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Abstract

This work presents the design, simulation, and fabrication of a branch-and-leaf fractal Antipodal Vivaldi antenna, demonstrating a 60%
size reduction compared to a conventional counterpart. Despite a 15% decrease in radiation characteristics, the antenna satisfies the ultra-
wideband (UWB) requirements essential for applications such as ground-penetrating radar (GPR) systems used in humanitarian demining
in Colombia. The enhanced performance is attributed to the additional resonant modes introduced by the fractal geometry, which increases
gain across multiple frequencies. The resulting miniaturization facilitates a reduced form factor for GPR systems, improving field deploy-
ment and operational efficiency. Future work includes a parametric study of alternative fractal geometries, such as Minkowski Island
designs, to further optimize performance and integration into advanced field measurement systems for sustained demining operations.

Keywords: Fractal Antenna; Ultra-Wideband (UWB); Antipodal Vivaldi Antenna; Ground-Penetrating Radar (GPR); Humanitarian Demining.

1. Introduction

Humanitarian demining is a problem that affects not only countries with mines but also countries around the world. As of 2017, 162
countries have signed the Mine Ban Treaty, in which they commit, among other things, to clear all mined areas within their territory within
10 years (Hsu, Tseng, & Li, 2021, Xu et al., 2022, Shen et al., 2021a, Ren, Xu, Le, & Lee, 2021). Various systems have been used in the
demining process, including systems such as subsurface metal detection and ground-penetrating radar (GPR).

For this document, the GPR system is of great interest, as the antennas designed here correspond to the parameters required by a GPR.
Within the framework of the development of GPR antennas for humanitarian demining, Vivaldi antennas can provide a portable and precise
solution to this global problem (Butaud et al., 2020; Xu et al., 2021; Su et al., 2021a).

For this document, Vivaldi antennas are of particular interest due to their wide frequency response. In addition, fractal designs found in
nature provide the basis for this work to modify a conventional Vivaldi Antipodal antenna to improve its efficiency and reduce its size (Su
et al., 2022; Kadota & Tanaka, 2018; Hsu, Tseng, & Li, 2020).

This document reports the design and simulation stages of three different antennas, reported by (Su et al., 2021b; Zhang et al., 2020; Shen
et al., 2022), to verify the improvement in efficiency and radiation of each antenna compared to the previous one.

As a final procedure, the final antenna will be printed for testing and proper operation of the elements. Thus, the document presented here
is structured as follows (Figures 1- 3):
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e Conventional Vivaldi Antipodal Antenna

Fig. 1: Conventional Vivaldi Antipodal Antenna.

e Branch Vivaldi Antipodal Antenna

Fig. 2: Branch Vivaldi Antipodal Antenna.

e Branch and Leaf Vivaldi Antipodal Antenna

Fig. 3: Vivaldi Antipodal Antenna of Branches and Leaves.
2. Literature review

Bahamonde & Kymissis (2020) present a reconfigurable SAW filter implemented on a ZnO/AlGaN/GaN heterostructure, which enables
tunability in frequency response. This is achieved through the application of an electric field, influencing the piezoelectric properties of
Zn0. The relevance of this work lies in demonstrating integration potential with high-electron-mobility devices and compact, tunable
architectures, crucial for miniaturized RF modules.

Azarnaminy et al. (2021) explore a dual-band SAW filter with integrated vanadium oxide switches. These switches enable frequency
reconfiguration, allowing for dynamic dual-band operation. The innovation here is the use of VO, a phase-change material, as a switching
mechanism, contributing to filter adaptability in modern RF front-ends.

Yang et al. (2021) propose a miniaturized dual-band bandpass filter using thin-film lithium niobate. The design exploits acoustic mode
coupling for size reduction and achieves strong band isolation. The significance lies in demonstrating how thin-film acoustic technologies
can achieve high performance with reduced size, supporting compact multiband wireless systems.

Luo et al. (2022) detail the design and optimization of a dual-mode Lamb wave resonator, forming a dual-passband filter. Using FEM
simulations, they optimize electrode design and layer structures to simultaneously excite two Lamb wave modes. This design achieves high
Q-factors and dual-band response, relevant for dual-band GPR front-end systems requiring tight spectral control.

Zou et al. (2020) introduce a dual-mode thin-film bulk acoustic wave resonator (FBAR) and demonstrate its filtering capabilities. By
carefully engineering the acoustic stack, they achieve effective dual-mode operation, providing compactness and high selectivity. Their
results show FBAR potential in UWB contexts where precise band allocation is needed.

Phani Kumar et al. (2021) present a microstrip dual-band bandpass filter fabricated on a paper substrate. This eco-friendly approach main-
tains performance while offering a sustainable alternative to conventional substrates. The wide bandwidth and dual-band nature of this
design are directly applicable to low-cost, deployable GPR devices, particularly in humanitarian contexts where disposability and environ-
mental safety are factors.

Acosta et al. (2022) provide a topological analysis of dual-band filters based on acoustic resonators. The paper categorizes multiple reso-
nator configurations and evaluates their frequency responses, compactness, and performance metrics. This comprehensive analysis aids in
selecting optimal geometries for size-sensitive applications, like portable GPR units.
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Campanella et al. (2021) introduce a monolithic multiband MEMS RF front-end module tailored for 5G mobile applications. This integrated
system combines MEMS switches with acoustic filters, achieving multiband functionality in a compact package. Their work is instructive
for the integration of antenna systems with reconfigurable and miniaturized filtering architectures.

Liu et al. (2020) review the materials, design methodologies, and characteristics of bulk acoustic wave (BAW) resonators. This review
highlights material selection, acoustic confinement techniques, and thermal stability—key considerations when adapting resonator tech-
nologies for extreme or field-based applications such as demining.

Campanella et al. (2020) highlight the strategic importance of ambidextrous organizations in the banking sector, showing that the ability
to balance exploration and exploitation can improve performance in dynamic financial environments. In the field of antenna engineering,
Hanna and Sharma (2016) provide a review of fractal antenna geometries, highlighting their advantages in miniaturization, multiband
functionality, and better bandwidth availability—these include stronger pulse-to-groundbandwidth, such as pulpwindtrap).

Meanwhile, Babu et al. (2022) investigate the integration of machine learning in predictive multiscale design and additive manufacturing,
showing that data-driven models can accelerate material and structural optimization, reduce production time, and improve design accuracy.
Based on the interdisciplinary developments reviewed in the literature, ranging from intelligent traffic systems to machine learning-based
manufacturing, design and optimization play a key role in many fields. Based on this premise, the following section describes the method-
ology used to design and 3D model the antenna structures. This methodological framework integrates key principles from previous research
to guide the practical implementation of the design while maintaining functional efficiency and structural integrity.

3. 3D design and modeling

Building on the insights from the literature—particularly the emphasis on innovation in design and optimization—the following section
outlines the practical methodology adopted for 3D modeling of the proposed antenna structures.

3.1. Procedure

The 3D model design procedure was the same for each of the antennas analyzed. Due to the intricate structure of the fractal antennas
studied, it was necessary to use an alternative surface design tool. The design GUI integrated into the HFSS simulation software contains
basic tools that allow the generation of antenna models similar to the conventional antipodal Vivaldi antenna analyzed in this document,
but it is not suitable for complex designs requiring extensive structural work, such as the fractal antennas reported here.

The program used was InkScape, a software that generates .dxf files that can be imported into HFSS as surfaces. To better understand the
design process for the antennas of interest, the following flowchart of Figure 4 is presented:

- Development of ‘ Integration of Generation of the
Start — Individual Antenna Parts surface .dxf file
| Antenna Parts ’

the surface file

| ..\ .l A
i A | i . Importation of

into HFSS

G tion of the

3D model of the

[ | antenna to be
| simulated

Fig. 4: Modeling Procedure for the Antennas to Be Analyzed.
3.2. Conventional Vivaldi antipodal antenna
The design and modeling of the conventional Vivaldi Antipodal antenna is of great interest because it will be used as a control test to verify

the efficiency and radiation improvements of the Vivaldi Antipodal Branch Antenna and the Vivaldi Antipodal Branch and Leaf Antenna.
The design and modeling results of the conventional Vivaldi Antipodal antenna are as shown in Figure 5:

¥ w 0o

Fig. 5: Modeling of the Conventional Vivaldi Antipodal Antenna.
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3.3. Vivaldi antipodal branch antenna

The design and modeling of the Vivaldi Antipodal Branch Antenna is the first fractalization iteration performed on the antennas analyzed.
The design and modeling results of the Vivaldi Antipodal Branch Antenna are as in Figure 6:

3
b

e, N

Fig. 6: Modeling of the Conventional Vivaldi Antipodal Antenna.
3.4. Vivaldi antipodal branch-and-leaf antenna
The design and modeling of the Vivaldi Antipodal Branch-and-Leaf Antenna is the most relevant design of this work, being the second

fractalization iteration studied.
The design and modeling result of the Vivaldi Antipodal Branch Antenna is as as in Figure 7:

e ————
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Fig. 7: Modeling of the Conventional Vivaldi Antipodal Antenna.
4. Simulation

With the antenna structures accurately modeled, the next phase involved simulating their electromagnetic performance to validate the
design objectives and compare behavior across configurations.

4.1. Procedure and generated results

After the antenna modeling stage, the simulation of their parameters was carried out. The results generated were as follows:

e Reflection parameter (S11).

¢ Gain vs. Frequency.

e Radiation Patterns (2 GHz, 7 GHz, 12 GHz, 20 GHz / E-Plane, H-Plane)

Some of the most important initialization elements for each simulation were:

e Radiation Box: A radiation box was used at A4/4 from the simulated antenna surface. This is because the HFSS simulation attempts to
mimic the operation of a real anechoic chamber. To achieve this, the distance between the radiating object and the radiation box must
be at least A/4 (A being the minimum simulation frequency: 2 GHz). This 4/4 distance is used because similar impedance mismatches
can cancel out within a quarter of a wavelength, ensuring that no reflected waves are reflected, and the boundary of the radiation box
absorbs all reflections.

e Simulation Mode: A discrete simulation mode was used so that all radiation characteristics could be saved: radiation pattern graphs at
the frequencies of interest, multi-frequency surface current distribution graphs, and finally, reflection parameter and gain vs. frequency
results.

The results obtained are presented below, along with the corresponding reference (indexed in IEEE documents), which validates the correct

generation of each of the parameters of interest.
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4.2. Results and validation

4.2.1. Conventional Vivaldi antipodal antenna

0w = Simulated antenna
— Referenced antenna

e Reflection parameter

o
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Freq[oHz

Fig. 8: Reflection Parameter of the Conventional Vivaldi Antipodal Antenna and the Conventional Vivaldi Antipodal Antenna.

As can be seen in Figure 8, the S11 parameter of the conventional Vivaldi Antipodal antenna mostly matches the desired performance of
the Vivaldi Antipodal antenna designed by Su et al. (2022), designed for broadband operation from 2 GHz to 18 GHz.
e Gain
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Fig. 9: Gain vs. Frequency of the Conventional Vivaldi Antipodal Antenna.

In this section, it can be seen in Figure 9 that the maximum gain of the simulated conventional Vivaldi Antipodal antenna is 7.5 dB.

e Radiation Patterns

The radiation patterns at 2 GHz, 7 GHz, 12 GHz, and 20 GHz demonstrate the frequency-dependent behavior of the designed fractal
Antipodal Vivaldi antenna. As expected in ultra-wideband (UWB) systems, the radiation characteristics evolve with frequency due to the
complex current distribution influenced by the fractal geometry. Figure 10, which shows the radiation patterns of the fractal antenna at 2
GHz, 7 GHz, 12 GHz, and 20 GHz:

— simulated Plane E
— simulated Plane H

Fig. 10: Radiation Patterns at 2 GHz, 7 GHz, 12 GHz, and 20 GHz, Respectively.

To validate the correct operation of the radiation patterns generated for this antenna, an additional pattern was created at 16 GHz that was
comparable to the reference (Su et al., 2022). Figure 11 illustrates the radiation characteristics of the proposed fractal antenna at 16 GHz,
plotted in both the E-plane (elevation) and H-plane (azimuth), and compares them to the performance of a conventional design reported in
(Su et al., 2022).
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Radiation pattern 16GHz (E-plane)

—— Simulated antenna

—— Referenced antenna
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Radiation pattern 16 GHz (H-plane)
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Fig. 11: Radiation Pattern at 16 GHz in the E and H Planes Compared to (Su et al., 2022).

@

As can be seen, the behavior of both radiation patterns, the simulation and the reference, is similar, thus validating the correct simulation
of the conventional Vivaldi Antipodal Antenna.

4.2.2. Branch Vivaldi Antipodal Antenna

e Reflection parameter

Lil] | = Simulated antenna
~— Referenced antenna
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Fig. 12: Reflection Parameter of the Vivaldi Antipodal Branch Antenna and the Vivaldi Antipodal Branch Antenna in (Xu Et Al, 2022).

As can be seen in Figure 12, the S11 parameter of the Vivaldi Antipodal Branch Antenna mostly matches the desired behavior of the
Vivaldi Antipodal Antenna designed by B. Biswas, R. Ghatak, and D. R. Poddar in (Xu et al., 2022).
e Gain
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Fig. 13: Gain vs. Frequency of the Vivaldi Antipodal Branch Antenna.

In this section, it can be seen in Figure 13 that the maximum gain of the simulated Vivaldi Antipodal Branch Antenna is 8.1 dB.
e Radiation Patterns



International Journal of Basic and Applied Sciences 557

Fig. 14: Radiation Patterns at 2 GHz, 7 GHz, 12 GHz, and 20 GHz, Respectively.

As can be seen in Figure 14, the behavior of both radiation patterns, the simulation and the reference (Xu et al., 2022), are similar, thus
validating the correct simulation of the Vivaldi Antipodal Branch Antenna.

4.2.3. Vivaldi antipodal branch-leaf antenna

e Reflection Parameter
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Fig. 15: Reflection Parameter of the Vivaldi Antipodal Branch-Leaf Antenna and the Vivaldi Antipodal Branch-Leaf Antenna in (Xu et al., 2022).

As can be seen in Figure 15, the S11 parameter of the Vivaldi Antipodal Branch-and-Leaf Antenna mostly matches the desired behavior
of the Vivaldi Antipodal Antenna designed by Xu et al., 2022).
e Gain
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Fig. 16: Gain vs. Frequency of the Vivaldi Antipodal Branch-and-Leaf Antenna.

In this section in Figure 16, the maximum gain of the simulated Vivaldi Antipodal Branch-and-Leaf Antenna is 7.1 dB.
¢ Radiation Patterns
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Fig. 17: Radiation Patterns at 2 GHz, 7 GHz, 12 GHz, and 20 GHz, Respectively.

As can be seen in Figure 17, the behavior of both radiation patterns, the simulation and the reference (Xu et al., 2022), are similar, thus
validating the correct simulation of the Vivaldi Antipodal Branch-and-Leaf Antenna.

5. Anechoic chamber tests

Having confirmed the antenna’s performance through simulation, the next phase involved experimental validation through physical proto-
typing and measurement in a controlled environment.

5.1. Prototype printing

To print the prototype (Vivaldi Antipodal Branch and Leaf Antenna), DipTrace, a freely available Gerber file generation software, was
used. The program allows surfaces to be entered in the same format as generated by the software used for surface generation.
Subsequently, the necessary Gerber files (Top, Bottom, DRL) were generated and sent to the printed circuit board laboratory at the Uni-
versidad de los Andes. After 3 days, the prototype was finished, SMA-type connections were soldered to the board, and the final device
obtained was as in Figure 18.

Fig. 18: Prototype Generated with A Copper Layer and A Tinned Copper Layer.

Two types of layers were printed because the copper layer oxidizes very easily, which can affect the readings taken in the anechoic chamber.

6. Results and validation

For measurement purposes, the anechoic chamber was used for a total of 3 hours, and the generated prototype underwent the necessary
tests to obtain the S11 reflection pattern, the gain, and finally the radiation patterns for each of the frequencies of interest.
e Reflection parameter
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Fig. 19: Reflection Parameter of the Prototype Antenna.
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As can be seen in Figure 19, the S11 parameter of the prototype antenna mostly matches the performance sought in the printed antenna by

Xu et al., 2022).
e Radiation patterns

-120

120

150

Measured - E
Measured - H
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Fig. 20: Radiation Patterns at 2 GHz, 7 GHz, 12 GHz, and 20 GHz, Respectively.

As can be seen in both Figure 19 and Figure 20, starting at approximately 12 GHz, an unexpected effect appears on both the S11 parameter
and the radiation patterns for 12 GHz and 18 GHz. This may be due to the anechoic chamber's operating preset, the multiple splicing of
metallic materials in the antenna (copper, tin, lead particles, iridescent copper, SMA connector dielectric, etc.), and other effects that can
induce noise or unwanted readings at high frequencies.

e Gain
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Gain
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12

Fig. 21: Gain vs. Frequency of the Prototype Antenna.
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In this section, it can be seen in Figure 21 that the maximum gain of the simulated conventional Vivaldi Antipodal antenna is 13.5 dB. As
can be seen, the graph consists of a few points because the gain value was taken only for the frequencies of interest measured in the anechoic
chamber (2 GHz, 4 GHz, 7 GHz, 12 GHz, 18 GHz).

7. Analysis

Building upon the simulated gain results, a deeper understanding of the antennas’ performance can be gained through electromagnetic field
distribution analysis, particularly surface current behavior and radiation characteristics.

7.1. Surface current and radiation analysis

e —
T = o e —, ; » L

a b c
Fig. 22: Surface Current Distribution At 7 GHz for the Three Types of Simulated Antennas (Conventional Vivaldi Antipodal Antenna (A), Branch Antenna
(B), And Branch and Leaf Antenna (C).

As can be seen in Figure 22, the surface currents of the different simulated antennas at 7 GHz are presented. It is easily noticeable in the
different leaves of Figure 22a that the broadband characteristics of the antennas result from surface currents along the edges of the leaves,
where the antennas themselves acquire additional resonances. This effect is also evident in the upper part of the antenna in Figure 22b,
which can be seen by zooming in on Figure 22b.

The increase in bandwidth is due to the accumulation of charge in certain regions of the leaves or branches of each antenna, which explains
their performance. broadband due to the length of the fractalization itself.

Similarly, Figure 23 shows that surface currents are mostly concentrated in the lower region of the antennas, the feed line.

e Ak 2\
oy

R,
b
Fig. 23: Graphical Close-Up of Images 6.1 B and C.

Regarding the radiation characteristics, similar to the report in (Hsu, Tseng, & Li, 2020), the characterized antennas are of the Vivaldi
Antipodal type, with slightly directional radiation patterns at low frequencies and increasing directivity in the direction of the upper radi-
ating boundary with increasing frequency (refer to sections 4 and 5, Radiation Patterns). This general behavior is not fully visible in Figure
20 at the 12 GHz and 20 GHz frequencies, for the reasons discussed in that section.

As shown in Figure 20, at frequencies above 12 GHz, especially at 12 GHz and 18 GHz, an unexpected change is observed in the perfor-
mance of the radiation pattern. Similarly, the influence parameter (S11) in Figure 19 shows signs of bias in this higher frequency range.
These anomalies can be caused by a variety of factors. One of the main issues is the combination of different metallic materials—for
example, copper, tin, and solder joints—which can cause surface impedance distortion due to the skin effect, which is more pronounced at
higher frequencies. In addition, the SMA connectors used may not be fully tuned for millimeter wave operation, resulting in inconsistent
losses. The dielectric properties of substrates and interlayers can introduce dispersion or resonance effects that alter the electromagnetic
behavior beyond 12 GHz. In addition, anechoic chamber limitations, such as reduced absorber performance at higher frequencies or cali-
bration inaccuracies, may contribute to measurement noise or pattern variation. To address these issues, several strategies have been rec-
ommended: using uniform materials with lower impedances, using precise connectors designed for frequencies up to or above 20 GHz,
and optimizing the PCB layout to reduce interference. Camera-related errors can be reduced by calibrating equipment specifically for high-
frequency bands, using finer angular resolution during pattern capture, and validating measurements with other techniques, such as time-
domain measurements or network embeddings. The incorporation of surface acoustic wave (SAW) filters can help remove unwanted
spectral components and improve signal purity during post-processing.
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7.2. Comparative analysis of the simulated antennas

Table 1: Performance Comparison Before and After SMOTE Application (Test 2 - Precision)

Antenna Size [mm] Gain [dB] Design BW [GHz]
Vivaldi Antipodal conventional 90x87x1 7.5 Simple 17.75
Vivaldi Antipodal branch 50.8x62x 1 8.1 Complex 14

Vivaldi Antipodal branch and leaf 50.8x62x 1 13 Complex 14.89

As can be seen in Table 1, the fractalization of the conventional Antipodal Vivaldi Antenna results in a 60% size reduction, without losing
radiation properties and with a 15% BW reduction. This corroborates the main principle of fractal antennas: Fractal antennas use a design
similar to their generating geometries to maximize the length of the conductive material over a total surface area. This makes fractal
antennas compact and broadband (Su et al., 2021b.

Table 2: Performance Comparison Before and After SMOTE Application (Test 2 - Precision)

. Min S11 Frequency @ Min S11 Bandwidth (GHz) Ap- Peak Gain (dBi) Ap-
Antenna Design Type (dB) (GHz) Drox. DIOX.
Vivaldi Antipodal Branch-and- lszlérfl;l_ated =3 8.0 28182 =3
Leaf -17 6.0 3.0-17.6 ~5.0
enced
Simulated 25 14.0 3.0-18.5 ~6.0
Vivaldi Antipodal Branch Refer- 9 14.0 35_17.8 5.8
enced
Simulated 35 14.0 3.5-18.8 ~6.5
Vivaldi Antipodal conventional Refer- 0 6.0 32_175 6.0

enced

The comparison shows that the compared antennas outperform the other antennas in all three designs. While the branch-leg design provides
the best impedance matching (S11 of —55 dB) and wide bandwidth (2.8-18.2 GHz), the branch design shows equivalent performance with
a moderate gain (~6.0 dBi) in the broad bandwidth. The conventional (Split-Ring) simulation antenna provides the highest gain (~6.5 dBi)
and highest bandwidth (3.5-18.8 GHz), making it the most effective for UWB applications. Overall, the simulation improvements improve
S11, bandwidth, and continuity across all models.

8. Conclusions and future work

As mentioned, fractal structures can successfully reduce the size of antennas without sacrificing performance. The branch-and-neck fractal
antenna presented in this work achieved a loss of 60% compared to a conventional Antipodal Vivaldi antenna, with a radiation performance
of only 15%—better addressing the ultra-wideband (UWB) requirements of GP systems with above-human applications. This miniaturi-
zation is due to the different resonant modes introduced by the fractal geometry, which increase the gain over a wide frequency range.
Furthermore, the reduction of the form factor offers significant advantages for local-mobile GPR units, allowing for improved maneuver-
ability in complex terrain.

For future work, consider co-designing or co-simulating the antenna and SAW filter as a single front-end system to enhance performance,
reduce losses, and improve integration for compact GPR applications.
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