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Diameter Estimation of Cylindrical Metal Bar Using
Wideband Dual-Polarized Ground-Penetrating Radar

Hai-Han Sun, Weixia Cheng, and Zheng Fan

Abstract—Ground-penetrating radar (GPR) has been an ef-
fective technology for locating metal bars in civil engineering
structures. However, the accurate sizing of subsurface metal bars
of small diameters remains a challenging problem for the existing
reflection pattern-based method due to the limited resolution
of GPR. To address the issue, we propose a reflection power-
based method by exploring the relationship between the bar
diameter and the maximum power of the bar reflected signal
obtained by a wideband dual-polarized GPR, which circumvents
the resolution limit of the existing pattern-based method. In
the proposed method, the theoretical relationship between the
bar diameter and the power ratio of the bar reflected signals
acquired by perpendicular and parallel polarized antennas is
established via the inherent scattering width of the metal bar
and the wideband spectrum of the bar reflected signal. Based on
the theoretical relationship, the bar diameter can be estimated
using the obtained power ratio in a GPR survey. Simulations
and experiments have been conducted with different GPR fre-
quency spectra, subsurface mediums, and metal bars of various
diameters and depths to demonstrate the efficacy of the method.
Experimental results show that the method achieves high sizing
accuracy with errors of less than 10% in different scenarios.
With its simple operation and high accuracy, the method can be
implemented in real-time in situ examination of subsurface metal
bars.

Index Terms—Cylindrical metal bar, diameter estimation, dual
polarization, ground-penetrating radar, scattering width, wide-
band.

I. INTRODUCTION

CYLINDRICAL metal bars are widely used in civil infras-
tructure, buildings, and utilities. Accurate measurement

of the location and size of subsurface metal bars is important
for assessing the health state of reinforced concrete structures
[1]–[3]. Although many nondestructive testing (NDT) methods
have been developed with high effectiveness in locating the
subsurface metal bar, the accurate sizing of the metal bar
remains a challenging issue to be addressed [4], [5].

Ground-penetrating radar (GPR) and electromagnetic induc-
tion (EMI) sensors are two commonly used NDT technologies
for inspecting subsurface metal bars [4]–[6]. An EMI sensor
receives the induced magnetic field response of a metal bar
to the transmitted time-varying magnetic fields and establishes
the relationship between the field strength and the bar diameter
and cover depth by pre-calibrating a wide range of metal bars
of different properties [7]. Generally, EMI sensors such as
cover meters require prior knowledge of the cover depth to
accurately estimate the bar diameter [8]. However, the precise
cover depth is not always available in real scenarios, leading to
unreliable diameter estimation results. Moreover, EMI sensors
can only maintain their effectiveness within a short depth range
of around 50 mm [5], [9].

GPR for inspecting subsurface metal bars usually employ
antennas with their polarization parallel to the bar axis as a
metal bar scatters maximally under this condition. The GPR
scans along a trace that is perpendicular to the axis of the
metal bar to obtain the scattered waves from the metal bar
at different spatial positions. The bar reflection is shown
as a characteristic hyperbola in the B-scan radargram, and
the geometry and position of the hyperbolic signature are
dominated by the location and diameter of the metal bar and
the relative permittivity of the surrounding medium. Reflection
pattern-based methods including curve-fitting techniques [10]–
[15] and generalized Hough transform algorithms [16]–[18]
have been developed to derive these parameters from the
characteristic hyperbola. They have shown good accuracy
in sizing cylindrical bars with diameters greater than 20
mm. However, their performance degrades for small-diameter
bars as the limited resolution of the GPR cannot produce
noticeable differences in the hyperbolic curvature with small
variations in diameter [15], [19]. Full-waveform inversion has
been implemented to improve the sizing accuracy for small-
diameter cases [20]–[22]. By incorporating information on
the source wavelet in the parameter estimation process, it
achieved higher estimation accuracy than conventional curve-
fitting methods [22]. However, its iterative operation is com-
putationally expensive, limiting its applicability in real-time
in situ measurement. Deep learning-based algorithms have
been developed to enable automatic and real-time sizing of
metal bars [19], [23]–[25]. The algorithms built a non-linear
relationship between GPR data and metal bar parameters by
training on a large labeled dataset. As a data-driven method,
their applicability and accuracy heavily depend on the quality
of the training data, yet building a large dataset covering
diverse experimental scenarios is usually time-consuming and
labour-intensive.

GPR systems equipped with antennas of different polariza-
tions have been employed to improve detection accuracy and
characterization of the metal bar and other elongated objects
[19], [26]–[32]. The differential reflectivity (or power ratio)
of orthogonal polarizations has been well used to estimate
the median volume diameter of raindrops based on horizontal
and vertical radar cross sections of oblate spheroids [33]–
[35]. Similarly, it has been experimentally demonstrated that
the diameter of a thin metal bar can be estimated by the
power ratio of bar reflected signals collected by antennas
with polarizations perpendicular to and parallel to the bar
axis [36]–[38]. However, the method can only be used after
taking measurements of many metal bars of known diameters
in a given subsurface medium and generating a statistical
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power ratio distribution [37]. Since the power ratio distribution
varies with the frequency of the antenna and the subsurface
medium, the applicability of this method in different experi-
mental environments is limited [36]. The scattering widths of
the metal bar for orthogonally polarized electric fields have
been used to explain the theory behind the method and to
calculate the theoretical power ratio, but a large discrepancy
occurs when comparing the power ratio measured by a GPR
with the theoretical value calculated at the GPR’s nominal
frequency point [38]. This is because the GPR is a wideband
device whose performance cannot be accurately characterized
by a single frequency. Although the power ratio at a single
frequency can be extracted and compared with the theoretical
value, the reflected signal of a subsurface object at a single
frequency point is more susceptible to random environmental
noise, greatly reducing the stability of diameter estimation.
Furthermore, the performance of the method with different
GPR frequency spectra and subsurface mediums has not been
fully investigated. In view of these problems and limitations,
further research is needed to effectively use the wideband dual-
polarized GPR to measure the size of a metal bar in different
experimental environments.

This work devotes to addressing the aforementioned chal-
lenges of sizing metal bars using the wideband dual-polarized
GPR. Firstly, the theoretical relationship between the bar
diameter and the power ratio of the bar reflected signal
acquired by wideband orthogonally polarized antennas is es-
tablished by taking account of both the scattering width of
the metal bar and the wideband spectrum of the reflected
signal. Secondly, the validity of the theoretical relationship
under different scenarios including the depth of the metal bar,
the GPR operating frequencies, and the subsurface medium is
investigated. Simulated and measured results demonstrate that
the bar diameter can be reliably extracted from the acquired
power ratio of the two orthogonal polarizations based on
the established theoretical relationship. The proposed method
achieves consistent estimation accuracy of the bar diameter in
different experimental scenarios with an absolute percentage
error of less than 10%.

II. METHODOLOGY

A. Theoretical Foundation

In the proposed method, antenna systems with perpendicular
and parallel polarizations relative to the bar axis are used to
detect a long metal bar in a medium, as shown in Fig. 1.
The transmitting and receiving antennas (TX and RX) can
be the same antenna operating in a monostatic mode, or two
antennas located adjacent to each other in a quasi-monostatic
mode. The antennas with the parallel polarization and the
perpendicular polarization have identical frequency responses
and are excited with the same transmitting power. In practice,
this can be achieved by using a single-polarized antenna and
rotating it by 90◦ to realize the orthogonal polarizations, or
using a specially designed dual-polarized antenna with same
frequency characteristics for the two polarizations.

When the antennas are directly above the metal bar in the
far field, the received power Pr of the backscattered signal
from the metal bar is calculated by the radar equation [39]:

Pr =
PtGt
Lt

1

4πp2Lmt
σ

1

4πp2Lmr

Gr
4πLr

(
c

f
√
εr

)2

, (1)

where Pt represents the transmitter power; Gt and Gr are
the gain of the transmitting antenna and receiving antenna in
the direction of the metal bar; Lt and Lr are losses in the
transmitting and receiving systems; Lmt and Lmr are losses
due to the propagating medium; p is the distance between
the TX/RX and the metal bar, c is the speed of the light, εr
is the relative permittivity of the surrounding medium, and
σ is the scattering width (or the scattering cross section per
unit length) of the metal bar. Although the received power
is dependent on many factors related to the GPR system and
the propagation path, most of the factors can be eliminated
by introducing the ratio of the signal power received by the
perpendicular polarized antenna system Pr⊥ [Fig. 1(a)] to that
received by the parallel polarized antenna system Pr‖ [Fig.
1(b)], producing

Pr⊥
Pr‖

=
σ⊥
σ‖
. (2)

In the backscattering scenario as shown in Fig. 1, the scattering
widths of the metal bar for the perpendicular and parallel
polarized electric fields at frequency f0 under the far-field
condition (p � λ0, and βp � (βa)2) [39] are calculated
by

σ⊥ =
4

β

∣∣∣∣∣
∞∑
n=0

(−1)n+1ζn
J ′n(βa)

H
(1)′
n (βa)

∣∣∣∣∣
2

, (3)

and

σ‖ =
4

β

∣∣∣∣∣
∞∑
n=0

(−1)n+1ζn
Jn(βa)

H
(1)
n (βa)

∣∣∣∣∣
2

, (4)

where

β =
2πf0

√
εr

c
,

ζn =

{
1 for n = 0

2 for n = 1, 2, 3, . . .
,

(5)

a is the radius of the metal bar, λ0 is the wavelength, Jn(·)
is the usual cylindrical Bessel function of order n, H(1)

n (·) is
a cylindrical Hankel function of the first kind of order n. As
shown in (3) and (4), the scattering widths are directly related
to the radius of the metal bar. Equations (2)-(5) allow us to
build the theoretical relationship between the radius of the
metal bar and the power ratio of reflected signals of the metal
bar received by orthogonally polarized antennas at frequency
f0.

However, as the GPR is intrinsically a wideband device to
guarantee high detection resolution and accuracy, instead of
using a single frequency point, it is more reliable and conve-
nient to calculate the ratio of the maximum power reflected
by the metal bar and received by the two polarized antenna
systems in the time domain [36]–[38]. As the maximum
received power of the reflected signal is contributed by the
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(a) (b)

Fig. 1. Illustration of the measurement scenario of using the transmitting
antenna (TX) and receiving antenna (RX) with (a) perpendicular polarization
and (b) parallel polarization to detect a long cylindrical metal bar. The
perpendicular and parallel directions are relative to the bar axis. p and d
denote the depth and diameter of the metal bar, respectively.

power at all frequency samples within the GPR operating band,
the maximum power ratio Pr⊥max/Pr‖max can be named as
the wideband power ratio.

Based on the inverse Fourier transform, the maximum
amplitude of the received signal from the metal bar Armax in
the time domain is calculated by

Armax =

∣∣∣∣∣ 1

N

N−1∑
k=0

Xr(fk)ej
2πstk
N

∣∣∣∣∣ , (6)

where Xr(fk) is the complex number that includes both
amplitude and phase of signal at the frequency point fk, k
is the number of a frequency sample, N is the total number
of frequency samples within the GPR operating spectrum,
and st is the number of the time sample corresponding to
the maximum amplitude point. The wideband power ratio
Pr⊥max/Pr‖max is therefore obtained by

Pr⊥max
Pr‖max

=

(
Ar⊥max
Ar‖max

)2

=


∣∣∣∑N−1

k=0 Xr⊥ (fk) ej
2πstk
N

∣∣∣∣∣∣∑N−1
k=0 Xr‖ (fk) ej

2πstk
N

∣∣∣
2

.

(7)
Based on (2), the bar reflected signal received by the per-
pendicular polarized antenna and that received by the parallel
polarized antenna at the frequency point fk satisfies

Xr⊥ (fk)

Xr‖ (fk)
=

√
σ⊥ (fk)

σ‖ (fk)
. (8)

Substituting (8) into (7) produces

Pr⊥max
Pr‖max

=


∣∣∣∑N−1

k=0 Xr‖ (fk)
√

σ⊥(fk)
σ‖(fk)

ej
2πstk
N

∣∣∣∣∣∣∑N−1
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2πstk
N

∣∣∣
2

. (9)

The full equation of (9) after substituting (3) and (4) is

Pr⊥max
Pr‖max

=

∣∣∣∣∣∣∑N−1
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.

(10)
Equation (10) builds the theoretical relationship between the
wideband power ratio Pr⊥max/Pr‖max and the bar radius a.

B. Implementation Process

Based on (10), the bar size can be estimated using dual-
polarized GPR data following three steps.
1. Calculate the wideband power ratio of the acquired

dual-polarized GPR data. After obtaining the A-scan
containing metal bar reflections using perpendicular and
parallel polarized antenna systems, the metal bar reflec-
tions are first extracted by subtracting the background
trace measured in the same environment but without the
metal bar from the A-scan. The wideband power ratio
Pr⊥max/Pr‖max is then calculated as the square of peak
amplitudes of the bar reflected signals in the time domain.

2. Plot theoretical curve between the bar diameter and
the wideband power ratio. The theoretical relationship
between bar diameter and the wideband power ratio is cal-
culated using (10). The spectrum Xr‖(fk) in the equation
is obtained by applying Fourier transform to the reflected
signal of the metal bar acquired by the parallel polarized
antenna in the time domain. st is the number of the time
sample corresponding to the maximum amplitude point.
The relative permittivity of the subsurface medium εr needs
to be pre-determined and substituted into the equation.
There are several GPR methods to measure εr of an given
medium, such as the delay time-velocity method using an
object of a known depth [40] and the curve fitting method
[10]–[14]. Dielectric probes can also be used to directly
measure the dielectric property of a medium [41]–[43],
which are not described in detail here. The theoretical curve
for a list of diameters and the corresponding wideband
power ratios can then be calculated and plotted.

3. Estimate the bar diameter based on the theoretical
curve. The size of the metal bar can be extracted by finding
the diameter value corresponding to the measured wideband
power ratio in the theoretical curve.

C. Case Study

A case study is presented to illustrate the implementation
process of the method. The scenario is shown in Fig. 1, where
an impulse GPR is used to detect a metal bar with a diameter
(d) of 12 mm at a depth (p) of 30 cm in a medium with
relative permittivity (εr) of 3. The source waveform is the
Ricker waveform with 1 GHz center frequency. The data in the
case study is acquired using the open-source software gprMax
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(a)

(b)

(c)

(d)

Fig. 2. The results of a case study. (a) The bar reflected signals at the
orthogonal polarizations. (b) The frequency spectrum of the bar reflected
signal obtained using Fourier transform. (c) The determination of the sub-
surface relative permittivity. (d) The calculated theoretical curve by (10).
The estimated diameter using the measured wideband power ratio and the
theoretical curve is 12.2 mm, which is very close to the real diameter 12.0
mm.

[44], [45]. Other simulation settings are the same as those
described in the numerical studies in Section III.

Following step 1, the extracted bar reflected signals acquired
by the parallel and perpendicular polarized antennas (Sr‖ and
Sr⊥) are shown in Fig. 2(a). Hilbert transform is used to
convert the real-value signal to its complex representation to
obtain its amplitude. The wideband power ratio is calculated
as
(
Ar⊥max/Ar‖max

)2
= 0.0818. The number of time sample

corresponding to the maximum amplitude point st is also
obtained from the figure.

Following step 2, the spectrum Xr‖(fk) is obtained by
applying Fourier transform to the bar reflected signal acquired
by the parallel polarized antenna, as shown in Fig. 2(b).
The relative permittivity of the subsurface medium is pre-
determined by placing a metal plate at a depth D = 20 cm in
the medium and measuring the delay time from the surface to
the plate ∆t, as illustrated in Fig. 2(c). The relative permittivity
is obtained by εr = (c∆t/2D)2 = 3.0. The wideband power
ratios of a list of diameters are calculated by substituting st,
Xr‖(fk), and εr into (10), and the resulting theoretical curve is
shown in Fig. 2(d). Given the measured wideband power ratio
and the theoretical curve, the diameter is estimated to be 12.2
mm. The estimated value is very close to the real diameter
12.0 mm with a percentage error of 1.7%, demonstrating the
effectiveness of the method.

Extensive simulations and experiments have been conducted
to demonstrate the performance of the method in different
scenarios, which are presented in Section III and Section IV.

III. SIMULATION RESULTS

Numerical simulations are performed using the open-source
software gprMax [44], [45]. The simulated model is built
following the one illustrated in Fig. 1. The simulated domain
covers an area of 0.3×0.3×0.7 m3. The absorbing boundary
condition is applied to reduce the boundary reflections. The
hertzian dipole and the probe are used as the TX and RX,
respectively. They are 10 mm apart and are located on the
ground surface with their common middle point at 0.15 m
along the x- and y-axes. Both the perpendicular polarization
and the parallel polarization of the TX and RX are simulated,
as shown in Figs. 1(a) and 1(b) respectively. The object is a
cylindrical metal bar made of the perfect electric conductor
(PEC). Its axis is parallel to the y-axis and is located at 0.15
m along the x-axis.

Since (10) is derived under the far-field condition, and it
shows that the wideband power ratio is related to the metal
bar’s diameter, the GPR frequency spectrum, and the medium
relative permittivity, simulations are performed with a metal
bar of different diameters at different depths, GPR transmitter
of different frequency spectra, and the subsurface medium of
different relative permittivity to investigate the effectiveness
of the method.

Depth. In the simulation, a metal bar with its diameter d
ranging from 6 mm to 20 mm with a step of 2 mm is located
at five different cover depths p from 5 cm to 80 cm. The
source waveform is the Ricker waveform with 1 GHz center
frequency. The relative permittivity of the subsurface medium
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(a)

(b)

(c)

Fig. 3. (a) The calculated power ratio compared with the theoretical curve
for the metal bar of different diameters at different depths. (b) The estimated
diameters using the proposed method. (c) The absolute percentage errors of
the estimated diameters.

is set as 3. To guarantee good discretization for the metal bar
of the smallest diameter, a fine spatial discretization step of
0.6 mm is used in the x-, y-, and z-directions. A-scans of the
perpendicular and parallel polarizations are obtained for the
metal bar of different diameters at different depths.

Following the implementation process presented in Sections
II.B and II.C, the reflection of the metal bar is extracted
by subtracting a background A-scan without the metal bar
from the received A-scan, and then the wideband power ratio
Pr⊥max/Pr‖max is calculated. The wideband power ratio of
the metal bar of different diameters at different depths is
plotted in Fig. 3(a). It can be seen that the power ratio for

(a)

(b)

Fig. 4. (a) The power ratio of the metal bar and the theoretical curves obtained
using Ricker waveform with different center frequencies. (b) The absolute
percentage errors of the estimated diameters.

the same diameter varies slightly in the shallow-depth cases
(p = 5 cm and p = 10 cm), but tends to be constant for
depths over 20 cm. According to the theory of the metal
bar’s scattering widths [39], the far-field condition is satisfied
when the distance between the antenna and the metal bar is
greater than the operating wavelength at the center frequency
λ = c/f

√
εr = 17.32 cm. Therefore, the variation of the

power ratio in shallow-depth cases is because the distance
is in the near field where the electromagnetic waves may
not be fully polarized when illuminated on the metal bar,
so the resultant backscattered power is different from that in
the far field. Upon approaching the far field, the power ratio
reaches a stable value regardless of the depth variation, which
is consistent with the theoretical relationship described in (10)
that the wideband power ratio is independent of the depth.
Nevertheless, the power ratio in the near field when the depth
exceeds half wavelength does not deviate much from the value
obtained in the far field.

The theoretical curves depicting the relationship between
the wideband power ratio and the bar size are calculated using
(10). Since the received spectrum Xr‖(fk) of the metal bar of
different diameters at the same depth is almost identical as
found in the simulation, the spectrum used to calculate the
curve at each depth is the averaged spectrum obtained from
all diameters at that depth. The theoretical curves at different
depths are also presented in Fig. 3(a). The curves overlap with
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each other, especially those for the distance over 20 cm, which
further verifies that the relationship between the power ratio
and the bar size is independent of the bar depth under the
far-field condition.

As shown in Fig. 3(a), the simulated wideband power ratios
at different diameters fit well with the theoretical curves. The
estimated diameters using the wideband power ratios and the
theoretical curves are shown in Fig. 3(b), and the absolute
percentage errors are shown in Fig. 3(c). The estimated
diameters are close to the real values. The 5 cm depth cases
have the lowest accuracy due to the deviation of the wideband
power ratio in the near field. The accuracy improves greatly
as the depth increases. For the 10 cm depth cases, the errors
are within 8%. For depths over 20 cm, the accuracy is further
improved to less than 5% errors. The largest error at each
depth occurs when the metal bar has the smallest diameter
6 mm. This is because the slope of the theoretical curve is
very small around the 6 mm diameter region, so a small
deviation of the power ratio due to the numerical simulation of
finite spatial discretization can result in a relatively large error.
The simulated results demonstrate that the method works the
best under the far-field condition where the depth is larger
than the wavelength, and maintains good accuracy of less
than 10% errors when the depth is over half wavelength
in the near-field region. The 80-cm depth case verifies that
the method maintains its high accuracy as long as GPR
can successfully detect the reflected signal. The maximum
detection range of the GPR depends on the system power, GPR
spectrum, and subsurface environments, which varies from
case to case. Similar phenomena are observed using different
GPR operating frequencies and subsurface permittivity in our
study. Therefore, we suggest to apply the method to scenarios
where the distance between the GPR antenna and the metal
bar exceeds half wavelength at the center frequency.

Frequency spectrum. To investigate the validity of the
proposed method for GPRs with different operating frequency
spectra, the Ricker waveform with three different center fre-
quencies of 1.0 GHz, 1.3 GHz, and 1.6 GHz are used as the
source waveform in the simulation. The relative permittivity of
the medium is 1. The depth of the metal bar is 30 cm, which
satisfies the far-field condition. The obtained wideband power
ratio and the calculated theoretical curves with the different
spectra are shown in Fig. 4(a). As the center frequency of the
waveform increases, the wideband power ratio for a metal bar
of the same diameter also increases. The wideband power ratio
is consistent with the corresponding theoretical curve in all
cases. The estimated diameters based on the theoretical curve
are very close to the real diameters. The maximum error is
4.25% and most errors are less than 2.0 %, as shown in Fig.
4(b). The results demonstrate the effectiveness of the proposed
method with different GPR operating spectra.

Relative permittivity of medium. The subsurface medium
with its relative permittivity values ranging from 1 to 7 with
a step of 2 is simulated to examine the performance of the
proposed method in different mediums. The source waveform
is the Ricker waveform with a center frequency of 1.0 GHz.
The cover depth of metal bars is 30 cm. The power ratio of
the metal bar in different mediums is shown in Fig. 5(a). The

(a)

(b)

Fig. 5. (a) The power ratio of the metal bar and the theoretical curves
in a subsurface medium of different relative permittivity. (b) The absolute
percentage error of the estimated diameters.

calculated theoretical curves are also presented for compari-
son. As the relative permittivity increases, the electrical size
of the metal bar becomes larger, leading to an increase in
power ratio. The power ratios in different mediums are in
good agreement with the corresponding theoretical curves. The
absolute percentage error of the estimated diameters based on
the theoretical curves is shown in Fig. 5(b). The errors are
within 5% in all cases, which verifies the effectiveness of the
proposed method in mediums of different relative permittivity
values.

IV. MEASUREMENT RESULTS

Experiments are conducted with three different mediums,
air, coarse sand, and concrete, to verify the performance of
the proposed methods. A dual-polarized stepped-frequency
GPR system is used in the experiment, as shown in Fig. 6.
A dual-polarized Vivaldi antenna operating from 0.5 GHz
to 3.3 GHz is used as the transmitter and receiver in a
monostatic setup. The antenna has two ports to excite the
perpendicular polarized and parallel polarized radiation with
identical frequency responses. The two ports are connected
to a vector network analyzer (VNA, Keysight VNA P5022A)
that is used for the generation of the excitation signal and the
acquisition of the reflected signal in the frequency domain.
Other detailed setups and the experimental results in the three
mediums are presented in the following subsections.
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Fig. 6. Illustration of the measurement scenario in the air and in the coarse
sand environment. A wideband dual-polarized GPR system is configured using
a dual-polarized Vivaldi antenna and a vector network analyzer to obtain the
reflected signals of the metal bar.

A. Measurement in the Air

The experimental setup in the air is illustrated in Fig.
6. Eight cylindrical metal bars are used as samples. Their
diameters measured by a caliper are 7 mm, 10 mm, 11.5 mm,
13 mm, 15 mm, 16 mm, 18 mm, and 20 mm, respectively. A
foam box and an acrylic fixture are used to fix the position
of the antenna and metal bar. The metal bar is placed right
below the antenna at four depths (15 cm, 20 cm, 25 cm, and
30cm). In the experiment, the control unit and the VNA are
placed far away from the antenna to avoid their interference.
For each metal bar at each depth, two A-scans of the two
orthogonal polarizations are recorded in the frequency domain
from 0.5 GHz to 3.3 GHz. To extract the scattered signal of the
metal bar, background subtraction is performed by measuring
a background A-scan in the same environment but without the
metal bar and subtracting it from the A-scan with the metal
bar.

Three frequency bands are used to analyze the data, which
are 0.5 – 2.8 GHz, 0.5 – 3.3 GHz, and 1.0 – 3.3 GHz, respec-
tively. The collected frequency domain data are transformed
to the impulse response in the time domain via inverse Fourier
transform to calculate the wideband power ratio. The measured
power ratio of metal bars of different diameters at different

depths is shown in Fig. 7(a). The power ratios of the same
metal bar at different depths have almost identical values,
which verifies that the power ratio is independent of the depths
in the far field. With the increment of the frequency spectrum,
the power ratio is increased, which agrees with the influence
of the frequency spectrum on the power ratio as discussed in
Section III.

The theoretical curves are calculated by (10) in different
frequency ranges. Same as shown in the simulated results, the
theoretical curves in different depths overlap each other, so we
plot the averaged curve in Fig. 7(a) and use it to estimate the
diameter of the metal bar. As shown in Fig. 7(a), the measured
power ratios of the metal bar of different diameters are in
good agreement with their corresponding theoretical values.
Therefore, the estimated diameters based on the theoretical
curves are very close to the real diameters. The estimation
errors are plotted in Fig. 7(b). The errors are all less than 6%
and a majority of errors are less than 3%. The maximum error
appears at the smallest diameter of 7 mm. This is because
the theoretical curve around the 7 mm region has a small
slope, so a small variation in the measured power ratio due
to the imperfect background subtraction can result in a large
deviation of the estimated diamater from the real diameter. The
slope of the curve in the small diameter region increases with
the increment of the frequency spectrum, leading to a decrease
in error from 5.26% to 4.71%. Since the theoretical curve in
the 1.0 - 3.3 GHz band has the largest slope for the given
diameter range, the diameter estimated in this frequency band
is the least sensitive to interference from residue environmental
noise, and therefore the frequency band produces the most
accurate results with the averaged error of 1.10%.

B. Measurement in Coarse Sand

The sand environment is built by filling the foam box in Fig.
6 with coarse sand. Same as the measurement in air, the eight
metal bars of different diameters are placed at four different
depths. The scattered waves of the metal bar at each depth are
acquired by the dual-polarized GPR system in the frequency
domain. Background removal is performed by subtracting a
reference trace measured in the sand environment without the
metal bar to extract the metal bar’s response. Three different
frequency bands are selected to analyze the data, which are 0.5
– 2.7 GHz, 0.5 – 3.0 GHz, and 0.5 – 3.3 GHz, respectively. The
measured wideband power ratio of the metal bar at different
depths in different bands is shown in Fig. 8(a). The power ratio
of the same metal bar at different depths varies within a small
range, which is due to the interference from background noise
that cannot be fully eliminated using background subtraction
in the coarse sand environment.

The calculation of the theoretical curve requires the pre-
determined relative permittivity value of the sand. To obtain
that, a metal plate is placed at a known depth D in the
sand and the delay time from the sand surface to the plate
reflection ∆t is measured. The relative permittivity of the
sand is then calculated by (c∆t/2D)2. The measurement is
conducted three times by placing the metal plate at different
depths, and the averaged relative permittivity value of the sand
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(a)

(b)

Fig. 7. Measurement results and estimation errors in the air. (a) Measured power ratios of metal bars of different diameters at different depths, and the
calculated theoretical curves in three different frequency bands. (b) The estimation errors of the proposed method in different frequency bands.

(a)

(b)

Fig. 8. Measurement results and estimation errors in the sand environment. (a) Measured power ratios of metal bars of different diameters at different depths,
and the calculated theoretical curves in three different frequency bands. (b) The estimation errors of the proposed method in different frequency bands.



9

(a)

(b)

(c)

Fig. 9. (a) The concrete specimen. (b) The measured B-scans of the
concrete of the perpendicular polarization and the parallel polarization. (c)
The measured power ratio and the theoretical curve. The diameters of the
metal bars are accurately estimated based on the theoretical curve with a
maximum error of 5.30%.

is obtained as 2.66. The theoretical curves are then calculated
by (10) in different frequency ranges, which are also plotted
in Fig. 8(a). The measured power ratios are close to their
corresponding theoretical values. The estimation error based
on the power ratio and the theoretical curves are plotted in
Fig. 8(b). The errors are all less than 10%. The increase in
error compared to the ideal air environment is because the
background noise cannot be well subtracted in the heteroge-
neous sand environment, leaving residual noise that interferes
with reflected signals of the metal bar. Compared with the
estimation results in the 0.5 - 2.7 GHz band, increasing the
frequency band yields a larger slope of the theoretical curves,
thereby reducing the estimation sensitivity to the variation of
the power ratio. With a larger slope of the theoretical curve
in the 0.5 - 3.0 GHz and 0.5 - 3.3 GHz bands, the errors for
the metal bar of different diameters are consistent and within
7.3%.

The experiment results in the air and sand environments not
only verify the effectiveness of the method in sizing metal bars
at different depths in different mediums, more importantly, it
also demonstrates that the frequency range of a wideband GPR
can be tailored to produce a larger slope of the theoretical
curve in the given medium so as to achieve more accurate
sizing performance.

C. Measurement in Concrete

The third experiment is conducted on a concrete sample
with three embedded metal bars, as shown in Fig. 9(a). The
three metal bars have diameters of 16 mm, 13 mm, and 10
mm, and are located at cover depths of 62 mm, 65 mm, and
60 mm, respectively. The bar spacing is 20 cm. B-scans of
the perpendicular and parallel polarizations are collected by
moving the dual-polarized antenna along a scanning trace that
is perpendicular to the metal bars’ axes on the concrete surface.
The frequency band 0.5 GHz - 2.5 GHz is used to process the
data as this frequency band guarantees a proper slope of the
theoretical curve to estimate the metal bar size, which will
be shown in the result. To remove background noise, an A-
scan acquired between the two smallest metal bars using the
perpendicular polarization is used as the background trace and
subtracted from all traces in the B-scans. The B-scans of the
two polarized signals after background removal are shown in
Fig. 9(b). The maximum amplitudes of the reflected signals of
the metal bars are extracted from the B-scan, and the power
ratios are calculated and plotted in Fig. 9(c).

To obtain the relative permittivity of the concrete, a metal
plate is placed at the bottom of the concrete and the delay
time from the top and bottom surface ∆t is measured. The
relative permittivity of the concrete is calculated using the
height of the concrete H and ∆t by (c∆t/2H)2. The relative
permittivity values of three different locations are measured,
and their average value of 8.0 is used in the calculation of
the theoretical curve of the power ratio. The three parallel
polarized A-scan traces acquired on top of the three metal bars
are used to calculate the frequency spectrum of the parallel
polarization. Three theoretical curves are calculated using the
three frequency spectra and they overlap with each other. Their
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averaged values are used as the final theoretical curve, as
plotted in Fig. 9(c). Based on the measured power ratio and
the theoretical curve shown in Fig. 9(c), the diameters of the
three metal bars are estimated as 16.32 mm, 12.68 mm, and
9.47 mm, respectively. The estimated values are very close to
the real values with a maximum percentage error of 5.30%.
The estimation error can be caused by the interference of
the residue background noise. Nevertheless, the results have
shown promising accuracy in estimating the size of the metal
bar in concrete.

V. DISCUSSION AND COMPARISON

A. Estimation Error Caused by Inaccurate Relative Permittiv-
ity

As the proposed method requires prior knowledge of relative
permittivity (εr) of the subsurface medium, the accuracy of
εr affects the estimation accuracy of the bar diameter d. A
case study is performed to demonstrate the influence of εr
on the estimation accuracy. In the case study, a GPR with
1-GHz Ricker waveform is used to detect a metal bar with
different diameters in a medium with εr of 3. The wideband
power ratios of metal bars of different diameters are shown in
Fig. 10(a). The theoretical curves obtained using the proposed
method with εr ranging from 2.4 to 3.6 are also shown in
Fig. 10(a). The estimated diameter values and the estimation
errors using curves with different εr are shown in Fig. 10(b)
and Fig. 10(c), respectively. It can be seen from Fig. 10(b) that
smaller εr tends to overestimate the diameter, whereas larger
εr underestimates the diameter. As shown in Fig. 10(c), the
estimation errors are maintained within 10% when εr deviates
within 10% from the actual value (εr ∈ [2.7, 3.3]). A similar
phenomenon has been verified using different GPR operating
frequencies in our study. Therefore, a slight inaccuracy of εr
within 10% would not cause a large estimation error of the
proposed method.

In addition, as shown in Fig. 10(a), the curve corresponding
to the correct εr value can also be determined based on a
bar with known diameter. Therefore, the proposed method can
also be calibrated based on a bar with known diameter as an
alternative to εr measurement.

B. Effective Diameter Estimation Range of the Method

Since the proposed method is based on the relationship
between the power ratio and the bar radius, it is only ef-
fective when the relationship is unique. To find the effective
diameter range that can guarantee the unique relationship, the
relationship between the single-frequency power ratio and the
bar radius, and the relationship between the wideband power
ratio in (10) and the bar radius are both investigated.

The power ratio at a single frequency f0 is calculated by
(2)-(5). The relationship between the single-frequency power
ratio and β0a is plotted in Fig. 11. As shown in Fig. 11, the
relationship between the power ratio and β0a is divided into
three regions: the low frequency region, the resonance region,
and the high frequency region [39]. Only the low frequency
region (β0a �1) guarantees a monotonic increase in power

(a)

(b)

(c)

Fig. 10. (a) The wideband power ratios of a metal bar of different diameters
when εr=3 compared with theoretical curves computed using different εr .
(b) The estimated diameters, and (c) the absolute percentage errors using
theoretical curves with different εr .

ratio with β0a, which can be used for unambiguous radius
estimation.

Since (10) is the extension of the single-frequency power
ratio in a wideband form, a similar relationship exists between
the wideband power ratio and the radius. Fig. 12 shows the
wideband power ratio as a function of bar radius a in the
cases of GPR spectra with different center frequencies fc and
subsurface medium with different subsurface permittivity εr.
We experimentally found that the curves keep their mono-
tonicity when a < 30

fc
√
εr

, where a is in mm and fc is in
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Fig. 11. The power ratio at a single frequency as a function of β0a.

(a) (b)

Fig. 12. The wideband power ratio as a function of bar radius in the cases
of (a) GPR spectra with different center frequency fc when εr = 1, and (b)
subsurface medium with different relative permittivity εr when fc = 1 GHz.

GHz. Therefore, to ensure unambiguous radius estimation for
a metal bar with a large radius in a medium with high relative
permittivity, a GPR with a lower center frequency is needed.
The method is particularly suitable for estimating small-radius
bars, which complements the mainstream reflection pattern-
based GPR methods that are more effective for large-radius
bars (a >10 mm).

C. Diameter Measurement in Different Construction Configu-
rations

Experimental results in Section III and Section IV have
demonstrated the performance of the proposed method in
single metal bar cases, whereas in real scenarios, there are
multiple metal bars arranged in different configurations. In
this subsection, we demonstrate that the proposed method
maintains its effectiveness as long as the reflection of the target
bar is separated from those of other bars around it.

As shown in Fig. 13, to guarantee the sufficient separation
of reflections of the target bar and other bars when the GPR
is located above the target bar for detection, the distance from
these metal bars to the GPR (p1 and p2) based on the GPR
resolution should satisfy

|p2 − p1| ≥
c

2fc
√
εr
, (11)

If the metal bars are located at the same depth as shown in
Fig. 13, the distance g between the closest point of the target
bar to the GPR antenna and that of the other bars to the GPR
antenna should satisfy(√

g2 + p21 − p1
)
≥ c

2fc
√
εr
. (12)

Fig. 13. A scenario of multiple metal bars.

Four scenarios are simulated to demonstrate the perfor-
mance of the proposed method in different construction con-
figurations satisfying the distance constraint in (11). The
scenarios are i) one metal bar, ii) the target metal bar (as
marked in red) with parallel metal bars, and iii) the target
metal bar and crossed metal bars, and iv) the target metal
bar in a mesh configuration, as shown in Fig. 14. The metal
bars have a diameter of 10 mm and are located at a depth
of 5 cm in concrete with relative permittivity of 8. A dual-
polarized GPR with a 1.3-GHz ricker waveform is used to
acquire the reflections of the metal bars. As shown in Fig.
14, the bars in the parallel bar case are separated by the
minimum distance g = 7.5 cm as calculated using (12). In
the crossed bar case, the distance between the crossed bars is
2g = 15.0 cm and the GPR is positioned in the middle between
the two crossed bars to measure the target bar. The measured
wideband power ratio of the target metal bar and the calculated
theoretical curve in these cases are shown in Fig. 14. Since
the reflection of the target metal bar is separated from those
of other metal bars, the wideband power ratio can be reliably
extracted and used for diameter estimation. The estimation
errors for the four scenarios based on the proposed method are
2.48%, 5.97%, 5.00% and 5.00%, respectively. Compared with
the estimation error in the single bar case, the errors in other
construction configurations with multiple neighboring bars are
only slightly increased. If the bar distance is further increased,
the estimation error will decrease to the level of that of a
single bar, as shown in Fig. 15. The results demonstrate that
the method maintains high accuracy in different construction
configurations as long as the distance between adjacent bars
satisfies the constraint in (11).

D. Diameter Measurement of a Metal Bar of Different Orien-
tations

Since the proposed method is developed based on the
scattering width of cylindrical metal bars at parallel and per-
pendicular linear polarizations, orthogonally linear polarized
GPRs have been used in Sections III and IV as the most
straightforward way to demonstrate the effectiveness of the
method. The current application of the method requires prior
knowledge of the bar orientation to align the polarization
direction.

To further extend the applicability of the proposed
method to different bar orientation cases, quad-circularly-
polarized systems that acquire the full scattering matrix[
SLL SRL
SLR SRR

]
and quad-linearly-polarized systems that ac-

quire
[
SV V SHV
SV H SHH

]
can be used. The scattering matrices
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Fig. 14. Illustrations and estimation results of four scenarios: i) one metal bar, ii) the target metal bar and parallel metal bars, iii) the target metal bar and
cross metal bars, and iv) the target metal bar in a mesh configuration.

Fig. 15. The estimation error of the target metal bar’s diameter with different
distances between metal bars g.

of the circular and linear polarization can also be transformed
into each other using[
SV V SHV
SV H SHH

]
=

1

2

[
1 1
−j j

] [
SLL SRL
SLR SRR

] [
1 −j
1 j

]
.

(13)
Based on the scattering matrix, the bar orientation angle θ

can be extracted using several well-developed methods in [29],
[46]. Once the orientation angle θ is obtained, one can either
replan the scanning trace, or directly transform the measured
data to the polarizations that are parallel and perpendicular to
the metal bar using (14) [46]. S‖ and S⊥ can then be used to
implement the proposed method.

E. Comparison with Existing Methods

The estimation accuracy of the proposed method is com-
pared with that of existing GPR methods in the concrete case
with three embedded metal bars as described in Section IV-C.
The GPR methods compared include the reflection pattern-
based method [15] and the power ratio method at the GPR
nominal frequency [38]. Table I shows the estimation results

of different methods. The reflection pattern-based method
produces large errors for these small-diameter metal bars,
which is consistent with the results in [15]. This is because
the limited resolution of the GPR cannot produce noticeable
differences in the hyperbolic curvature with small variations
in diameter, and a small amount of environmental clutter
makes the fitting problem ill-posed [15]. The power ratio
method at the GPR nominal frequency produces relatively
large estimation errors in the 13-mm and 16-mm metal bar
cases. The discrepancy is because the GPR is a wideband
device whose performance cannot be accurately characterized
by the single nominal frequency point. The proposed method
as a reflection power-based method circumvents the resolution
limit of the pattern-based methods and addresses the single-
frequency limit in [38] by taking both the wideband GPR
spectrum and scattering width of metal bars into account. It
achieves the highest accuracy in all cases. The comparison
results demonstrate the effectiveness of our proposed method
in improving the accuracy of bar diameter estimation.

VI. CONCLUSION

This paper presents a novel measurement and data analysis
method that uses a wideband dual-polarized GPR to estimate
the diameter of subsurface metal bars. The theoretical relation-
ship between the bar diameter and the wideband power ratio
of the bar reflected signals acquired by the dual-polarized GPR
is established via the scattering width of the metal bar and the
spectrum of the bar reflected signal. Based on the theoretical
model, the bar diameter can be reliably estimated using the
obtained power ratio in a GPR survey. The effectiveness of
the method has been verified using simulated and measured
data collected by GPRs with different frequency spectra in
different mediums. Experimental results show that the method
can accurately estimate the diameter of metal bars with an
absolute percentage error of less than 10%. As a reflection

[
S‖ S⊥‖
S‖⊥ S⊥

]
=

[
cos θ sin θ
− sin θ cos θ

] [
SHH SHV
SV H SV V

] [
cos θ sin θ
− sin θ cos θ

]T
. (14)
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TABLE I
COMPARISON OF ESTIMATION ACCURACY OF DIFFERENT GPR METHODS

Method
Diameter (d) 10 mm 13 mm 16 mm

dest Error dest Error dest Error
Reflection pattern-based method [15] 15.62 mm 56.20% 16.80 mm 29.23% 20.59 mm 28.70%
Power ratio method at GPR nominal frequency [38] 9.32 mm 6.80% 11.60 mm 10.77% 13.69 mm 14.44%
Our method 9.47 mm 5.30% 12.68 mm 2.46% 16.32 mm 2.00%

power-based method, it circumvents the resolution limit of the
conventional reflection-pattern based methods and outperforms
the conventional methods by a large margin. The high accuracy
and simplicity of the proposed method make it suitable for the
on-site subsurface metal bar measurement.
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