FSC mode. Increasing
the angular aperture allows the vertical resolution to be improved in BSC mode and the
horizontal one in FSC mode.
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Table 3. Special resolutions for 6 = 45° and considering propagation in free space (unit: cm).

A6 = 10° AO = 20°
od dzgr  dypr  Ozpr Syrr dzgr  dyBT Szpr Syrr
ine C Band 6.52 15.01 9.22 9.22 41.57 9.82 9.22 9.22 20.85
ine X Band 3.75 8.73 5.3 5.3 24.32 5.71 5.3 5.3 12.21

4. Measurement Campaign Results
4.1. Comparison of Configurations

The imaging results are given for all the investigated modes are given in Figure 9 for
nadir-looking profiling, in Figure 10 for BSC 2-D, in Figure 11 for BSC tomo, in Figure 12 for
FSC single-channel, and in Figure 13 for FS tomo, over the three defect zones of geotextile,
sand, and air gap.

C Band X Band

Depth (m)
Depth (m)

V] 0.5 1
Azimuth (m)

—
o
~

Depth (m)
Depth (m)

V] 0.5 1
Azimuth (m)

(b)

Depth (m)
Depth (m)

0 0.5 1 0 0.5 1
Azimuth (m) Azimuth (m)

©

Figure 9. Nadir -looking focusing results obtained over different zones: (a) geotextile zone, (b) sand
zone, and (c) air-gap zone.

Over the geotextile zone, the nadir-looking incoherent profile measured in the C band
and depicted in Figure 9a, shows a strong echo for the air-asphalt interface, and a lower
intensity one corresponding to the geotextile layer. The peak of the geotextile response
is not located at the actual interface depth of 8 cm due to the slower propagation of
electromagnetic waves in the host medium. By taking the dielectric permittivity of asphalt,
g, & 5, as reported in [27], into account, the depth axis can be scaled by /e, shifting back
the response of the layer to approximately 20 cm. The profiles measured in the C and X
bands exhibit a comparable ratio between the reflectivities of the ground surface and of the
defect layer. With the dielectric properties being relatively stable over the microwave region
in dry conditions [29], the linear increase in wave attenuation with the signal frequency
is somehow compensated for by the larger reflectivity of the measured interfaces, which
appear rougher at shorter wavelengths. One may note that due to the larger bandwidth of
the acquired signals, the vertical resolution in the X band is much more refined than the
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one observed in the C band. Over sand and air-gap areas, in Figure 9b,c, the echo from the
defect has a very weak amplitude in the C band due to a lower reflectivity with respect to
the geotextile layer. In the X band, the echo is almost invisible, and cannot be localized.

The BSC 2-D results, i.e., classical SAR imaging in BSC mode, illustrated in Figure 10a—c,
show that the expected structure of the underlying ground medium cannot be appreciated
using this kind of measurement due to the aforementioned cylindrical ambiguity. One may
notice the strong decrease in reflectivity in the ground-range direction, due to both the
change in incident angle and the antenna pattern of the system. The strong reflectivity area
located at the ground-range position of 2.5 m corresponds to the response of the BIZONA
acquisition mast depicted in Figure 6b. No reliable information can be extracted from this
kind of intensity image for defect discrimination in either the C or X bands.

Azimuth (m)
Azimuth (m)

o 0.5 1 1.5 2 2.5 3

@)

Azimuth (m)
Azimuth (m)

v L Tt 0 CLREAEAESE PR RINY
- SRR pe v R T T
1] 0.5 1 1.5 2 2.5 3

Ground Range (m)

-100

(b)

Azimuth (m)
Azimuth (m)

-100 -100

1 2 . b LY
1] 0.5 1 1.5 2 2.5 3
Ground Range (m) Ground Range (m)

©

Figure 10. BSC 2-D focusing results obtained over different zones: (a) geotextile zone, (b) sand zone,
and (c) air-gap zone.

On the other hand, the results obtained from BSC tomography, i.e., Figure 11a—c,
possess interesting features in the X band for all the measured media. One can neatly
discriminate an upper interface with a strong reflectivity and a lower one corresponding
to the defect layer. The response of the underlying defect is focused along a bent shape.
This phenomenon is due to the refraction effect, as explained in [17,20,21]. Interestingly,
the application of the same processing steps to the C-band data leads to a lack of response
from volume. This mis-focusing is due to the decorrelation between the echos. Indeed, in
the C band, the roadway appears as a very smooth surface; most of the emitted energy
is reflected away in the forward direction, and the back-scattered signals have a small
amplitude, and hence a non-adapted SNR. In such conditions, SAR tomography gives very
poor results as the signal cannot be correctly focused.
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Figure 11. BSC tomographic imaging results over different zones: (a) geotextile zone, (b) sand zone,
and (c) air-gap zone.

The single-channel FSC results shown for the geotextile layer in Figure 12a lead to
conclusions that are similar to those raised for the nadir-looking experiments. A strong
reflection is observed from the underlying defect in the C band, whereas a weaker response
is measured in the X band. Concerning sand and air-gap areas, the detection of the defect
layer is extremely difficult in Figure 12b,c. This result is interesting as it shows that, at lower
frequency, it is possible to detect underlying defects using a single pair of Tx and Rx
antennas with 1-D focusing in distance only.

As shown in Figure 13a, tomographic FSC is well adapted to the detection of under-
lying structures, as it measures strong scattering contributions from both the air-asphalt
interface and the subsurface defect at both frequencies in the case of the geotextile zone.
The responses of the defects remain significant in the C band for the sand and the air gap,
and are still perceivable in the X band, as depicted in Figure 13b,c. One may note the
reduced resolution in the C band compared with in the X band, and also the absence of
speckle patterns in FSC mode. This is due to the nature of scattering mechanisms in the
forward direction, which are composed of coherent terms related to specular reflections.

4.2. Tomography Correction with Refraction Compensation

Electromagnetic waves exhibit different propagation characteristics in free space and
soil. At the interface of different layers, a refraction phenomenon occurs and the propa-
gation velocities vary according to the permittivities of the media [30,31]. The positions
and shapes of underground targets may be distorted if calculating the distance directly.
To focus images accurately, the propagation trace and distance must be corrected and
compensated for.
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Figure 12. FSC single-channel focusing results over different zones: (a) geotextile zone, (b) sand zone,

and (c) air-gap zone.
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Figure 13. FSC tomographic imaging results over different zones: (a) geotextile zone, (b) sand zone,

and (c) air-gap zone.
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In a 3-D Cartesian coordinate system where the antenna’s phase center is located at
(0,0, H), the received signals S; r of the ith point-like scatterer in the frequency domain can
be expressed as

Si,f _ Siefj4ﬂfdi/c (7)
where s; represents the complex echo amplitude and f is the working frequency. The
equivalent distance from the antenna to the ith point scatter (x;, y;,z;) is denoted by d;.

Under common free-space conditions, this distance can be directly calculated using
the Euclidean distance. However, for underground detection, the propagation trace is not
straightforward due to the refraction phenomenon. To simplify the model, the geometry
configuration is represented using 2-D (p, z) coordinates, where p = /x% + y? indicates
the horizontal distance. The antenna is set at (0, H) and the interface is at z = 0, as shown
in Figure 14. The equivalent distance d; is given by

di = dgiy + dsoit = \/fm + 1/ (0i = pi0)? + 27 @®

where the refraction coefficient n, = \/e, /€1, and the horizontal distance of the refraction
point is p;o, which is estimated by a binary searching algorithm in the range of (o;;, pi1,)-

r 3

4
(0,H)

A\ 4

0| Soil &, Pil > io |[Pin o
dsoil

(Pi » Zi)
Figure 14. Schematic of refraction compensation.

During the focusing, the distance between the antenna and each pixel in the focusing
zone needs to be recalculated as the antenna moves in both the azimuth and elevation
directions. The amount of computation increases dramatically due to the refraction com-
pensation incorporated in each calculation. In order to optimize the computational flow,
an array of equivalent distance d is calculated as a function of (p, z)

for a given antenna height H

d = f(p,z|H) ©)

where (d, p,z) is the set of (d;,p;,z;). The equivalent distance is calculated only once
for each antenna pass. For an imaging grid of 13 x 800 x 10,000 pixels, the improved
compensated approach takes 62% less time, as compared in Table 4.
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Table 4. Comparison of computation time over 13 x 800 x 10,000 pixels.

Focusing Method Time

Raw focusing without compensation 8s
Focusing with compensation 82s
Focusing with optimized compensation 36s

The influence of refraction on tomography and its compensation are illustrated using
signals simulated for a specific configuration shown in Figure 15a and the system configura-
tion described in Section 3.2. The ground layer is located at elevation 0 and the defect layer
is buried in the asphalt at a depth of 8 cm. The asphalt is considered as a homogeneous
medium whose dielectric permittivity is equal to 5, which is equivalent to a refractive index,
ny, of 2.2.
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Figure 15. Illustration of refraction effect and its compensation with (a) schematic description of the
simulated medium, using simulation results: (b) uncompensated BSC Tomo, (c) compensated BSC
Tomo, (d) uncompensated FSC Tomo, and (e) compensated FSC Tomo.

The uncompensated focusing of the simulated signals in the BSC configuration is
shown in Figure 15b. The upper interface is correctly represented as a straight stripe at
z = 0 over the ground range specified in the simulation configuration. Whereas the depth of
the defect layer is miscalculated, being larger than the actual depth and varying according
to the ground-range value. This non-linear delocalization effect has been illustrated and
explained in previous works [20,21]. In the FSC configuration, the delocalization has
a larger magnitude due to the specific geometry configuration of bistatic acquisition,
depicted in Figure 15d. And the originally straight buried layer appears as bent on the
resulting tomogram. One can observe on the compensated tomograms of Figure 15¢,e,
that the proposed compensation techniques successfully relocate the buried layer at its
original location.
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The effectiveness of this reconstruction technique is verified over the geotextile area
in both BSC and FSC modes in the X band, as shown in Figure 16. The conclusion raised
in using simulated signals also applies in this case, that from the corrected tomogram,
we can estimate the actual depth of the defect layer, and again in the focusing accuracy.
In FSC mode, the response of the buried layer appears right below the upper layer after
compensation in Figure 16d. Whereas in an uncompensated tomogram, Figure 16¢, it
appears slightly shifted to larger ground values. The application of refraction compensation
corrects the position and geometrical features of underground layers.

[ Ground
/
' 1 'ialliiiiiilill;!?r'
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Figure 16. Results comparison before and after compensation over the geotextile zone in the X
band: (a) uncompensated BSC Tomo, (b) compensated BSC Tomo, (c¢) uncompensated FSC Tomo,
and (d) compensated FSC Tomo.

5. Result Analysis and Advanced Feature Extraction of Roadways
5.1. Analysis of Imaging Configurations

Over geotextile zones, corresponding to severely debonded roadways, nadir-looking
GPR and FSC allow the defect layer to be discriminated in both the C and X bands. In BSC
tomographic mode, the use of X band signals reaches a satisfying performance too. As
illustrated in Figures 9a and 12a, nadir- and forward-looking configurations can both lead
to high-level results, even when using a single channel only.

In more complex situations involving sand defects, the nadir-looking mode requires
the use of lower-frequency signals in order to obtain a measurable response from the
sand layer, whose response is not observable in the X band. In the C band, echos are not
well-localized and may be confused with the sidelobe of the ground interface, as shown in
Figure 17a. In FSC mode, the tomographic scattering intensity is high in the C band and is
still detectable in the X band, as depicted in Figure 17b. Interestingly, Figure 17c indicates
that the sand layer behaves as a rough surface in the X band, and leads to significant
scattering in BSC mode, although it is affected by speckle.

Over the air-gap zone, a sidelobe and discontinuities in the host medium bring con-
fusion in the analysis of the nadir-looking results, even in the C band, as indicated in
Figure 18a. In comparison, the air gap can be accurately localized in FSC mode in both the
C and X bands, as displayed in Figure 18b. Figure 18c also shows a back-scattering source
of reflectivity at the location of the air gap, with a lower amplitude compared with the sand
defect due to a reduced apparent roughness.

In conclusion, FSC provides satisfactory features over all three debonded areas in the
C and X bands. Nadir-looking mode operated with a moderate bandwidth works well for
geotextiles, but in the case of light defects, such as sand and air gaps, the results indicate
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a reduced detection potential. Interestingly, roughness-induced features can be measured
in BSC mode over all defects in the X band.
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Figure 17. Compensated imaging results over the sand zone: (a) nadir-looking, (b) FSC Tomo,
and (c) BSC Tomo.

5.2. Permittivity Estimation with Polarization Response

Unlike nadir-looking mode, side-looking configurations such as FSC and BSC may
be used to naturally estimate the roughness and moisture of rough surfaces or slightly
rough surfaces. Indeed, the radar response of rough surfaces or interfaces observed at
the incidence angle is sensitive to the polarization of the incoming wave. The sensitivity,
which is modulated by the dielectric permittivity of the observed medium, is enhanced
by moisture content. On the other hand, the analysis of the response of surfaces observed
at different incidence angles may be used to estimate their roughness property. In the
considered cases, the small-perturbation model (SPM), whose application is valid when
observing roadway surfaces in both the C and X bands, may be used to efficiently simulate
the reflectivity of such environments [13,32]. This model has the ability to characterize the
roughness-dependent part of the response from the part related to the dielectric properties.

The expression of the scattering coefficient 0}, for the polarimetric channels p and g,
which are equal to v or 4, is given by

2
Opg = 8’k2¢7h cos 0 cos rxpg| W(ky) (10)

where W(ky) = 112 exp(—k21%/4) is the power spectrum function, p and g indicate the
polarization directions V and H, k is the wave number, 03, denotes the surface height
standard deviation, and ! is the correlation length.
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Figure 18. Compensated imaging results over the air-gap zone: (a) nadir-looking, (b) FSC Tomo,
and (c) BSC Tomo.

The polarization amplitude ap; can be represented as a function of the relative di-
electric constant ¢,, the incidence angle 6; and the scattering angle 6,, and for the relative
magnetic permeability i, = 1, as

. —cos¢p(e, — 1)
HH =
(cos @y + /&, — sin® 6,)(cos 01 + /e, — sin® 6;)
(11)
(&, — 1)(\/(£r —sin? 0,) (e, — sin® 1) cos ¢ — &, sin B sin 6,
Xyy =

(€rcos 6 + \/ &, — sin® 0,) (e, cos 81 + /e, — sin” 0;)

where ¢ = 0in FSC mode, whereas ¢ = 7t and 6; = 6, in BSC mode. The cross-polarization
coefficient iy = 0 at order 1.

From the expression of the reflectivity model by SPM given in (10) and (11), one realizes
that the components related to the dielectric permittivity ¢, of the scattering coefficient
can be isolated by computing the ratio ‘;’j—;’, which is equal to the polarization ratio |?7’5 .
For known incidence and scattering angles, the estimated dielectric permittivity is the one
that fits the ratio value. This approach is run on 3-D refraction-compensated tomograms,
as shown in Figure 19a,c,e, where the black boxes indicate the limits of the areas used to
estimate the reflectivity values, with L and L, corresponding to the asphalt and defect lay-
ers, respectively. The ratio values are calculated based on the angles (01, ;) corresponding
to the maximum point inside the box.
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Figure 19. Parametric reflectivity of different zones: (a,b) geotextile zone, (¢,d) sand zone, and (e, f) air-
gap zone, in (a,c,e) FSC Tomo mode, and (b,d,f) FSC single-channel mode. L;: ground asphalt; Ly:
defect layer.

The estimated permittivity values of asphalt over the three zones, as indicated in
Table 5, fall within the commonly encountered range for road asphalt [33-35] and are
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consistent with results reported in [27] over the same test circuit. The similar ¢,’s of asphalt
over the sand and air-gap zones are estimated from measurements acquired during the
same sunny day, whereas over the geotextile zone, the measurement took place after a rain
event, resulting in a high estimated permittivity value. It is known that the dielectric
permittivity of buried defects can be modulated by humidity related to preceding rain
events, with water infiltrating and remaining for a long time within the cavity of the defect.
This is certainly the reason for the extremely high permittivity value of the geotextile, which
was soaked with water, with ¢, > 80.

Table 5. Comparison of polarization ratio and estimated permittivity of experimental scenes.

Zone Geotextile Zone Sand Zone Air-Gap Zone
Marker L1 L2 L1 Lz L1 Lz
FSC Tomo ‘;;’—C’ 6.26 0.29 755 29 815 4.63
€r_tomo 5.8 >80 4 9.5 41 6.3
FSC Single-Channel ‘;’;—5 6.16 0.26 885 007 972 317
Er_single 6.1 >80 37 >80 37 7.8

Interestingly, this approach could be implemented by a single channel without focus-
ing, as shown in Figure 19b,d,f. The reflectivity is calculated with the summation along
two curves, corresponding to the responses of the asphalt and defect layers. The dielectric
permittivity is estimated under the certain condition, assuming that the targets are located
in the middle of the transmitting and receiving antennas in the ground-range direction.
Similar results are obtained and compared in Table 5, except the ratio value of L; in the
sand zone, where the reflectivity is small in single-channel mode, and 3-D focusing allows
the SNR value to be enhanced by combining channels. Hence, single-channel observations
are not sufficient for defects with very small responses.

5.3. Roughness Estimation

The roughness features of both the ground surface and the embedded sand layer are
estimated using the aforementioned SPM scattering model and imaging results obtained
in the X band using the VV-polarization channel. The BSC mode is selected due to its
well-known sensitivity to roughness properties when operated at different incidence angles.
The expression for the scattering coefficient given in (10) can be rewritten in BSC mode,
with ky = 2ksin 6, and 6; = 6,, as

Oyo BSC = 4(k(7h)2(kl)2 cos 9‘11 |thV|2 exp[— (kI sin 91)2] (12)

where the roughness parameters are estimated using a fit between the expression of (12)
and average profiles estimated from the imaging results for different incidence angles. As
one may note, the surface height standard deviation koj, contributes only to the amplitude
of 0, Bsc, and cannot be estimated with our system, as it is not absolutely calibrated. The
correlation length kI is, hence, estimated by normalizing the simulated profiles to give the
best fit to the measured ones. This procedure is applied to the 2-D and 3-D focusing results
after compensating for the attenuation related to the distance between the radar and the
considered 3-D location.

For the ground surface, one may observe in Figure 20c that, despite the fact that the
2-D focusing results are from the sum of both the ground surface response and that of the
underlying sand layer, the scattering features are similar to those obtained in 3-D imaging
when selecting only the response of the ground surface. This is due to the fact that the
response of the sand layer is significantly smaller than that of the ground surface. The
3-D imaging can then be used to characterize the apparent roughness of the sand layer by
applying the SPM model at the corresponding depth, with 6 € [30°,60°], and the fitting
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results are shown in Figure 20d. The obtained correlation length values are 3.5 for the
ground surface and 4 for the sand layer, indicating slightly rough surfaces.
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Figure 20. Roughness estimation: (a) distance-compensated BSC 2-D image; (b) distance-compensated
BSC tomogram; (c) measured and simulated profiles over the ground surface; (d) measured and
simulated profiles over the sand layer.

6. Conclusions

This paper compares the classical nadir-looking B-scan GPR mode with the newly
proposed BSC TomoSAR and FSC TomoSAR configurations for the characterization and
diagnostic determination of roadways. Measurements conducted with a GB-SAR operated
in both the C and X bands over a pavement fatigue carousel are used to evaluate the ability
of the investigated configurations for detecting artificial defects corresponding to very thin
layers, or cracks, filled with a geotextile, sand, or with air.

The analysis outcomes reveal distinct performance characteristics for each configuration:

¢ The nadir-looking configuration, without ultra-large bandwidth conditions, fails to
detect defects having a weak response, like sand-filled cracks or air gaps, in both the
Cand X bands.

*  The BSC TomoSAR mode accurately identifies geotextile and sand defects but cannot
detect smooth air gaps due to insufficient response.

¢  The proposed FSC TomoSAR mode successfully isolates all defect types, benefiting
from significant scattered signal amplitudes, even in the X band.

The results obtained in the X band show an improved resolution that helps to discrim-
inate the defects. The gain in performance observed with the SAR-based configuration is
due to the coherent integration of several range profiles to create an image, which maxi-
mizes the signal to noise ratio at the true location of the scattering source.

The use of polarimetric and angular diversity with side-looking configurations allowed
us to:

e  Estimate the dielectric permittivity of the layers;

e Correct geometric distortions induced by the refraction of the signal when propagating
through the 3-D medium;

¢  Estimate some roughness indicators for the imaged interfaces using a scattering model.
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The experimental results and theoretical analysis proposed in this paper demonstrate
the advantages and inconveniences of the proposed configurations and methodologies,
and their ability to detect defects hidden inside the roadway pavement.

One may note that a direct operational implementation of the FSC tomographic mode
for roadway characterization is strongly limited by different factors. Compared with
the nadir-looking B-scan, the FSC tomographic mode requires a more complex hardware
configuration, with several antennas, receivers, transmitters, etc. The coherent processing,
required to synthesize a 3-D image, is also more complex and needs to accurately calibrate
the system. The acquisition time is also more important in the BSC and FSC configurations
with respect to the classical B-scan.

Nevertheless, the authors are currently finalizing an adaptation of the FSC tomo-
graphic mode to operational constraints, which brings down the operational and computa-
tional complexities, as well as the acquisition duration, to the level of those experienced
with B-scan, while maintaining the superior capabilities of this mode for detecting and
characterizing roadway defects.
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