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ABSTRACT Ground penetrating radar (GPR) is widely applied for civil engineering, such as for building
health assessments or pavement inspections. In these applications, information on the material permittivity
is important for internal structure inspection and characterization. However, in the case of a large building
area, a lightweight, fast and effective permittivity measurement technique is required. In addition, the
estimation method for different GPR types and range configurations must be generalized for adaptability
and wide applicability. This paper proposes a material permittivity estimation technique for air-coupled
GPR that effectively works for mobile and large observation missions. The method employs the peak ratio
of analytic representation signals between the antenna direct coupling and the material surface reflection.
An interpolation algorithm is applied to the reference characteristic curves generated by the finite-difference
time-domain technique to adapt the change in radar range configuration. The proposed method has been
tested to estimate the permittivity in three different construction materials and measure two metal rebar
depths inside reinforced concrete. The experimental results show that the method works with acceptable
accuracy. Therefore, the method is sufficiently promising to be utilized in real applications, especially those
that require adaptability and mobility, such as ground and aerial vehicle-based radar systems.

INDEX TERMS Permittivity estimation, ground-penetrating radar, radar signal processing, analytic signal.

I. INTRODUCTION

Ground penetrating radar (GPR) is a mature nondestruc-
tive testing and evaluation technology that is mostly used
to explore the subsurface of objects [1]. Currently, this
radar is also applied to inspect buildings and structural
health [2]. Some studies on these cases have reported promis-
ing results in several specific applications such as rebar detec-
tion [3], [4], void detection and parameterization [5], defect
detection [6], and rebar corrosion state estimation [7]-[9].
Researchers mostly employ internal imaging from GPR
B-scan data to assess the building’s health. However, to accu-
rately characterize this image, information on material per-
mittivity is a crucial need. In addition, since the building area
will be very large and may have spatially different permittiv-
ity values, an effective and accurate permittivity estimation
method is required.
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Various material permittivity estimation methods have
been proposed that appear promising in their application.
However, most of those techniques are based on the time
domain or frequency domain analysis of the surface prop-
agation waves that are detected by ground-coupled type
GPRs [10]-[14]. Since both transmitting and receiving anten-
nas of ground-coupled GPR are in contact with the material
[15], it takes considerable time for a point-by-point mea-
surement; thus, their application is limited to relatively small
areas. To inspect a very large area with high spatial resolution,
the use of air-coupled GPRs is more promising than the
ground-coupled type, since they can be mounted on mobile
platforms and measure faster [2], [15] (see Fig. 1). This air-
coupled technique widely opens the possibility of measure-
ment by employing unmanned vehicle systems such as drones
or ground-based robots for an effective mission, as discussed
in [16]-[18]. Air-coupled GPR has been studied for soil
moisture estimation using the amplitude of surface reflected
waves [19], [20]. Nevertheless, this technique requires accu-
rate calibration and has the limitation of being sensitive to the
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FIGURE 1. Comparison of measurement process by using:
(a) ground-coupled, and (b) air-coupled GPR.

input waveform and antenna configuration. Widely accepted
methods such as those in [21], which use the reflection ratio
between the material under test and a perfect electric conduc-
tor, are also possible in this case. However, this measurement
requires a constant distance between the antenna and the
material to synchronize with the amplitude of reference. The
proposed methods in [22], [23] are complicated and require a
relatively complex computation. A common midpoint-based
method was proposed in [24], [25], but those methods require
multiple antenna/radar or multiple ranges of measurements,
which makes application complicated. Another estimation
that applies to the GPR of this type was proposed in [26], [27].
The proposed method can estimate the permittivity with high
accuracy, but it requires a large computation time for full-
wave inversion.

According to this background, this paper proposes a new
and relatively efficient signal processing technique to esti-
mate the material permittivity in air-coupled radar systems.
As afeature, the method employs the peak ratio of the analytic
signal representation between material surface reflection and
direct antenna coupling. A simple look-up table and interpo-
lation techniques are applied in the final estimation step using
a finite-difference time-domain (FDTD)-based characteristic
curve as a reference. The use of analytic signal representation
of radar signature, antenna coupling signal, and FDTD-based
plot as a base of estimation is an innovative approach of
this proposed method, which has not been proposed or used
by existing methods based on our knowledge. In addition to
the simplicity and accuracy, the proposed method aims at
fast, remote, nondestructive mapping for most types of GPRs
and configurations. Furthermore, by the generality of the
method against difference waveforms and center frequencies,
the method can be implemented in applications employing
future cognitive radar techniques that must change the param-
eters during the measurement [28], [29]. The adaptability
of the method against the change in range between antenna
and material also enables the method to be implemented on
unmanned ground-based or aerial-based GPR systems, which
are commonly unstable because of many factors.
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Some preliminary results of the investigation of this
method have been performed and presented in [30], and this
manuscript deeply extends the analysis to verify the method
through controlled laboratory experiments. The results of
this study comprehensively demonstrate the feasibility of the
implementation of this method in real applications.

The remainder of this paper is organized as follows.
In section II, the basis of material permittivity estimation and
the proposed method is briefly explained, followed by the
numerical simulation and experimental setup description in
section III. The results and discussion regarding this study are
explained in section IV. Finally, the conclusion of this study
is described in Section V.

Il. ESTIMATION OF MATERIAL PERMITTIVITY
For the internal imaging of concrete using B-scan data mea-
sured by GPR, the electrical properties of the concrete,
i.e., permittivity ¢ and conductivity o, must be accurately
estimated for high-resolution imaging. The electrical con-
ductivity represents the current density that results from an
external electric field, while permittivity is a complex-valued
property that represents the level of a medium’s ability to
be polarized from other external electric fields. The complex
permittivity &, is defined in terms of ¢ and o as
N oLy
se=6—je =& —je )
1)

where the real part ¢’ = ¢ is the dielectric constant, and the
imaginary part ¢ = o/w is the loss factor that represents
energy loss because of absorption. The dielectric constant is
commonly represented by the relative permittivity ¢,, which
is found by dividing by the free space permittivity &g =
8.854 x 107'2F/m. This dielectric constant will change
mostly due to its water content and high loss factor [19].
Since the reflected wave is distorted in relation to the medium
permittivity, we estimate these parameter values using the
reflected wave.

The proposed method consists of four main steps, as illus-
trated in Fig. 2. The first step is the preprocessing of the
recorded radar signal containing direct-current removal and
bandpass filter. The second step is the computation of analytic
signal which is then the ratio of the peak of analytic signal
between antenna coupling with surface reflection is com-
puted. Third, the result is used to calculate the analytic peak
ratio using a pre-determined shift factor constant. Finally, the
material permittivity is estimated by interpolating the analytic
peak ratio using a characteristic curve made by the FDTD
method. The detail of the step is described as follows.

A. PEAK RATIO OF ANALYTIC SIGNAL
The analytic signal of the GPR response A; is expressed by
using the Hilbert transform pair as follows:

Ag(t) = x(t) + iH {x (1)} (2
where
Hx(t)) = lP.v./ @ 4o 3)
b o0 T —t

VOLUME 10, 2022



B. P. A. Rohman et al.: Material Permittivity Estimation Using Analytic Peak Ratio of Air-Coupled GPR Signatures

IEEE Access

FDTD based chart

Estimated
Permittivity

2
2 ‘A
Anterl\na Shift factor & -
Couplin Peak Ratio
9 Sitace constant
Reflection l l
o~ Pre-processin . Computation of Computation of > Interpolation
> sl Analytic Signal Analytic Peak Ratio P
GPR Signature

FIGURE 2. Proposed signal processing technique.

GPR

Tx Rx

Air “

Material

X=X tx5 0%,

xL‘
Rebar
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where x(f) is the GPR response, i = «/—1, Hx(t)} is the
Hilbert transform, and P. V. is the Cauchy principal value. This
study focuses on air-coupled GPR because this type is more
applicable for high mobility and large observation missions.
Additionally, for this radar type, the direct antenna coupling
signal can be a reliable reference for the estimation calcu-
lation. Commonly, this signal will be removed, but in this
study, it will be greatly employed. As shown in Fig. 3, the air-
coupled GPR signal consists of three components, including
direct antenna coupling x,, material surface reflection x;, and
embedded object reflection x., which is expressed as:

x(1) = xa(1) + xp(1) + xc (1) “

The material surface reflection is the signal reflected from
the object’s surface to the receiver. This signal correlates
with the reflectivity of the material, which has a close rela-
tionship with the permittivity value. The reflectivity from
material 1 to 2, I', is defined as:

P VA= VB (5)

S Ve Ve
where €| and &) are the dielectric constants of material 1 and
material 2, respectively. In the case of air-coupled GPR,
in the first reflection, material 1 is defined as air, so that the
reflectivity to material 2 can be written as:

F_l—x/gz
NG

Therefore, intuitively, the material surface reflection contains
information on the permittivity of material 2. Since the direct

(6)
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antenna coupling signal is constant and can be a good ref-
erence for the generalization of the estimation method, this
study elects to use this signal. The proposed feature is called
an analytic signal peak ratio (Ap), which is mathematically
defined as:

Ay =2+ F %)
Pc
with
F=AMpe—Aps 8)

where p, and p, are the peaks of the analytic signal of material
surface reflection and direct antenna coupling, respectively;
F is the shift factor; A, is the peak ratio of experimental
data of a known material; A, ; is the peak ratio of simulated
data with a similar permittivity to a corresponding known
material. The shift factor F is required to relate the radar
type and configuration ratio in the experiment with the FDTD
simulation-based characteristic curve. This value will shift
the obtained analytic peak ratio from the experimental data to
conform to the simulation reference curve. Some differences
in the GPR configuration, such as antenna design and type,
will be compensated by employing this constant.

B. INTERPOLATION TECHNIQUE
In an air-coupled GPR, both antenna—material and
transmitting-receiving antenna distances can be configured
by various means. We use the GPR configuration ratio x/y
to name both distances established. For example, a configu-
ration ratio of 4/5 (8/10) indicates that the antenna-material
distance is 4 cm and the transmitting-receiving antenna’s
distance is 5 cm. Seeing a change in correlation between
permittivity and the proposed feature depends on the GPR
configuration ratio, to conduct an estimation with experi-
mental data, we simply apply the linear interpolation method
to the recorded correlation function with several GPR
configurations.

Simple linear interpolation is used to estimate the permit-
tivity target material £, with peak ratio A, as shown by the
equation below (see Fig. 4):

g =1 (Ap: Apl’ APZ’ &rl, 8r2)
(8r2 —&r1)

=&+ (Ap — Apl)m
P 4

(C))
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FIGURE 4. Interpolation using simulation data as a reference. As an
example, the configuration ratio of experimental data is 3/5.
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FIGURE 5. Interpolation using simulation data as a reference. As an
example, the GPR configuration ratio of experimental data is between
2/5 and 3/5.

where Ap1, App, &1, and &, are the neighboring simulated
data of the peak ratio and relative permittivity, respectively.
The peak ratio of both data flanks the peak ratio of unknown
material.

If the GPR configuration is not presented in the recorded
simulation data, we must apply a two-step interpolation
method. The first interpolation is required to make a new
correlation function, as follows (see Fig. 5): for each peak
ratio value, we calculate the new characteristic curve for
configuration ratio R. Assuming that the R-value is placed
between ratio 3/5 and 5/5, or Ry and R», respectively, the
permittivity of peak ratio A, is:

. (&2 — &r1)
Era, =1 (RRI Ry 601, 812) = €11 + (R — Ro(lgj_—R’])
(10)

After we obtain the new curve with ratio R, a second interpo-
lation is similarly applied to interpolation as Eq. 9 to find the
targeted material permittivity.

C. GROUND TRUTH COMPUTATION
To test the method, we must know the ground truth of the
permittivity of every testing material. Since the thickness of
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FIGURE 6. Delay time estimation for ground truth of: (a) material
permittivity, and (b) reinforced concrete rebar depth.

the material under test is known, the permittivity through the
radar signal propagation time between front and back surface
reflection was measured as follows (see Fig. 6 (a)). After
the peak of the waveform was computed, the delay of wave
reflection from the front and back surface reflections was
calculated. Using the information of the material thickness
and propagation time, the material relative permittivity can
be approximated using the following equation:

(T, —Ty)
275,
where £ is the material thickness; 71 and T» are the reflection
times of the front and back surfaces, respectively; c is the elec-
tromagnetic wave velocity constant 3 x 108 m/s. This method
is also used to estimate the rebar depth in the experimental
study of the reinforced concrete in section I'V. C, as illustrated

in Fig. 6(b), where T, and d are the reflection time and depth
of the rebar, respectively (Eq. 12).

(T, —Ty)

2V,

Ill. SIMULATION AND EXPERIMENTAL SETUP

To determine the relationship between analytic peak ratio and
material permittivity, we employed synthetic data generated
by FDTD-based software for an electromagnetic propagation
model, gprMax [31]. A simple flat homogeneous box was
used as the material model; the dielectric constant was 2-20,
and the conductivity was 0.001-0.1 S/m. For the input pulse
waveform, we used a monocycle pulse with a center fre-
quency of 1-5 GHz. The GPR system employed a theoretical
Hertzian dipole antenna. This antenna was selected because
of the simple design and built-in availability in the software.

h= (11)

d= (12)
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FIGURE 7. Experimental setup using ultra-wideband impulse radar for
three materials: (a) clay brick, (b) concrete brick, and (c) concrete slab.

In addition, in this method, we focus on the use the wave-
form amplitude information regardless the antenna design
and type. Of course, the difference in design of the antenna
between this simulation and the real measurement will affect
the correlation, but in this study, we consider employing the
shift factor constant (see Eqs. 7 and 8). This constant aims
to anticipate some configuration differences that cannot be
avoided in the real measurement from the simulation due to
the availability of a certain antenna.

In the experimental study, we used an ultra-wideband
impulse radar module from Xethru with a frequency band-
width of 1.5-6.0 GHz, the impulse waveform was a mono-
cycle pulse, and the antenna was Bowtie. The number of
samples recorded by the radar was 512 samples with fre-
quency sampling of 39 Giga samples per second. The tested
materials consisted of clay brick, concrete brick, and con-
crete slab. The measurement was taken at the center of the
material. The range between radar and antenna was selected
considering the evaluation of the effect of a configuration

VOLUME 10, 2022
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FIGURE 8. Effect of material conductivity to permittivity-analytic peak
ratio relationship.

ratio setting. The range of transmitter-receiver antennas was
fixed at 10 cm, while the evaluated configuration ratio was
6/10 to 10/10 (or 3/5 to 5/5). The radar was moved by the
actuator. The experimental setup is shown in Fig. 7.

The recorded GPR response was pre-processed to extract
the direct antenna coupling and material surface reflec-
tion signals. Those signals were transformed by Hilbert to
compute the analytic signals. Both analytic signals were
normalized with the same scale followed by the peak ratio
calculation step, as shown in Egs. 7 and 8. In the last step, the
material permittivity was computed using Egs. 9 and 10.

IV. RESULT AND DISCUSSION

The proposed method was evaluated from three perspectives.
First, the analytic peak ratio was characterized when facing
different GPR parameters. The analysis and characterization
in this section were conducted using FDTD based numerical
simulation. Second, the material permittivity was estimated
by using experimental real radar data. Finally, the applicabil-
ity of the method is checked by measuring the depth of the
reinforced rebar inside the concrete.

A. CHARACTERISTIC OF ANALYTIC PEAK RATIO

The analytic peak ratio is designed to be used in a wide
variety of GPR types and configurations. Thus, in this section,
we show the characteristics of this method when facing sev-
eral GPR parameters. Some parts have been briefly presented
in [30].

Figure 8 shows the relationship between peak ratio and
material relative permittivity with various conductivities.
According to this figure, there is relatively good agreement
and consistency between the proposed feature and the mate-
rial relative permittivity. In addition, this correlation function
is not affected by the material conductivity.

Then, according to Fig. 9(a), the correlation between ana-
lytic peak ratio and material permittivity is also not affected
by the GPR pulse waveform shapes (monocycle and Ricker
pulses). Figure 9(b) reveals that the waveform center fre-
quency also does not affect the correlation unless in the
lowest frequency (1 GHz) with a small change. These results
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FIGURE 9. Effect of the input waveform to permittivity-analytic peak ratio
relationship with change of: (a) shape and (b) center frequency.

confirm the adaptability of the method facing the change
in GPR parameters without recalibration or during measure-
ment, so it can be implemented for the adaptive or cognitive
radar concept.

Since the proposed feature uses the direct antenna cou-
pling signal as a reference of estimation, the correlation will
be affected by the change in distance between transmitter
and receiver antenna and subsequently between antenna and
material surface. Thus, we consider investigating the effect
of the ratio between those two distances on the correla-
tion pattern. Figure 10 (a) shows that different configuration
ratios will shift the correlation function of the peak ratio and
material permittivity. A higher ratio will make the correla-
tion sharper. However, in the case of distance change, while
the ratio is fixed, the correlation ratio patterns are identical
(Fig. 10(b)).

The evaluation of this method for an estimation using
the interpolation technique with synthetic data is shown in
Fig. 11. Fig. 11 shows us that the error of estimation increases
when the relative permittivity increases due to the correlation
between analytic peak ratio and relative permittivity; at high
permittivity, the correlation is sharper than at low permittivity.
A very sharp correlation indicates that the peak analytic ratio
becomes more sensitive to the change in material permittivity.
This characteristic is applied to all configuration ratios. Addi-
tionally, there is a significant error in the 5/5 ratio compared
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with other configurations. This is the effect of the sharpness
of the characteristic curve shape of the high configuration
ratio (see Fig. 10(a)). This result confirms that in a very
sharp correlation, the proposed feature is more sensitive to
the change in material permittivity, so the error estimation
possibly increases. In short, this method is recommended for
a small GPR configuration ratio.

B. MATERIAL PERMITTIVITY ESTIMATION

Using the method in Section II. C, the calculated ground truth
of the tested material permittivity measured in a configuration
ratio of 5/5 is shown in Table 1. The propagation time of
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TABLE 1. Ground truth of material permittivity.

Th(lglkrﬁfss At (ns) g

Clay Brick 64 0.718 2.83
Concrete Brick 60 0.846 4.47
Concrete Slab 60 0.923 5.33
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FIGURE 12. Radar signal for computing the ground truth of permittivity:
(a) clay brick, (b) concrete brick, and (c) concrete slab.

TABLE 2. Calculation of shift factor using concrete brick.

Configuration & F
Ratio (x/y) T
3/5 0.366
4/5 4.47 0.316
5/5 0.239

each tested material is shown in Fig. 12. Then, to calibrate
this shift factor value, we used the concrete brick as a refer-
ence. Table 2 shows the obtained average shift factor using
100 measurements to connect the simulation and experimen-
tal data (see Eq. 8).

By applying the proposed method, we estimate two mate-
rials: clay brick and concrete slab. The results of the esti-
mation and comparative analysis are shown in Table 3. The
results were obtained using 100 measured data points in each
configuration range and materials. According to this table,
the method can estimate the permittivity with acceptable
accuracy. The precision of the estimation is confirmed by a
relatively small standard deviation in all configuration ratios.
From the mean value in each configuration range, the highest
estimation errors for clay brick and concrete slabs are approx-
imately 0.32 and 0.53, respectively. The smallest estimation
errors are 0.08 and 0.06 for both materials, respectively. The
average estimation for all configuration ranges has a small
difference from the actual values for both materials.
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TABLE 3. Result of estimation of clay brick and concrete slab.

Clay Brick

Radar-Object Ground Estimated Permittivity
Range (cm) truth Mean Star}dgrd
Deviation

6 2.97 0.019

7 2.75 0.057

8 2.83 2.51 0.019

9 2.54 0.024

10 3.00 0.030

Average 2.75 0.030

Concrete Slab

Radar-Object Ground Estimated Permittivity
Range (cm) truth Mean Star}dgrd
Deviation

6 5.77 0.047

7 5.27 0.041

8 5.33 5.86 0.067

9 5.60 0.111

10 5.69 0.069

Average 5.64 0.066

Concrete

Concrete

(b)

FIGURE 13. Experiment setup for rebar depth estimation on reinforced
concrete with depth of: (a) 2.1 cm (concrete A), and (b) 7.7 cm
(concrete B).

The material permittivity estimation using surface reflec-
tion has a limitation depending on the stability of the radar
amplitude, as mentioned in [15]. The variation in the error of
each configuration ratio in this study confirms this approach
limitation. A nonuniform and rough shape of the clay brick
also makes the estimation less accurate.

For ranges of 7 cm and 9 cm, the method employs one
and two interpolations for two different cases (Eq. 10).
The result in those cases confirms the applicability of both
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FIGURE 14. Signal processing step to estimate the rebar depth of: (a) 2.1 cm (concrete A), and (b) 7.7 cm (concrete B).

one-interpolation (ranges of 6 cm, 8 cm, and 10 cm) and
two-interpolation (ranges of 7 cm and 10 cm) methods. The
performance and accuracy consistency of the method against
the change in range between antenna and material under test
reveals that the method is applicable by using an unstable
platform such as unmanned ground or air vehicle-based radar
systems.

C. ESTIMATION OF REBAR DEPTH INSIDE CONCRETE
To further evaluate the applicability of this method, we apply
it to estimate the rebar depth inside the reinforced concrete.
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The dimension of the concrete is 50 cm x 30 cm x 17 cm.
Metal rebar 1.5 cm in diameter is embedded inside the con-
crete at depths of approximately 2.1 cm (concrete A) and
7.7 cm (concrete B). The range of the radar material is
10 cm, or the configuration ratio is 10/10. The B-scan data
are recorded by 61 traces with 5 mm steps. The experimental
setup to conduct this study for both concretes is shown in
Fig. 13.

By estimating the permittivity and analyzing the time delay
of rebar reflection, we obtained the depth of the rebar by
computing Eq. (12). Since it is difficult to see the rebar
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TABLE 4. Estimation of the reinforced concrete rebar depth.

Rebar Estimated Time to Estimated
Concrete Depth e rebar Rebar depth
Permittivity
(cm) (ns) (cm)
A 2.1 4.68 0.308 2.13
B 7.7 4.68 1.103 7.65

reflection from A-scan data, we employ B-scan data and
process it to extract the signal components: surface and rebar
reflections. The process contains DC-shift removal, bandpass
filtering following the antenna bandwidth, background signal
removal (to extract the surface reflection timing), and mean
subtraction (to remove the surface reflection and extract the
rebar reflection timing). The background signal is the radar
data measured without object which means that the recorded
signal consists of antenna coupling and background noise
only. The processing results (both B-scan and A-scan at trace-
31 (x1) ) are shown in Fig. 14. From those figures, using the
aforementioned signal processing methods, we can extract
the delay time of rebar reflections even when the rebar is
embedded. The concrete permittivity and rebar depth estima-
tion results are shown in Table 4. Examining the table, we can
see the estimation of the permittivity of concrete, delay time,
and rebar depth. The estimation using the proposed method
is relatively accurate compared with the actual depth.

Those two different depth cases confidently confirm the
proposed method works in different situation. In a more
complex case such as several rebars embedded in a concrete
specimen, the reflection signal will be more complex. In this
such situation, an advanced signal enhancement method is
required aiming an accurate delay time estimation.

V. CONCLUSION

This paper proposes a new and practicable method to deter-
mine the material permittivity using air-coupled GPR. The
method employs the ratio of the analytic representation sig-
nal between antenna direct coupling and material surface
reflection. The antenna direct coupling component in this
study is exploited as a reference of the ratio, since this signal
commonly exists with no modification, and the value is rela-
tively constant. Both numerical simulations and experiments
demonstrate that the method can estimate material permittiv-
ity with considerable accuracy. In addition, the experimental
results show the ability to accurately estimate the rebar depth
inside reinforced concrete.

Because the method can adapt in the range between
antenna and material, it is promising for application in mobile
platforms such as unmanned aerial- or ground-based GPR,
which is currently massively explored. In addition, the con-
sistency of the method against the waveform and center fre-
quency during measurement without recalibration makes it
feasible to apply the method to the possible future cognitive
radar concept, which can improve the radar performance.

However, this method has some limitations as follows.
First, this method works well specifically on materials with
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a relatively flat surface. A very rough surface will decrease
the accuracy, since this will scatter the electromagnetic wave.
Thus, the proposed method is appropriate for relatively flat
materials such as reinforced concrete, walls, and other build-
ing materials. In addition, this method assumes that the mate-
rial permittivity is vertically constant along the materials. The
method can be applied for heterogeneous materials, but the
method holds that assumption. In other words, the method can
only estimate the horizontal variation of permittivity of near-
surface material. Another assumption that the permittivity of
amaterial is constant for all radar frequency components must
also be held.
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