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ABSTRACT An arc-shaped distributed multilayer capacitive loading structure combined with resistive
loading is presented in this paper to enhance the radiation performance of folded bowtie antenna (FBA).
The radiation efficiency of the loaded bowtie antenna (BA) is improved, and the low-frequency bandwidth
is broadened by the bent loop circuits. Additionally, a novel technique of cavity groove is proposed to design
the reflector. The optimized cavity tightly coupling with the radiation part overcomes the shortcomings
of conventional cavity-backed BAs. The improved ultra-wideband (UWB) FBA with low profile is then
designed and fabricated. The basic geometry of the proposed antenna is combined by a novel acorn-shaped
bent bowtie patch and a hollowed stepped back cavity. The simulated -10 dB impedance bandwidth of
the proposed antenna is over 100 MHz-1100 MHz while the measured operating bandwidth is 250 MHz-
850MHz. This BA of folded type obtains a high realized gain of 4 dBi at 850MHz and a narrow pattern over
the whole band. Time-domain measurements and field tests for practical ground-penetrating radar (GPR)
applications have been carried out and the results demonstrate the advanced performance.

INDEX TERMS Ultra-wideband (UWB), ground-penetrating radar (GPR), P-band, miniaturized antenna,
folded bowtie antenna, RC-loading, radiation enhancement.

I. INTRODUCTION
Ground-penetrating radar (GPR) is a well-accepted geophys-
ical technique. Initially applied to detect natural geologic
materials, now GPR is equally well applied to a host of other
media such as wood, concrete, and asphalt. The existence of
numerous lossy dielectric material environments, combined
with the broad radio frequency spectrum, leads to a wide
range of nondestructive testing (NDT) applications, such as
archaeology, geophysical research, road quality assessment,
buried objects detection, and civil engineering. [1]

GPR systems can be categorized into two types, first are
ones that transmit continuous wave and work in frequency
domain. The second type is impulse wave GPR systems that
work in time domain. Impulse-based radar systems are cost-
effective and have simple design, therefore this type of system
is preferred in commercial GPR applications. [2] The antenna
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system is one of the most critical parts of the GPR system.
Ultra-wideband technology, which was used in the field of
wireless communication early on, has now been applied to
the field of GPR by many researchers because of the strong
penetrability and better resolution. In the FCC Part 15 rules,
the demarcation between wideband and UWB was decreased
to 0.20 (20%), while the OSD/DARPA Review Panel states
that signals having fractional bandwidths greater than 0.25
(25%) are UWB signals. Typical UWB antennas applied
for impulse GPR cover broad bandwidth from megahertz to
gigahertz. In pursuit of extremely high distance resolution,
UWBGPRs commonly use a frequency range above 100MHz
with a 100% fractional bandwidth. [3] The low operating
frequency radiation is necessary, especially for applications
that need to detect through invisible lossy medium [1]. The
radiation at higher frequency above 1GHz can give a higher
resolution, whereas cannot propagate far and the depth of
detection becomes shallower. However, according to the prin-
ciple of antennas, low cut-off frequency, in the sense of
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antenna matching, corresponds to a large size. [4] In many
scenarios, The GPR antennas are limited by their huge pro-
file. Thus, miniaturization of the UWB antenna remains an
interesting topic in research. In this field, antenna size, match-
ing, and radiation efficiency conflict with each other. Gain is
a widely used antenna parameter combined with directivity
and efficiency. It is a far-field characterization of antenna
radiation. But for the GPR antenna, the true performance
cannot be revealed properly by gain and gain pattern when
the lossy materials are involved. The targets to be detected
are usually buried in the near-field area of the antenna. And
the proximity of the antenna to the ground means that it
is necessary to consider the coefficients of reflection and
transmission as the wave passes through the dielectric to the
target. [1] There is a near-field feature called footprint that can
represent the energy coupling into the dielectric in a graphical
manner. An antenna footprint is defined as a distribution of
the normalized peak values of transmit waveforms within a
horizontal plane on the ground surface or subsurface, which
indicates the shape and size of the spot illuminated by the
antenna. In many GPR applications, near-field footprint plays
a vital role since radar imaging can be improved when the
size of the footprint is comparable to those of the targets. [5]
Apart from the features mentioned above, there are many
other requirements for a predominant GPR antenna. In short,
low-frequency radiation, broad matching band, low profile,
focused radiated field, low dispersion, and short ring-down
are all to be satisfied.

Till now, many types of antennas for GPR applications are
studied and designed. These antennas can be divided into two
distinctive types by structural design. First are air-coupled
antennas such as horn antennas [6], [7], the tapered slot anten-
nas (TSA), and their variants [8], [9], which are normally
40-50 cm above the ground surface. Another type concludes
many planar antennas that are suitable for working close
to the ground, such as loaded dipole [10], spiral [11], [12],
microstrip monopole [2], [13], [14], the bowtie antenna and
its variants [15], [16]. The ground-coupled antennas could
work tightly against or 5-10cm above the ground surface.
As mentioned above, the frequency limitation is also a size
limitation of the antenna. Horn antenna, such as TEM horn,
has a length of half the longest wavelength. And its efficiency
is decided by the area of the aperture. [7] For TSA, the disper-
sion in the frequency domain is unstable and the profile is also
huge. [17] To obtain a stable phase center and low distortion,
the spiral antenna is also excluded by impulse GPR. Then in
the type of planar UWB antenna, microstripmonopole, planar
dipole, and their variants are main representations. In the last
few years, various designs of these planar antennas for GPR
systems have been proposed. They have low cost and size as
well as lightweight.

Bowtie antenna (BA), as a kind of planar dipole or bicon-
ical, has a more symmetric radiation pattern than planar
monopole, though the pattern is omnidirectional if without
a proper reflector. They have simple structures, linear-phase
characteristics, and stable radiation. Various projects have

been carried out by researchers all over around the world to
develop BA applied for GPR.

The loading technique, as a useful method to improve
BA, has been widely studied. Diego et al. employed lay-
ered absorbing material to achieve an ultra-wideband behav-
ior. [3] Adrian et al. used fewer resistors to improve pulse
radiation than the Wu-King loading profile. [18] Recently,
simple resistance loading methods were still applied to
design BA. [19] However, radiation efficiency, which is also
vital for P-band GPR, will be lowered by lossy resistors.
Adrian et al. also investigated the performance of capacitive
loading and RC hybrid loading techniques. It was found that
the hybrid loading maintains higher radiation efficiency and
satisfactory late-time ringing at the same time. [20] Besides,
a lumped resistor-inductance hybrid loading method was
proposed. [21] But this scheme is unable to provide UWB
performance, which makes it less suitable for GPR BA.

The radiation and matching characteristics are partly influ-
enced by patch shape. Many BAs and bowtie slot anten-
nas (BSAs) which had a triangular structure were designed
because of the frequency-independent feature. [22], [23]
But they suffered from reflections at the sharp antenna
end. [24], [25] According to conformal analysis, the advanced
BAswere usuallymodified to elliptical or half elliptical struc-
tures because they have less characteristic impedance and
smooth paths for current to flow. [26]–[28] Folded Bowtie
antenna (FBA) is a kind of loop loading antenna, which is
similar to slot structure. The FBA is formed by connecting the
two arms of a BA with two folding arms. And it can provide
flatter input impedance and be easily matched in a wide fre-
quency band. [29], [30] Traditionally, to form unidirectional
radiation at boresight, a large metallic reflector is always
needed for BA. The reflector is far bigger than the radiator,
leading to a large profile of cavity-backed BA. [31]–[33]
Recently Mohammed et al. proposed a bent FBA with com-
pact back cavity. [34] However, the low cut-off frequency is
still high even if the resistive loading method is utilized.

The aforementioned antennas commonly have an improv-
ing radiation efficiency as the frequency increases. And
they have a lower cut-off frequency as the size increases.
Thus, the requirements of high radiation efficiency and low-
frequency radiation together lead to a large antenna size in
terms of electrical length. Moreover, to separate the radiating
part from the reflective cavity and ensure a minimal effect
from the coupling, the patches of some antennas are elevated
by the feeding structures. [29], [30] The structural stability
will be reduced by this action. The galvanic connection of
the antenna will be easily destroyed by the vibration gen-
erated during B-scan. Therefore, an investigative study by
discussing a novel type of compact RC loaded FBA for
P-band GPR is presented in this work. A 3-D loop circuit
is formed by a double-layer loading scheme and ellipse-
arc shape aiming to unprecedentedly expand the low cut-off
frequency of FBA. Special tightly-coupled back-cavity is also
designed to realize the miniaturization, matching at low band,
unidirectional radiation, and sufficient mechanical support
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FIGURE 1. (a) Half piece of the proposed antenna patch. (Brown part: Top
layer; Orange part: Bottom layer) (b) Topology of double-layer capacitive
loading structure.

for the antenna. The final antenna covers a main operating
band from 250MHz to 850MHz with good matching at lower
frequencies. Evaluation of its performance is done through
numerical analysis and verified through measurements.

The present contribution is organized as follows.
In Section II, the novel mechanism of hybrid loading, detailed
design of the proposed antenna, and parametric study are
elaborated. Section III presents the simulated performance
and measured results of the fabricated prototype. The pro-
posed antenna is compared with the triangular planar BA
(TPBA) with similar geometry in section IV. In this section,
a comparison of the proposed antenna with other designs is
also provided to verify its superiority. Section V draws the
conclusion.

II. ANTENNA DESIGN AND INNOVATION
A. CONCEPT AND TOPOLOGY
Promoting efficiency while maintaining bandwidth is a key
challenge in antenna miniaturization. The operating band-
width is limited by the impedance feature at first. As men-
tioned in section I, the proper design of patch shape is vital for
keeping a stationary impedance curve in frequency domain.
Because the input impedance of the BA is inversely propor-
tional to the flare angle, the elliptical shape provides a small
characteristic impedance and a smooth path for the current
flow across the antenna. Hence, the elliptical structure or half
elliptical structure is chosen as the shape of bowtie arm in
the advanced design of BA used for the GPR applications.
[35] In this paper, therefore, a combination of half ellipse and
arc is utilized to form the patch on the top layer, as shown
in Fig. 1(a). The copper is etched on a substrate made of 1mm
FR-4 with a relative dielectric constant of 4.4 and a loss
tangent of 0.02. Another independent arc is used on the
bottom layer to couple the current and expand the radia-
tion surface. The copper on both sides would overlap in the
vertical direction. An acorn shape with capacitive loading
structure is then formed. The schematic of the capacitive
loading is presented in Fig. 1(b). Current flows along the
edge of the patch over the top layer and meets this circle
gap. Subsequently, the current transfers to the bottom layer
and is attenuated by the resistances. By applying this shape,
reflection around the center of the patch end is minimized.
Every single lumped resistance value is chosen to be 100 �.

FIGURE 2. (a) Total geometry of the proposed antenna. (b) Topology
of 3-D magnetic loop structure (bent FBA).

FIGURE 3. (a) The S-parameter (S11) results of different BA patches.
(b) Forward and backward gain of the bent FBA patch.

The antenna input impedance of around 100 � over an
extremely wide band is realized by combining the same two
half pieces to an FBA.

The bent FBA and the total antenna with a cavity are
shown in Fig. 2(a). The folded bowtie patch is bent at an
angle and placed on the cavity. As mentioned above, two
same acorn-shaped pieces are connected at both sides on the
bottom layer and angular placed. The 3-D magnetic loop is
formed and shown in Fig. 2(b). Hybrid utilization of RC-
loading is contained in the loop. The S-parameter (S11) results
of this novel FBA without reflector are shown in Fig. 3(a).
For comparison, the performances of simple BA without RC
loading, as well as FBA with and without RC loading, are
simulated and shown. These patches have similar shapes
as displayed on the left side of Fig. 3(a). The BA without
RC loading shows a smooth curve and covers a wide band
from 500 MHz to over 3 GHz. However, for P-band GPR
application, this large profile has no advantage. The low
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FIGURE 4. The surface current of AFBA at 250 MHz, 550 MHz, and 850 MHz.

cut-off frequency of FBA without RC loading is reduced
to below 400 MHz, but two bandgaps are occurring at near
900 MHz and near 1800 MHz. This phenomenon stems from
the electric current conflict between the patch shape and the
FBA form. Thus, the single-layer structure is equivalent to
four notches loaded at the center of the patch edge. By apply-
ing the proposed hybrid loading method to the simple FBA,
we finally achieve amuch lower cut-off frequency of 60MHz.
Matching at high frequency is also optimized. The final patch
covers an ultra-wideband from 60 MHz to above 3 GHz.
While extending the electrical length of the BA, the bent
structure also focuses the boresight radiation. In Fig. 3(b),
the realized gain of the novel bent FBA at boresight and
backward is presented. With a bending angle of 20 degrees,
the differences begin to be significant above 400 MHz and
gradually enlarge with increasing frequency. The maximum
front-to-back ratio (FBR) occurs at around 1.45 GHz. Then
the differences become to be small. A typical E-plane pattern
at 900 MHz is given under the gain curve. It is shown that the
forward main lobe is focused and the back lobe is dispersed.
In this paper, a part of bandwidth from 0.1 GHz to 1 GHz is
interested and used for further design.

The complete antenna which is called Acorn FBA (AFBA)
is realized by combining the FBA patch with a stepped side-
absorbing structure. To maintain the bandwidth while weak-
ening the backward radiation, cavities or reflectors with large
profiles are applied by conventional BAs. In this paper, an H-
plane narrowed cavity with stepped profile is proposed to
further increase the total gain at high frequency. Different
from the existed design, the E-plane sidewall of this novel
cavity is hollowed, the H-plane side is electrically connected,
and the bottom wall is stepped. The antenna has a strong near
field in the hollowed area. To ensure that the reflection at low
frequencies is minimized, the E-plane side is hollowed and
the H-plane side is regarded as an extension of the current
loop. By absorbing the side current of the magnetic loop,
the reflection is further lowered and the H-plane pattern
of the proposed AFBA is narrowed. At the same time, the
cavity-backed AFBA is miniaturized without extending its
width on the x-axis. Meanwhile, by using the stepped cavity
instead of the flat cavity, a higher peak gain is achieved.
The height of the back cavity is the result of comprehen-
sive consideration of antenna size and maximum gain. The
distance from the feed point to the back wall of cavity is
chosen to be one-quarter of the wavelength at the center
frequency. Thus, the total height of the proposed antenna

is 180 mm. The geometry of the total antenna is shown
in Fig. 2(a) and the surface currents at three key frequencies
of 250 MHz, 550 MHz, and 850 MHz is shown in Fig. 4.
The maintaining of the bandwidth is achieved by inserting
the cavity to the patch. At all frequencies, the current on the
bottom layer of the patch turns to be reverse for a moment
and further propagates to the back of the cavity. The current
distribution is changed by the additional phase lag caused by
the RC-loading. Thus, the bandgaps occurring at 900 MHz
and 1800 MHz mentioned above are solved by this hybrid
loading method. In all situations, there is no reflection at
the center of the patch end. This characteristic ensures the
wide band to be extended towards low frequency. Besides,
it is viewed that the higher the frequency is, the greater the
range of current extending to the back cavity. At 250 MHz,
the loop circuit is partly extended to the sidewall of the cavity.
At 550 MHz, the current around the sidewall, especially
around the hollowed edge of the cavity is dense. The excess
current not absorbed by the resistor causes additional back-
ward radiation. At 850 MHz, extra current is induced on
the back wall of the cavity, which will cause the antenna’s
backward pattern to change again.

B. PARAMETRIC STUDY
To enhance the understanding of the antenna operating prin-
ciple, a detailed parametric study has been carried out con-
sidering effects of vital structural parameters on the antenna
performance. At first, the optimized parameters are given
in Table 1. In this section, the numerical study is processed
by Ansys HFSS.

As a common consideration, the radiation performance of
the bent Acorn FBA patch is mainly influenced by the bend-
ing angle θ . As shown in Fig. 5(a) and Fig. 5(c), the effects
of the bending angle to the S-parameter (S11) and directivity
of the FBA patch are analyzed. For θ = 0◦, the planar FBA
radiates the same power in front and back. As θ increases,
the reflection coefficient turns to be slightly worse, and the
resonance characteristic moves to a higher frequency. Mean-
while, the boresight beam is focused, resulting in a higher
directivity. For the case of θ = 30◦ in Fig.5(a), the S11 is
worse than in other cases. In Fig. 5(b), it is seen that the cases
of θ = 20◦ and θ = 30◦ have similar boresight directivity.
After inserting the proposed back cavity to the FBA patch,
the same scan of bending angle to the total antenna is done.
The bending angle of the radiating patch is changed while the
maximum height and the structure of the back panel are kept
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FIGURE 5. (a) S-parameter (S11) of the proposed bent FBA patch at different θ . (b) S-parameter (S11) of the total antenna at different θ . (c) The
directivity of the bent FBA patch at different θ . (d) The directivity of the total antenna at different θ (solid lines are boresight directivities and dot/dash
lines are backward directivities).

TABLE 1. Optimized design parameters for the proposed AFBA.

unchanged. The S11 result presented in Fig. 5(b) shows a dif-
ferent trend with Fig. 5(a).With the decreasing of the bending
angle, the S11 continually getting worse. But from Fig. 5(d),
the FBR at the central frequency increases. These differences
come from the joint change of the radiation unit and the back-
cavity structure. Considering that bending can bring better
matching, high gain at high frequencies, and smaller near-
field footprint, the solution of θ = 20◦ is finally chosen as a
compromise between gain and antenna impedance matching.
The effect of bending on the near-field footprint is put in
Section III.

As the hollowed back cavity is inserted to the proposed
FBA, another vital parameter S2 is analyzed to optimize
the impedance matching. At the position of the novel arc
capacitive-loading, the current is significantly influenced by
the arc shape on the bottom layer. So S2 is the main factor that
controlling the performance of capacitive-loading. As shown
in Fig. 6, four profiles are corresponding to different values of
S2, representing different situations of the novel capacitive-
loading. The copper overlaps vertically on the top and bottom
layer in profile 3 and 4 while changing to be tangent in

FIGURE 6. Different profiles effected by the parameter S2.

profile 2 and separate in profile 1. The structures of them are
elaborated in the figure.

From Fig. 7(a), a significant changing trend of resistance
and reactance with different values of S2 can be seen. The
resistance at low frequencies increases with bigger values
of S2, while the high-frequency situation is the opposite.
There are two stagnation points on the real part curve at
450 MHz and 800 MHz. The reactance similarly has two
stagnation points at 260MHz and 620MHz ignoring different
values of S2. To ensure an impedance bandwidth covering the
same frequency range as no back-cavity situation, the RC-
loading parameters are chosen to maintain the flattest curve.
So, the final value of S2 is decided to be 5 mm. Also, from
the curves in Fig. 7(b), similar trend, and an added stagna-
tion point can be seen both on the real and imaginary part
curves with different values of the loaded resistor. Apart from
significantly influencing the impedance matching of AFBA,
applying different resistances of loading resistors will also
change the radiation efficiency of AFBA. Considering all
performances, the value of resistors is optimized to be 100�,
as mentioned in Section II-A.

III. ANTENNA COMPARISON AND MEASUREMENTS
At first, the common far-field characteristics of AFBA are
shown in Fig. 8. The free space far-field 3-D patterns and the
following near-field footprint results are calculated by CST
microwave studio. The effectiveness of the stepped cavity
is confirmed by the pattern at 250 MHz. Compared to the
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FIGURE 7. Influence of antenna parameters on the characteristic Impedance. (a) The overlap length S2. (b) The
resistance of the loaded resistor. (solid lines are real parts and dash lines are imaginary parts).

FIGURE 8. Far-field 3-D patterns in the free space at 250 MHz, 550 MHz and 850 MHz.

FIGURE 9. (a) Near-field footprint simulation scenario. (b) The near-field footprints of FBA and PBA.

FBR result of the proposed bent FBA patch in Fig. 3(b),
forward directivity is improved while the backward radiation
is reduced after inserting the novel back cavity. The radiating
energy is slightly dispersed at 550 MHz because of the rising
of the back lobe. As predicted in the explanations of Fig. 4,
the current around the sidewall causes additional side lobe
and back lobe. However, themain lobe still becomes narrower
as the frequency goes up. At 850 MHz, the extra current
induced on the back wall of the cavity disperses the energy of
the back lobe. At the same time, the pattern is highly focused
in the forward direction due to the increasing frequency.
Compared to the results of no-cavity situation in Fig. 3(b) and
Fig. 5(b), cavity-backed AFBA has more boresight radiation
and less backward radiation.

In order to further demonstrate the superiority of the pro-
posed antenna, a conventional TPBA with resistive-loading
is simulated and fabricated as a comparison. In this paper,
a helpful index to assess the radiating performance of GPR
antennas called near-field footprint is used. An antenna foot-
print is defined as a distribution of the normalized peak
values of transmit waveforms within a horizontal plane on
the ground surface or subsurface, which indicates the shape
and size of the spot illuminated by the antenna. [5] In this
paper, a simulation scenario is built to inspect the near-field
subsurface radiation of the two BAs, as shown in Fig. 9(a). In
this schematic diagram, antennas under test (AUT) are fed
with a signal of uni-polarity Guass pulse. The 10% pulse
width is 2 ns. The AUT is faced with a simulated ground with
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FIGURE 10. (a) The fabricated AFBA. (b) The S11 results of AFBA.

a loss tangent of 0.02 and a dielectric constant of 8. Periodic
boundary and PML boundary are applied to simulate infinite
ground and free space, respectively. At a distance of 0.5m
under interface, a square with an area of 1 m×1 m is set
to obtain E-field. In Fig. 9(b), the results with the direction
of E-field is shown. The -3 dB footprints of the proposed
AFBA with bending, the AFBA without bending, and TPBA
are circled by black line. The pattern of AFBA with bending
is similar to an ellipse with a semi-major axis of 120 mm and
a semi-minor axis of 90 mm. The right two footprints are like
perfect circles. But the result of AFBA without bending has a
smaller radius of 120 mm, while the radius of TPBA result is
130 mm. The results above corroborate the narrowing of the
far-field E-plane pattern and the effectiveness of bending the
patch. Although bending also brings about a certain degree
of deterioration in the FBR, it is beneficial for improving the
resolution of GPR.

Based on the above results, the proposed AFBA and con-
ventional TPBAwere fabricated. As shown in Fig.10(a), cop-
per is etched double-side on the FR-4 of which the thickness
is 1mm. This kind of substrate has a loss tangent of 0.02
and a dielectric constant of 4.4. The bent patch is fixed to
the aluminum back cavity with screws. At the feed posi-
tion, a commercial wire balun produced by Mini-circuits is
used to test the fabricated antenna. The 1:2 impedance ratio
and desirable amplitude/phase balance are realized by this
transmission-line transformer. The balun operates in a wide

FIGURE 11. (a) The test scene in the microwave anechoic chamber.
(b) Radiation efficiency, directivity, and gain of the bent FBA patch.

band of 30 MHz to 1800 MHz, covering the operating band-
width of AFBA. In order to reveal its structure, the schematic
provided by the datasheet is shown in Figure 10(b). It is
made of enameled wires and a double-hole magnet core. The
impedance of parallel lines is well designed to minimize the
reflection caused by the impedance mismatch. Connecting
the coaxial connector and the feeding point of the AFBA
by this balun, the impedance is transformed from 50 � to
100 �. To measure the S11 of the proposed antenna, a vector
network analyzer (VNA) named Keysight E5063A is used.
The measured results are shown in Fig. 10(b). As mentioned
above, the AFBA patch with hybrid RC-loading has UWB
characteristics. After inserting the hollowed back cavity to
the patch, the side of the loop is extended and the current
is absorbed by the sidewall. Simulation results show that
the proposed AFBA covers a wideband from 100 MHz to
1100 MHz. But in measurement, S11 above 850 MHz is
slightly worse than simulation. Considering the signal used
in the application, this result is still acceptable. The low cut-
off frequency ensures less reflection when Gauss pulse is fed
to the antenna.

The far-field characteristics of the proposed antenna are
measured in the microwave anechoic chamber. The testing
scenario is shown in Fig. 11(a). Two fabricated prototypes
are used to obtain the measured results. From Fig. 11(b),
the simulated radiation efficiency and directivity of the pro-
posed antenna are shown. The simulated gain is calculated by
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FIGURE 12. The normalized radiation patterns of E-plane and H-plane at
(a) 250 MHz, (b) 550 MHz, and (c) 850 MHz.

multiplying the antenna efficiency and the antenna forward
directivity. The measured forward gain is compared with the
calculated gain result. The measured gain is equivalent to
the simulated one below 500 MHz. As the frequency contin-
ues to rise, the loss caused by actual fabrication and inser-
tion loss of balun increases, resulting in smaller measured
results. At 850 MHz, the simulated gain achieves 5.2 dBi,
while the measured one is only 4 dBi. After inserting the
novel back cavity into the AFBA patch, the total efficiency
is lowered because of the insufficient cavity height. How-
ever, it still higher than conventional loaded BA. The low
cut-off frequency of 250 MHz is then defined where the
efficiency is above 10% according to the result. The nor-
malized radiation patterns both in E-plane and H-plane are
shown in Fig. 12. The results contain simulated and mea-
sured patterns at three frequency points, which are 250 MHz,
550 MHz, and 850 MHz. At 250 MHz, the measured patterns
of the fabricated antenna have a lower FBR compared to the
simulated ones. However, the results obtained at the other
two frequency points are opposite. Discrepancies between
measurements and simulations are due to the physical dif-
ferences between the computational models and fabricated
prototypes and the range imperfections, including alignment
error and tower bounce. Further tests are divided into two

FIGURE 13. (a) The measurement scenarios of the antenna comparison.
(b) The echo data from air and underground.

measurement scenarios. In the first scene on the left side of
Fig. 13(a), the wideband balun mentioned before is still used.
A piece of copper-clad laminate (CCL) in square shape is
placed at 2 m away from the AUTs. The transmitting antenna
is fed with an external pulse generator called GZ1120ME-04.
A series of monocycle pulses with amplitude over±25 V are
generated and then attenuated by an attenuator. The central
frequency of the spectrum is around 400MHz. The echo from
the CCL is received by receiving antenna and recorded by an
oscilloscope named Keysight MSOS804A. The AUT is set to
be AFBA and TPBA. The measured results are shown as the
blue and red solid lines at the left of Fig. 13(b), respectively.
In the same test scenario, the maximum echo received by
AFBA is four times as that of resistive-loading TPBA. The
free space result shows that the proposed antenna has a much
higher radiation efficiency than conventional P-band BA.

On the right side of Fig. 13(a), a schematic depicts the
scenario of integrated GPR and the road test. The wide-
band balun, pulse source, and oscilloscope are replaced
with balanced transmitter and receiver. The amplitude of the
uni-polarity Guass pulse generated by a transmitter can be
increased to 40 V without applying attenuation. The control
of the GPR prototypes is realized by an FPGA based con-
troller. The controller communicates with PC via net wire,
achieving the final processing and display of B-scan results.
In the soil under road surface, a heating pipe and two sewer
pipes are buried together. From the received B-scan data
shown on the right side of Fig. 13(b), a clear underground
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TABLE 2. Comparison between the proposed antenna and reported BAs with different mechanisms.

FIGURE 14. Tunnel lining test using the proposed AFBA-GPR and IDS GPR.

surrounding is depicted by proposed AFBA, including the
layered structure and the buried pipes. Processed by the
same methods, including band-pass filtering from 200MHz
to 850MHz, DC removing and equal dynamic gain regulation
enhancement, echo data obtained by TPBA shows a shallower
detection distance, poorer resolution, and lower echo ampli-
tude. Especially for the two thinner pipes, the deep burial
depth and tiny distance to themain pipemake them difficult to
be detected. As shown in Fig. 13(b), the two echoes marked
in the blue dotted frame almost cannot be found in the red
frame. The relatively high efficiency and narrow time-domain
footprint are verified by the test results above.

After being tested on the road, the proposed GPR prototype
and a commercial GPR produced by IDS GeoRadar with a
central frequency of 400MHz are applied for another tunnel
lining test. Based on the prior knowledge, the tunnel wall is
made of two layers of normal concrete. There will be uneven
layering inside the wall because of aging. If there exist some
void holes or the contact between the two layers is not dense,
it is easy to cause an accident in the tunnel. Using GPRs to
detect the wall in tunnel can help to find these problems.
In Fig. 14, an experiment scene of a tunnel lining test is
presented on the left side. The proposed AFBA-GPR is firmly
fixed to one side of the train and detects the lining of the
entire tunnel as the train moves at a constant speed. The
same process is done with commercial GPR. On the right
side of Fig. 14, the processed data obtained by two GPRs

together display the unevenmultiple reflection characteristics
which are caused by the loose contact or discontinuity. After
applying the same signal processing flow, the B-scan image
obtained by the proposed GPR has a clearer reflected echo.
Meanwhile, the proposed radar even gets echoes that might
be cracks in the deeper rock layer, which further corroborates
the enhanced radiation of the proposed AFBA. This result
also proves the practicability of the antenna in the GPR
applications.

IV. DISCUSSION
The proposed AFBA is designed for improving the radia-
tion performance of P-band GPR antenna. As mentioned in
Section I, there are many kinds of conventional BAs designed
in different considerations, and according to different mech-
anisms. The proposal of a multilayer RC-loading structure
used for FBA is a try to improve the low-frequency bandwidth
and radiation efficiency of BA. For P-band GPR, the size
of the antenna and the detection depth remain the most
important issues. To further discuss the feature of the novel
structure, Table 2 presents a comparison between the pro-
posed antenna and different BA designs reported in the open
literature. For non-loaded BAs such as [29], the efficiency is
extremely high but miniaturization is hard to realize. Mean-
while, the bandwidth is not wide enough for GPR applica-
tions. For conventional resistive-loaded BAs such as [27],
the promotion of antenna efficiency is hard work. But for
the BAs using RC-loading method such as [20], the large
profile of the antenna limits the application. In recent years,
BSAs such as [24] began to be used in GPR. But the low
cut-off frequency of these antennas is still high and hard to
be lowered. [25] In the last year, a triangular resistive-loaded
bent FBA is proposed, it is possible to improve the detection
depth by the high gain. However, the soil underground is a
lossy medium, so reducing the operating frequency is also
meaningful. By introducing a novel loading method to FBA,
the proposed AFBA patch realizes a flat impedance curve
from 60 MHz to 3 GHz, which is wider than the results from
state-of-art FBAs. By applying a novel back cavity, the pro-
posed AFBA maintains a considerable bandwidth without
using absorber. The measured relative bandwidth is defined
as 109.1% from 250 MHz to 850 MHz, according to the
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S11 results and efficiency at low frequency. The peak effi-
ciency of 50% is simulated radiation efficiency ignoring the
loss of balun structure. The peak gain of 4 dBi is obtained by
the measurement mentioned in Fig. 11. Meanwhile, the max-
imum electrical length of the AFBA is smallest in Table 2.
The performance of the integrated GPR is tested in the real
application.

V. CONCLUSION
In this paper, an acorn-shaped bent folded bowtie antenna
with a back cavity has been proposed. A novel arc-shaped
distributed multilayer capacitive loading structure is com-
bined with resistive loading. The front beam of the patch
is focused and the bandwidth is significantly increased to
60 MHz-3 GHz. A novel technique of cavity groove is pro-
posed to design the reflector. Without applying any absorber,
the bandwidth is maintained and the pattern is further shaped
after inserting a novel cavity. The radiation mechanism and
the surface current are discussed. The optimization of the
bending angle and the loading structure are revealed. Far-field
patterns and near-field footprint are considered at the same
time. The operating bandwidth is defined from 0.25 GHz
to 0.85 GHz, covering most of the P-band. The character-
istics of the proposed antenna are verified both by numer-
ical and measurement results. Furthermore, field tests for
practical ground-penetrating radar (GPR) applications have
been carried out and the results demonstrate the advanced
performance.
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