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ABSTRACT: In this paper presents a low-profile bowtie antenna loaded by a rectangular array of artificial magnetic
conductor metasurface (AMC) for ground penetrating radar (GPR) applications. The proposed antenna operates from
200 MHz to 400 MHz, with stable radiation characteristics. The proposed work presents several novel aspects,
including the unconventional placement of the AMC structure directly at the back of the substrate without any
separation to maintain the design simplicity and robustness. This utilization of AMC unit cells results in bandwidth
improvement and gain enhancement. An analytical formula for the reflection coefficient has been introduced and
compared to full wave simulation to investigate AMC partial reflectivity at low frequencies. The prospective antenna
has a size of 6 x6 cm and covers a vast fractional bandwidth (FBW) of 79.4%, which is significantly higher than the
conventional bowtie antenna's 20% FBW. Furthermore, a back reflector is placed at 33.3 cm from the antenna to
eliminate the back radiation, avoid unwanted clutters during the GPR measurements and increase the antenna gain
using an AMC Surface.

KEYWORDS: Bow-Tie antenna, equivalent circuit, GPR, metamaterial.
I. INTRODUCTION

Ground-penetrating radar (GPR) is a well-known non-destructive geophysical technique. It can be used to identify
natural geologic materials. Currently, GPR is employed to detect other media such as wood, concrete, and asphalt.
GPR can be also used for road quality assessment, buried objects detection, and civil engineering [1], [2]. GPR systems
can be classified into two categories: a continuous wave that works in the frequency domain, and impulse wave, which
works in the time domain. Impulse-based GPR systems are less complex and cost-effective [2]. Antenna stage is one of
the most critical parts of the GPR system. Basically, antenna performance characteristics required for the GPR
applications, i.e., linear polarization, ease of design and fabrication, better symmetry in radiation pattern. Till now,
many antenna types have been reported for GPR applications. Two main types of antennas have the greatest interest in
the GPR research field [3]. The first category is the air-coupled antennas which are normally 40-50 cm above the
ground surface, such as horn antennas and tapered slot antennas (TSA) [4], [5]. This category suffers from the bulky
size as well as the strong mutual coupling between the transmitter and receiver. The second category is the ground-
coupled antennas of planar structure, such as loaded dipole [6], spiral [7], microstrip monopole [8], bowtie antenna
and, its variants [9]. The ground-coupled antennas are appropriate for working close to the ground surface; 5-10 cm
above the ground. Bowtie antenna is the most popular structure for commercial GPR devices due to its excellent
radiation performance [10]-[12]. The influence of the geometrical configuration and input impedance of bowtie
antennas on the reflected signal strength from a near-surface object is investigated [10]. Although the bowtie antennas
successfully applied for the GPR systems. However, low gain, narrow bandwidth especially at low frequencies, and
high dispersion of frequency spectrum cause several limitations.

Furthermore, several techniques have been reported to improve the conventional bow-tie antennas performance. Ref.
[13] review some of these modifications such as the structural modification technique, which is effective solely in the
high frequency range but can’t be applied in lower frequencies. Resistive loading is used for reducing the lower cut-off
frequency and also reducing the antenna ringing, i.e., multiple reflections between the feed point and the open end of
the bow-tie antenna due to the abrupt impedance change in the impedance level at either side of the antenna [14].
However, resistive loading is degrading the antenna radiation efficiency significantly. Reduction in radiation efficiency
can be significantly minimized by using capacitive loading with resistive loading. Array configuration was proposed to
improve the radiation efficiency and front to back ration (F/B) [15], also it can be enhanced using a cavity [16], [17].
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Recently, metamaterials have been used for the same purpose [18]. However, the radiation properties improve at the
cost of size and complexity of the bow-tie antennas. A paddle shaped microstrip antenna was proposed as a modified
version of the Bowtie antenna by cutting a rectangular patch at one of its diametrical edges fed by the coplanar
waveguide technique. The antenna is loaded by stubs, shorting pins, and a split-ring resonator (SRR) metamaterial
structure to increase the antenna gain and enhance the bandwidth (BW) towards both the lower and higher end of the
working BW [19]. A grooved elliptical patch with a corrugated semi-elliptical ground plane was developed to improve
the antenna bandwidth [20]. Bowtie cage antenna consists of two thick diverging cages composed of 10 cylindrical
metallic rods was developed to improve the antenna bandwidth [21]

Although all the previous literature has been contributed to bandwidth and gain improvement, all work suffers from
either complexity or the low frequency operating bandwidth. In this paper, a modified structure of bow-tie antenna is
introduced for low frequency GPR applications. The prospective antenna is operating at the bandwidth ranging from
1.168 GHz to 1.357 GHz. This work is innovative due to the AMC matrix metasurface's design being placed directly
on the backside of the antenna, without any separation as seen in traditional designs, which eliminates the surface wave
and enhances both the antenna gain and directivity. A metallic reflector is further added behind the AMC metasurface
to improve the antenna gain at the lower frequencies. A transmission line model is introduced to study the reflectivity
of the metasurface structure. The simulation model is analyzed using High Frequency Structure Simulator (HFSS). To
the best of our knowledge, no work has been reported for the low frequency GPR antenna, with AMC attached directly
to the antenna to improve the gain, the bandwidth and maintain the antenna robustness.

II. ANTENNA DESIGN

A. AMC Meta surface Reflectivity:

In this section, a square periodic patch is chosen because it has a large in-phase band compared to other AMC
structures which have a compact size at the expense of bandwidth [22]. Fig.1 (a) shows the configuration of the
suggested square AMC unit cells including the dimensions parameters. Fig.1 (b) shows the HFSS simulation setup for
AMC. The AMC rectangular unit cell is excited through horizontal plane wave with electric field direction
perpendicular to the PEC walls.

To study the reflectivity of the rectangular periodic AMC unit cells at different frequencies, equivalent circuit model is
employed as shown in Fig.1(c) Consequently, the reflection coefficient can be given by
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Where e is the effective wave impedance inside dielectric material

in the input impedance referring to boundary surface at dielectric slab and air.
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Zfﬂmf is parallel connection for grid impedance and the air wave impedance which is represented by:

Zg;?u (3)

load =

Zg +17,

Zg is the grid impedance which is related to the tangential electric field in the meta surface plane and the induced
surface current density on it.
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o is grid parameter [23] and it has the following form:

a= w]n(csc(ﬁ)) (5)
2a

Based on the abovementioned analytical formulations, the reflection at air-dielectric boundary for a normal incident
plane wave is calculated using MATLAB software. For verification, a full wave simulator HFSS is utilized for the
same purpose.
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Fig.1. (a) Configuration of square AMC (L=9cm, s=0.5cm) (b) HFSS Simulation setup for AMC (c) The transmission
line model for square patch grid on one side of dielectric slab.

B. Design Methodology:

In this section, the conventional bowtie antenna is presented as an initial design to our proposed modified structure and
the operating center frequency is selected at 1.25GHz. Bowtie shape is a conventional design for a GPR antenna,
cutting the edges of the bowtie help to reduce the antenna's overall size while also affecting its characteristic
impedance. Chen et al. [24] discuss 3 different shapes for edge cutting and recommend the shape at which the length of
straight part of one arm equal 0.25 of the total antenna length. The length of the bowtie L is directly related to half of
the lower frequency's wavelength, while the flare angle affects the bandwidth, a larger flare angle leads to a wider
bandwidth. The optimal range for flare angle is typically between 60 and 90 degrees to achieve both a wideband
performance and a compact design. The bowtie's length is initially determined by formula:

2 [e (6)

Where, A is wavelength at lower operating frequency. however, simulation is used to refine the lengths to achieve
accurate resonance at 0.2 GHz. Fig.3 shows the geometry for the initial design; W=14.4 cm, L=2.64 cm, and L1=2.93
cm. The antenna is mounted on FR4 substrate with relative permittivity 4.4 and a thickness 1.6 mm. A narrow
bandwidth of about 40MHz and a 2.13 dBi gain are attained.
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Fig.2. Return loss and geometry for simple Bow-Tie antenna

Fig.3. Proposed Bow-Tie antenna.

To improve the antenna bandwidth, a 5x5 square AMC metasurface unit are arranged on the antenna backside with
0.16cm periodic gaps. Placing the planar AMC metasurface close to antenna structure as shown in Fig. 4 influences the
antenna surface current distribution thus antenna characteristic; gain, and impedance matching are affected.

Table 1: Antenna and AMC dimensions

Parameter Value [cm]
L 12
\\% 12
W1 2.64
L1 2.93
L2 2.4
G 0.16
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To enhance the gain in the low frequencies where meta-surface is partially reflective, a full metallic reflector is
positioned back to the AMC plan. The distance between the antenna and the metallic reflector is optimized to introduce
a constructive interference for reflected waves and the radiated one from Bow-Tie antenna.

C. Egquivalent Circuit Model for Antenna Loaded by AMC

In this section, we establish a lumped model as depicted in Fig.6 by utilizing the resonant frequency of the bowtie
antenna and the AMC structure. This model comprises a set of RLC resonant circuits that represent the radiating
element, and a capacitor and inductor parallel to the gap capacitor to represent the periodic structure of the AMC. The
complete equivalent circuit is obtained by linking the RLC bowtie antenna model to the AMC model. To analyze the
performance of the bowtie antenna augmented by AMC, we used ADS circuit simulator software to simulate the
equivalent circuit. Fig.7 demonstrates that the results of the ADS and HFSS reflection coefficient that show very good
agreement. Notably, the bandwidth of the antenna is heavily influenced by the AMC. The optimum values of RLC

circuit are listed in table 2.
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Fig.4. Equivalent circuit of loaded antenna.

Table 2: Equivalent circuit lumped elements values

Ry (©) Lp(nH) Cy(pF)
38.062 22.0078 21.0079
Cy(pF) C>(pF) L;(nH)
32.0068 11.0089 62.0038

III. SIMULATION AND MEASUREMENT RESULTS

To validate the simulation results, the proposed bowtie antenna over the AMC structure is fabricated and practically
measured, as shown in Figure 4. Both measured and simulated results of reflection coefficient are depicted in Figure 3,
which demonstrate that, on the basis of the low profile, the antenna operates at 1.168GHz to 1.357Ghz, with a wide
relative impedance bandwidth of 42.04%, while the simulated relative impedance bandwidth is 35.6%, covering from
1.68GHz to 1.37 GHz. The discrepancies are caused by the effect of the SMA connector and the fabrication and
measurement errors.
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Furthermore, the gain of the proposed antenna is also measured and the results are depicted in Figure 10. It illustrates
that the antenna achieves a stable gain higher than 2.13 dBi. The measured maximum gain is up to 2.41 dBi. It can also
be noted that the measured gain is slightly lower than the simulated one, which arises from the fabrication and
measurement error and the instability of the dielectric substrate.

The radiation patterns of the proposed antenna were measured in an anechoic chamber. The measured radiation
patterns at 2.5, 3, and 3.5 GHz are compared with the simulated ones for both E and H planes, as shown in Figure 11. It
can be observed from the radiation patterns that the measured and simulated results at the three operating frequencies
show good consistency with each other

ff_3D_GainTotal

dBrRsta {aed)

580E+00
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Fig.5 shows 3D Polar Plot for Gain (dB)

Radiation Pattern

Fig.6 shows Radiation Pattern of the Proposed antenna
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except for some shaking in the measured cross-polarization and the back lobes of the measured co-polarizations,
probably caused by the noises in the anechoic chamber. The measured front-to-back ratios are less than -14 dB at the
three frequencies. The measured maximum cross-polarization level is -17 dB for both E and H planes. Compared with
previously designed AMC-based bowtie antennas (see Table 3), the proposed antenna achieves broad band and high
gain with maintaining low profile.

Table 3: Comparison with other GPR antennas

Largest Approx. BW in GHz
Reference Antenna type Structure Size in cm dimension avg. gainin | (gain> OdBi,
w.r.t largest dBi S11<-8 dB
wavelength in
air
[4] Flare horn 3D 25.6 x 19 x 8.6 05 A o 0.6-6
[25] Slot flat 10.67 x 6.8 054 4.7 1.4-3.5
[26] Tapered slot flat 18 x 22 0.44 A 4 0.6-4
[27] Folded bowtie 3D 18x28.2x15 054 4 0.55-0.85
[28] Monopole 3D 20.8 x16.9 0.28 4 4 0.4-3
x19.05
Proposed work Bow Tie flat 12 x12x0.16 0321 5 0.163-0.357

IV. CONCLUSION AND FUTURE WORK

In this paper, an AMC-based broadband bowtie antenna is proposed for GPR™ application. Loaded with two parallel
open stubs in the upper layer, the proposed bowtie antenna has the merit of broad band. An AMC surface composed of
5x5unit cells is designed and located under the bowtie antenna with a distance of only one-tenth the free space
wavelength at 3.0 GHz for gain enhancement and low profile. Experimental results show that, with maintaining the low
profile, the composite antenna achieves a wide bandwidth (return loss -10 dB) of 35.6%, operating from 1.163 to 1.357
GHz. A flat gain from 2.13 dBi are found over the whole band. Measured results demonstrate that the antenna achieves
a wide relative frequency bandwidth of 42.04%, operating from 1.163.48 to 1.357 GHz. The measured maximum gain
is up to 2.13 dBi. Moreover, low front-to-back ratios and cross-polarization level is obtained simultaneously. Good
agreement lies between the measured and simulated results.
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