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In this research, a microstrip antenna with a bowtie hole was constructed. The
proposed antenna is designed and fabricated to operate in the 2.4 GHz
frequency band. Arc antennas are a popular choice due to their flat structure,
lightweight design, wide bandwidth, and high gain characteristics for GPR
applications. The antenna was designed as a microstrip antenna in the size of
58 mm x 69 mm. using an FR4 duplex printed circuit board with a material
thickness of 1.6 mm, a dielectric constant of 4.3 and a transverse dielectric loss
tangent of 0.02. The design and simulation were performed using CST Studio
Suite programming. The results of the simulation and measurements antenna
were tested for resonant frequency, return loss, VSWR, bandwidth,
impedance, and polarization, and the simulation results were compared. The
measurements carried out with a VVector Network Analyzer, showed a return
loss of -18, a VSWR of 1.29, a bandwidth of 100 MHz, an impedance of 47
ohms, and a high gain of 18 dB at 2.42 GHz. Both the simulation and
measurement results demonstrated good agreement, with frequency bands of
interest that were very close and stable with high-gain omnidirectional

radiation characteristics. Thus, the antenna is well-suited to meet the
requirements of GPR applications.
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1. INTRODUCTION

GPR systems prove to be efficient non-destructive instruments that employ the transmission and
reception of electromagnetic waves for detecting targets beneath various surfaces[1]. It finds application in
tasks such as characterizing tile breakages, conducting soil surveys, analyzing asphalt structures, and hole
discovery in vulnerable areas [2]. In simple terms, ground-penetrating radar (GPR) has proven to be a valuable
tool in diverse fields, including engineering, geophysics, archaeology, and more[3]. The capabilities of this
radar are constrained by factors such as frequency, bandwidth, gain, and other parameters necessary for
detecting the desired target, be it natural or man-made, in the presence of a complex medium[4].

The Ground Penetrating Radar (GPR) system comprises two antennas: one serves as the transmitting
antenna, emitting electromagnetic waves, while the other serves as the receiving antenna, functioning either
independently or simultaneously with the transmitting antenna[5]. Transmitting antennas produce
electromagnetic waves, directing them towards objects buried in the ground or concealed behind walls [6]. The
velocity of the wave aligns with the dielectric constant of the medium. Upon encountering an object, a portion
of the wave is reflected by the object, and this reflected segment is captured by the receiving antenna. antennas
play a crucial role in GPR systems, necessi-tating designs that fulfill specific system requirements. These
include the capacity to operate at low frequencies for enhanced depth of penetration, as well as the ability to
function at high frequencies to achieve superior resolution for discerning small targets[7]-[8]. Since the antenna
is the most important component of ground penetrating radar, because the antenna's performance directly
influences the imaging quality of the GPR system. Hence, the design and advancement of antennas are
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imperative in enhancing the overall performance of GPR systems [9]- [10]. Ultra-wideband (UWB) technology
can attain high-resolution imaging [11]. It is a widely recognized fact that subsurface lossy mediums lead to
rapid decay of electromagnetic waves[12]. Therefore, antenna design must prioritize a low operating frequency
to achieve adequate penetration depth. However, achieving a balance between low operating frequency, high
gain, and wide bandwidth has posed a significant challenge in GPR antenna design [8]. GPR should meet
specific measures to work effectively, which incorporate adequate signal-to-noise ratio, motion toward noise
ratio (SNR), target accuracy, and target depth precision [13].

These antennas must be well-designed, considering the proximity of the framework to the ground
[14].

Designers must consider various characteristics such as signal propagation mode, subsurface
dielectric properties, frequency, and data transmission[15].

In a ground-penetrating radar (GPR) system, the operating frequency determines the depth of
penetration, while the signal bandwidth affects the system's accuracy. The propagation medium is typically
heterogeneous and lossy and better accuracy with high frequencies. The antenna should possess certain
characteristics such as high gain [16] .

Accordingly, the types of receiving antennas that can meet these requirements are limited to dipole
antennas, Vivaldi transverse electromagnetic horn (TEM) antennas, bowtie antennas, planar helical antennas,
and arc antennas typically used in ground-penetrating radar (GPR) applications due to their various advantages.
Bowtie antennas[17]. Antennas are particularly popular due to their uncomplicated structure and linear phase
characteristics within the operating frequency range.This can be attributed to its favorable attributes, including
high gain, relatively broad bandwidth, and straightforward manufacturing process [18].with their compact size
and affordable price, have gained significant interest in various telecommunications applications [19] .They
can be designed and manufactured for use in narrow and ultra-high bandwidth frequency bands, and microstrip
antennas can be implemented in different sizes and configurations. Bowtie antennas have been widely used in
wide-range radars due to their enhanced return loss, high gain, impedance, and radiation pattern stability [20]

In this study, a bowtie antenna was designed and simulated to create a bowtie antenna suitable for
GPR applications[21]. The proposed antenna was designed and simulated using CST Microwave Studio v14
and then fabricated. The antenna was based on a tripod configuration and had a gain of 20 dB, a return loss of
-25.49 dB, a VSWR of 1.12, and a bandwidth of 210 MHz. The impedance of the antenna was 47.04 Q, and it
exhibited an omnidirectional radiation pattern with a size of 58 mm % 69 mm. The dielectric constant (er) was
4.3, and the dielectric loss tangent (tan ) was 0.02. The simulation and measurement results demonstrated
good characteristics and high gain for the bowtie antenna.

2. GROUND PENETRATING RADAR(GPR)

Ground Penetrating Radar (GPR).is a type of radar system used as a tool to detect and locate buried
objects or structures beneath the Earth's surface or within objects that are not visible to the naked eye through
the use of electromagnetic waves. Antennas play a crucial role in the ground-penetrating radar (GPR) systems,
as they serve as the primary components that transmit and receive electromagnetic waves in the frequency
range from MHz to GHz. The block diagram of a GPR system, illustrated in Figure 1, includes a transmitter
that emits energy pulses into the ground via an antenna and a receiver that captures these pulses via another
antenna. The signal is connected to the signal processing and is reflected by the object. After that, the processor
processes the signal data to make it visible on the display screen. The GPR antenna is not supposed to be in
contact with the Earth's surface, so it can take measurements quickly Understanding the diverse ground
characteristics is paramount for effective GPR application. Soil composition, moisture content, and geological
features significantly impact the radar signals' propagation and reflection. [22].

Transmitter ’7 Receiver | Processing —— Display

TX antenna RX antenna

Figure 1. Ground Penetrating Radar (GPR)
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3. RESEARCH METHOD
3.1. Microstrip Antenna Structure

The initial phase in the antenna design process entails employing the provided formula to compute
the anten-na's dimensions [23]. Typically, a basic microstrip antenna comprises three layers: the patch layer,
dielectric substrate, and ground planethese computations ascertain both the length and width of the antenna.
The microstrip patch antennas are designed and simulated with an emphasis on meeting a frequency
requirement of 2.4 GHz with using FR-4 substrate, characterized by a thickness of 0.0035 mm .The
development process involves employing a substrate with a relative permittivity (er) of 4.3, a loss tangent (tan
§) of 0.02, and a thickness (h) of 1.6 mm [24]. Using copper annular in the ground plane and patch. When
designing a microstrip antenna, various parameters must be considered, the thickness of the patch and ground,
and the dimensions of the substrate in terms of width ,length of ground , substrate and patch and can be
calculated using the provided equations [25].

w=—20 )

2 ,%(£r+1)

Calculating the effective dielectric constant, by using Equation (2)

Er+1

&—1 1
geff = 2 +— (2)

2 1+12£
w

Calculating the length extension of the patch, by using the equation (3)

AL =0412h [“L(f?f“)] 3)
Erefp—0258(5+0.8)

The actual length of the rectangular patch, L is calculated by the equation

L=Ley—2AL *)
Where L, is the effective length and is calculated.
[
Leff - Zfom (5)

3.2. Bowtie Antenna Theory

In figure 2. This section details the design of the bowtie for antenna. The primary configuration of the
slot triangular, defined by three boundaries, is outlined, highlighting the significance of the flare point "60" in
determining bandwidth, the impact of hole distance "g" on antenna performance, and the close correlation
between slot length "b™ and slot width "a" with radiation efficiency. On the copper patch, the triangular slots
on the right side are etched out and the left side. Approximate equations are employed to calculate the
dimensions of these triangular-shaped bowtie slot [26] [27].

Siot Patch

Figure 2. Basic geometry of triangular slot of The Bowtie [28]

The characteristic impedance of the bowtie antenna can be expressed as follows [29]
Z,=120 In (cos( %)) (6)
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Where 600 is the flare angle. The length of the bowtie antenna can be determined using the following
equation.

1= 2 (=) @

Veef
Where A0 is the wavelength, the effective relative permittivity of the antenna can be calculated using
the following equation (3):

Er+1

eeff = () +(€Er—-DA+ (10 %))—0.555 @®

Where w is bowtie antenna width, h a substrate thickness and er is substrate constant dielectric. The
frequency resonant corresponding to the various modes is given.

Where w and h are in mm. The resonant frequency (fr) of the different modes of the antenna by equation:
K
fr=c e (©)

Where fr is resonant frequency, Kmn of resonating modes, m, and n are the number of modes, and ¢
is velocity of light in free space, we can be calculated. The side length and width of the bowtie antenna strip.
Using equations, a and b [30]

[

1.64
a== (10) and 1= ; (11)

0.514
b=2% (12)

As for determining the size of a bowtie-shaped slot, equations 10 and 12.

3.3. CPW Feed Line Design

The configuration of the slot antenna fed by coplanar waveguide (CPW) is illustrated in Figure 1,
detailing all relevant dimensions. This antenna features a CPW-fed triangular-ring slot The generation of
linearly-polarized antenna radiation along the width of the bow-tie slot is achieved by activating two CPW
apertures, each configured to present a 50 ochm impedance for compatibility with the measurement system. In
this investigation, the choice of a coplanar waveguide feed line for the antenna is deliberate, driven by various
factors. These include its controlled characteristic impedance, facile connection to a slightly scaled-down
version of the antenna, and the comparatively broader bandwidth of the antenna.

The provided formulas are employed for calculations, with a parametric investigation involving the
adjustment of specific parameters such as the microstrip line gap (g), slotted feedline gap (wf), and slotted
feedline height (If). The impedance (Z0) of the coplanar waveguide (CPW) line can be ascertained by applying
the equations outlined [20]

30xm | , K(k')

Zy = (ﬁ)(m (13)

Where the effective dielectric constant of the substrate is given in equations.
K(k' K(kq)
Eopy= {(€,— 1)/2{(ALD (K (14)
_ w
k= (15)
. _ sinh(ED)

In addition, k, = T, (16)

k'=+1— k2 (17)

Figure 3 (a) . Front view depicts the bow tie antenna's design. The antenna is made of copper for
patch and ground plane an FR-4 substrate. CPW line powers it. The copper covering has a thickness of tc =
0.035 mm. Several simulations in CST Microwave Studio were largely used to optimize the antenna
dimensions in figure 3 (b) the parameters of final displayed in the table.1, figure 3(c) Design of a antenna in
CST.
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Figure 3. Front view (a) Geometry of bowtie antenna Top view (b) Design of a antenna in CST (c)

Table 1. The proposed Design Parameters for Bowtie the Antenna

Parameters Symbol Values (mm)
The height of the conductor ts 0.0035
The dielectric constant of substrate er 4.3
Slot Length b 38
Slot Width a 20.5
Length of feed Lf 20
Gap strip width g 5.7
Width of the substrate, FR4 Ws 58
Length of the substrate, FR4 Ls 69
The substrate height, FR4 h 1.6
Width of the ground Wg 58
Length of the ground Lg 7
Width of the patch Wp 58
Length of the patch Lp 69
Width of the feed line Wi 3

4. RESULTS AND DISCUSSION

4.1. Simulation Result in CST Microwave Studio

In this section, the simulation results of the proposed bowtie antenna will be presented along with a
clear and easy analysis of each result. The bowtie antenna simulation was conducted using CST Microwave
Studio. In Figure 4, the reflection coefficient curve of the bowtie antenna simulation result is shown. It can be
observed that the antenna operates at a frequency of 2.4 GHz. The return loss was -25.49 dB, and the antenna
has a bandwidth of 210 MHz, ranging from 2.29 GHz to 2.50 GHz. Figure 5 shows the voltage standing wave
ratio (VSWR), which indicates the amount of power reflected by the simulated antenna.

It is recommended for the VSWR value to be less than 2 and greater than or equal to 1, as a lower
value indicates improved antenna performance. In Figure 5, the simulated VSWR value is 1.2 at 2.4 GHz,
demonstrating the well-designed characteristics of the bowtie antenna. Figure 6 illustrates the impedance,
which equals 47.04 ohms, for the bowtie antenna. Furthermore, Figure 7 displays the gain of the bowtie
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antenna, which reaches 20 dB at its center frequency of 2.4 GHz. The antenna exhibits strong directional
features and performs exceptionally well in terms of gain. As a result, this antenna is an excellent choice for
ground-penetrating radar applications.

Return Loss (dB)

2.29 GHz 2.50 GHz

1 .2 14 16 1,8 2 22 24 26 28 3
Frequency (GHz)
Figure 4. S-parameters of antenna
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. Figure 5. VSWR of antenna
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Figure 6. Impendence of antenna
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Figure 7. Gain 3D radiation pattern of Antenna

4.2. Fabrication and Measurement Environment

The antenna was fabricated using the Gerber files created by CST Microwave Studio and an
automated computerized numerical control prototyping machines A437. It was used FR4 substrate material
with a permittivity of 4.3. Board is cut to a size of 58 mm x 69 mm. The figure 8 shows a of he fabrication of
the bowtie antenna. While the figure 9 illustrates the experimental configurations for S11, radiation patterns,
and the corresponding measured environment. The S-parameter (S11) of the fabricated prototype was measured
using a PNA Network Analyzer (Model: E5071C-4K5), which operates in the 300 KHz—20 GHz range.
Radiation pattern measurements were performed in an anechoic chamber is depicted in figure 10.

Figure 9. Antenna Measurements with a Vector Network Analyzer
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Figure 10. Antenna Measurements with Anehoic Chamber

4.3. Measurement Display on Vector Network Analyzer

The results of the Measurement for fabricated antenna were obtained through the utilization of the
Vector Network Analyzer (VNA), as depicted in figures 11, 12, and 13.

In figure 11, the return loss (S- Parameter) is illustrated, revealing a peak value of -18 dB at 2.42 GHz,
accompanied by an approximate bandwidth of 100 MHz. Furthermore, the figure 12 illustrates the VSWR plot
for the fabricated antenna, showcasing a minimum value of 1.29 at the frequency of 2.19GHz, and the
impendence of 40.99 ohm at 2.42GHz is depicted in figure 13.

B ——————————————

* 2 Pegense 3 Shmiken & MuAsshn 3 b T e

FW 20 e

Figure 11. Return loss display

Figure 12. VSWR display
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Figure 13. Input Impedance Display

4.4. Influence and comparative analysis of simulation and measurement results

Impact and comparative analysis of simulation and measurement results the measured antennas must
have results similar to or close to the parameters of the designed antenna, and to obtain these parameters, it is
observed that the antenna produces a value that does not differ significantly from the parameters of the designed
antenna.

When measuring the antenna, the obtained frequency value is 2.42 GHz. This value is for the 2.4 GHz
frequency band, which indicates that the design was good. In the following stages, the simulated and measured
results are clarified and compared.

4.5. Comparison resuls of simulation and measurement
45.1 Return loss and bandwidth of the antenna across frequency

Figure 14 below shows a comparison between the simulated and measured The simulation results
indicate a return loss value of -25.49 dB at 2.4GHz, while the measured results indicate a value of -18dB at
2.42 GHz. The simulation results indicate a bandwidth value of 210 MHz, while the measured results indicate
a value of 100 GHz. Despite this difference, both the simulation and fabrication of the microstrip slot bowtie
antenna have met the desired standards, as they can operate within the frequency range of "' 2.4 GHz to 2.48
GHz".

= .1 Bandwidth210MHz Bandwidth 100 MHz
= .10 :
= aas
- 2.20 GHz 2.50 GHz
. 237GHz 2.47 GHz
30
1 1,2 1.4 1.6 1.8 P 2.2 Z.4 2.6 2.8
:Frcclueru:\'
""" Simulation —-—--— Measurement

Figure 14. Simulated and Measure Return Loss and bandwidth

4.5.2 Impendence
The impedance is the ratio of the power present at the antenna terminals. Figure 15 is a comparison
of the simulation results and measurement results.
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Figure 15. Simulation and Measurement Impendence

453 Standing Wave Ratio of Voltage (VSWR)

Based on figure 16. the value of VSWR obtained from the simulation results is 1.112 at a frequency
of 2.4 GHz while the measurement results obtained a value of 1.292 at a frequency of 2.42 GHz. It can be seen
that the simulation results are close to the measurement results, and this gives the impression that the design
and fabrication of the antenna went through stages under good conditions.

\
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Frequency
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Figure 16. VSWR of a bow-tie antenna

45.4 Radiation Patterns

Radiation polarization measurements are performed to determine the direction of wave emission from
the designed antenna. The measurement results using an anechoic chamber can be seen in Figure 17. It can be
seen that the antenna polarization from simulation results and measurements is almost the same, that is
omnidirectional and bidirectional. The radiation pattern measurements in both figures show that the simulated
antenna’s radiation pattern is similar to the measured antennae.

_1-‘»,4-"“"'(

===90 degree —0 degree

(@) (b)
Figure 17. 2D Radiation Pattern simulation (a) and Measurement (b)
455 The Gain

Design and fabrication of bow-tie antenna for ground-penetrating... (Fatehi ALtalqi et al)




1048 O ISSN: 2089-3272

Figure 18 illustrates that the microstrip antenna within the necktie slot structure achieves a maximum
gain of 18 dB at a frequency of 2.42 GHz. This gain value, as obtained from the measurements, is considered
very excellent. The higher the gain obtained, the better the antenna’s transmitting power will be.

Gain (dB)

20

2 rF

- -0 N8 ®
16 e e
14 - /
12
10 g

5 - 4

4 L -

0

0 0.5 1 15 2 2.5 3 3.5
frequency (GHz)

Figure 18. Measurements gain Results in 3D
Table 2 showcases comparison of the simulated and Measurements reseluts for the antenna
fabricatedat the resonant frequency of 2.4 GHz. The comparison includes various parameters such as S-
Parameter, bandwidth and VSWR, Radiation Pattern, impedance, gain

Table 2. Simulation and Measurement Results for Antenna Parameter

Antenna Parameter Simulation Measurement
Frequency (GHz) 2.4 GHz (2.29 —2.50) 2.42 GHz (2.37 - 2.47)
Return Loss ( dB) -25.49 -18.00

Bandwidth (MHz) 210 100

VSWR 112 1.292

Radiation Pattern Omnidirectional Omnidirectional
Impedance (Q) 47.04 40.99

Gain (dB) 20 18

In this investigation, the design put forth in this study underwent a comprehensive evaluation in
comparison to other works highlighted in recent literature (enumerated in Table 3 [31], [32]) This comparative
analysis primarily emphasized some parameters in assessing the performance of the antenna. Structure,
Frequency, Gain, Ease of the fabrication

Table 3. compared antenna performance parameters with the previous refrences

Author Structure Frequency(GHz)  Gain(dB) Ease of the fabrication
[31] slotted bow tie with AMC & metamaterial  0.35-0.77 6.5 Complex

lens (planar)
[32] cavity backed CPW fed bowtie (planar) 0.36 - 0.55 6.68 Simple and low cost
This works Slot-backed CPW fed bowtie (planar) 2.26 -2.50 20 Simple and low cost

5. CONCLUSION

In this paper, we design and fabricate a bowtie antenna for Ground Penetrating Radar (GPR) operating
at 2.4 GHz. The antenna design and simulation were conducted using CST Microwave Studio. The simulation
results demonstrated a good bandwidth, with a simulated bandwidth covering from 2.29 GHz to 2.50 GHz (BW
=210 MHz) and a minimal return loss at 2.4 GHz with S11 = (-25.49 dB). The measurement results indicate a
return loss value of -18 dB at 2.42 GHz. The arc antenna achieved a maximum gain of 20 dB at the center
frequency of 2.4 GHz, making it a suitable choice for GPR applications that require a higher antenna gain to
penetrate deeper into the ground. Results shown demonstrated good agreement between the measured and
simulated findings, as well as reliable, high-gain, and stable omnidirectional radiation characteristics in the
targeted frequency regions. These studies served to verify the design. Therefore, we recommend this antenna
for GPR applications. Future work should focus on the practical measurement and testing of the proposed
antenna in GPR applications.
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