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Abstract

The booming number of EVs and autonomous vehicles is driving the demand for the development
of 5G and connected vehicle technologies. However, the design of compact, multi-band vehicular
antennas with multiple communication standard support is complex. Traditional experience-based and
parameter-sweeping approaches to antenna optimization are often inefficient and limited in scalability,
while machine learning-based methods require extensive datasets, which are computationally intensive.
This study proposes a microstrip planar Yagi antenna optimized for Sub-6 GHz 5G and C-V2X
communication. As a way to approach antenna optimization with lower computing cost and less
data, a hybrid optimization strategy is presented that combines parametric analysis and curve fitting
based data visualization approaches. The proposed antenna exhibits a reflection coefficient of -31.68
dB and -29.36 dB with 700 MHz and 900 MHz bandwidths for frequencies of 3.5 GHz and 5.9 GHz,
respectively. Moreover, the proposed antenna exhibits a peak gain of 7.55 dB with a size of 0.44x0.64
A?, while achieving a peak efficiency of 90.1%. The antenna has been integrated and simulated in a
model Mini Cooper to test the effectiveness of vehicular communication.

Keywords: C-V2X; vehicular antenna; antenna optimization; parametric analysis; curve fitting; data
visualization

1. Introduction

Intelligent Transportation Systems (ITS) are evolving rapidly to support the increasing need
for safer, more efficient, and environmentally friendly mobility solutions, covering a wide range of
applications, such as traffic monitoring, transportation control, and autonomous driving, designed to
improve overall travel experiences and address the challenges brought about by rapid urban growth.
E-mobility refers to the use of electric vehicles (EVs) powered by electricity rather than fossil fuels.
This is a transformative shift in transportation, driven by advancements in technology and increasing
environmental concerns. This shift toward EVs contributes to cleaner air, reduced greenhouse gas
emissions, and decreased dependence on oil. A recent study by Bloomberg New Energy Finance
predicts that EVs will account for 57% of global new car sales by 2040 [1]. The expansion of electric and
self-driving vehicles is shaping the future of transportation. All electric vehicles have created a more
favorable environment for the development of self-driving vehicles. The simpler electric motors of EVs
compared to combustion engines can be more easily integrated with autonomous driving systems [2].

According to Intel’s projections, deploying AVs on roads will lead to a reduction of 250 million
hours of users’ commuting time annually and save over half a million lives from 2035 to 2045 in the
USA alone [3]. However, integrating a growing number of autonomous vehicles onto the current
infrastructure requires smarter management, and ITS is bridging the gap. By utilizing real-time

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://orcid.org/0000-0003-0647-8518
https://orcid.org/0000-0001-9716-8229
https://doi.org/10.20944/preprints202511.1449.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 November 2025 d0i:10.20944/preprints202511.1449.v1

2 of 25

data and communication between vehicles and infrastructure, ITS can optimize traffic flow, reduce
congestion, and improve safety. [4] explains how ITS can reduce traffic congestion by 15-20% and
accident rates by up to 60% through dynamic traffic signal control and vehicle-to-everything (V2X)
communication and [5,6] highlights how vehicles share data on speed, location, and intent, which
can significantly enhance the performance of self-driving cars in urban environments. According
to a report by Allied Market Research, the global V2X market size was valued at $24.52 billion in
2019 and is projected to reach $157.1 billion by 2027, growing at a CAGR of 26.7% from 2020 to 2027
[7]. This growth underscores the increasing demand for advanced communication solutions in the
automotive industry. Cellular Vehicle-to-Everything (C-V2X) enables direct communication between
vehicles (V2V), between vehicles and infrastructure (V2I), and between vehicles and pedestrians (V2P),
fostering enhanced safety, traffic efficiency, and autonomous driving capabilities. The development
of efficient C-V2X antennas is crucial to support the robust and reliable communication required for
vehicular applications [8]. C-V2X technology operates primarily in the 5.9 GHz frequency band, which
is designated for ITS [9]. The integration of C-V2X antennas with 5G technology further amplifies their
potential, offering ultra-low latency and high-speed data transfer capabilities [10]. The design of C-V2X
antennas must address several key challenges, including multi-band operation, miniaturization, and
integration with vehicle architecture. Antennas must be capable of handling various frequency bands
used for different communication purposes, such as navigation, infotainment, and safety applications
[8]. Additionally, they must be compact and conform to the aerodynamic and aesthetic requirements
of modern vehicles [11].

In general, antennas can be developed by following the general guidelines and design experience
[12]. However, multi-band vehicular antennas are structurally and electromagnetically involved
with sensitive design parameters due to strict specifications and performance criteria [13]. Although
antenna development can be informed by experience-based knowledge, this often results in suboptimal
outcomes. Experience-based parameter sweeping of a few parameters at a time has remained the most
often used method for fine-tuning the geometric parameters of antenna designs in order to address
this [14]. However, this approach suffers from several limitations. Manual analysis of parametric
results to identify optimal configurations is time-consuming and computationally intensive, often
requiring a large number of full-wave electromagnetic simulations [15]. The complexity increases with
the dimensionality of the design space and the nonlinear behavior of antenna performance metrics
[16]. To overcome these challenges, surrogate modeling techniques have gained attention. Data-driven
surrogates, such as knowledge-based, domain-constrained deep learning models, have demonstrated
the ability to approximate nonlinear antenna behavior with reduced computational costs. However,
constructing accurate surrogates remains difficult due to the need to capture wide parameter variations
while minimizing the training effort [17]. Similarly, population-based algorithms like Particle Swarm
Optimization (PSO), though effective for optimization, become prohibitively expensive when directly
applied to high-fidelity electromagnetic simulations [16].

Machine learning methods have been recently introduced in the domain of electromagnetic
research to accelerate the design and optimization process as presented in the studies [18-27]. To
build computationally efficient surrogate models, various kinds of ML methods have been introduced,
including artificial neural network (ANN) [26], gaussian process regression (GPR) [24] and support
vector machines (SVM) [19]. Although these approaches are promising, they necessitate a large
dataset for effective algorithm training. Moreover, the algorithms themselves must be fine-tuned for
the particular antenna being evaluated. The studies [18-27] have used several hundred to several
thousand data samples for accurate prediction. Full-wave electromagnetic simulations are inherently
computationally costly. Full-wave electromagnetic simulations based on numerical techniques are
unavoidable for a comprehensive characterization of antennas. However, this requirement of a large
dataset creates a major challenge in practical implementations and is not required for simpler antenna
models.
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Recent advancements focus on feature-based optimization, where the antenna design problem
is reformulated using response features, characteristic attributes of the antenna’s behavior, such as
resonance frequencies and return loss levels. This approach reduces the complexity of the optimization
landscape, allowing for more efficient surrogate construction and quicker convergence [28,29]. By
concentrating on the characteristic points in the frequency response, feature-based methods enable
precise control over the placement of resonances, making them especially suitable for the design of
multi-band antennas [30].

This study proposes a microstrip planar Yagi antenna for Sub-6 GHz 5G and CV2X communication.
The antenna covers the most widely used Sub-6 GHz 5G band, the N78 band with a center frequency
of 3.5 GHz, as well as the vehicular communication band, the 5.9 GHz band. Moreover, an approach to
multi-band antenna optimization has been presented, which integrates parametric studies and curve
fitting with advanced data visualization techniques, offering the potential to achieve optimal results
with less data for simpler antenna design and optimization.

2. Designing the Microstrip Planar Yagi Antenna

The driven element in a Yagi antenna is generally about half a wavelength in length [31]. The
directors, also known as parasitic elements, are typically shorter and around 5% less than the driven
element’s length. The spacing between the driven element and each director is usually about 0.13A
times the wavelength. To calculate the precise lengths and spacing for a specific antenna design,
Equations (1)-(5) offer a mathematical approach to determining the optimal dimensions for Yagi
antennas based on the target operating frequency [32].

A=% M
Length of Driven or Dipole element = 1 x A 2
Length of Reflector ~ 0.55 x A 3)
Length of Directors ~ 0.45 x A 4)
Spacing between Dipole and Directors ~ 0.13 x A )

where, ¢ = Speed of light, f = Resonant Frequency, A = Wavelength.

Figure 1 illustrates the reflection coefficient of the antenna throughout the design process, while
Figure 2 depicts the corresponding gain. The dipole length was determined using equations (1) to
(5), leading to the design of a radiating dipole element without any directors in the initial phase
(Step 1). The findings indicate that although the resonance frequency closely matched the theoretical
calculations, the antenna achieved a gain of less than 6 dBi. In subsequent steps (Steps 2 to 5), directors
were incrementally added, culminating in the inclusion of up to three directors. During these stages, the
resonance frequency exhibited minimal variation; however, the peak gain of the antenna progressively
increased to 7.6 dBi. This highlights the significant impact of the directors in terms of directional
performance.
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Figure 1. Reflection Coefficient of the Microstrip Planar Yagi Antenna at Each Step.
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Figure 2. Realized Gain of the Microstrip Planar Yagi Antenna at Each Step.

To enhance compatibility with C-V2X technology, it is beneficial for the antenna to support
different types of networks. Simultaneous support for DSRC networks, cellular networks, and cellular
sidelinks improves the antenna’s suitability for C-V2X applications [33,34]. The designed antenna
operates at the 3.5 GHz frequency band, which is widely used for sub-6 GHz 5G networks. This
ensures the compatibility of the antenna in most countries in the world [35]. However, to focus
on vehicular applications, an antenna needs to operate at the 5.9 GHz frequency band for direct
communication with vehicles and smart devices [36]. Tuning an antenna for a second operating
frequency and optimizing its overall multi-band performance can be a complex and challenging task
[37]. To achieve multi-band performance, a data visualization-based technique has been used in this
study, which includes parametric analysis and curve fitting.

Figure 3(a) presents the dimensions of the single-band antenna, and Figure 3(b) presents the
proposed multi-band antenna. Figure 4 compares the gain reflection coefficient of the designed single-
band antenna with the reflection coefficient of the proposed multi-band antenna after optimization.
Whereas Figure 5 compares the realized gain of both antennas. The optimization method and detailed
results of the antenna have been discussed in the following sections.
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Figure 3. Front and Back View of the Designed Microstrip Planar Yagi Antenna. (a) Initial Single-Band Antenna.
(b) Proposed Dual-Band Antenna.
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Figure 4. Reflection Coefficient of the Single-Band Antenna and the Proposed Dual-Band Antenna.
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Figure 5. Realized Gain of the Single-Band Antenna and the Proposed Dual-Band Antenna.

3. Optimization of the Microstrip Planar Yagi Antenna

In order to provide effective and efficient signal transmission and reception, the optimization of
an antenna is a critical step. An antenna is usually optimized by a series of systematic processes with
the aim of achieving the desired performance through fine-tuning the antenna’s design parameters
[38]. Initially, a parametric study has been carried out, making use of the directors’ length and spacing
as the key parameters. Curve fitting techniques have been used for the obtained data after an adequate
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amount of data had been collected through a parametric study. In order to detect patterns and
correlations and make more accurate adjustments to the antenna parameters, fitted curves created
a visual representation of the data. Finally, the optimized antenna was validated by inspecting the
surface current distribution of the antenna. Through these steps, the antenna’s resonance has been
optimized for dual-band operation and fine-tuned to provide optimal performance for its intended
application. The optimization methodology followed in this study has been illustrated in Figure 6, and
the results of the proposed antenna are presented and validated in Section 4.
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Figure 6. Methodology for Optimization of Geometric Parameters of the Proposed antenna.

3.1. Parametric Analysis of the Single-Band Antenna

Parametric studies aid in performance optimization and a more thorough comprehension of
key elements in numerous kinds of communication systems. An investigation can be carried out to
examine how changes to key elements reflect on the performance of the antenna. By systematically
varying different parameters, such as the antenna’s dimensions, shape, material properties, and feeding
mechanisms, it can be analyzed how these changes affect the key performance metrics like resonance,
bandwidth, gain, radiation pattern, efficiency, and impedance matching [39]. High-performance anten-
nas for applications can be developed by using parametric studies, and the best design configurations
that satisfy specific performance requirements can be determined [40]. Parametric studies aid in the
development of antenna designs that can operate efficiently across multiple frequency bands and
support emerging communication standards like 5G and C-V2X.

Directors and dipoles are the two primary radiating components of a Yagi antenna, where the
dipole functions as the driving element, and the directors serve as parasitic elements. Figure 1 and
Figure 2 illustrate a marked improvement in the antenna’s resonance frequency and gain with the
progressively increased number of directors. This enhancement is evidenced by the shift in resonance

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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frequency towards the desired range and a corresponding increase in gain. The data suggest that
the systematic addition of directors leads to more efficient radiation patterns and improved overall
antenna performance. Consequently, directors have been selected as the optimal components for
multi-band optimization of the antenna.

The impact of varying parameter values for D1_L of the studied antenna has been analyzed
in Figure 7, ranging from 8.10 mm to 20.15 mm. Although the first resonance frequency (fr1) was
mostly constant at 3.5 GHz, the reflection coefficient shows some considerable variation, starting at
-26.5 dB for the smallest value of D1_L, 8.10 mm, and peaking at -39.1 dB for a D1_L of 16.20 mm,
before dropping to -19.6 dB for the largest value of D1_L, 20.15 mm. The bandwidth initially increases
from 350 MHz to 700 MHz, and holds a similar amount of bandwidth for the next D1_L increment,
before slightly decreasing to 580 MHz for the largest D1_L. For the second resonance frequency(fr2),
the frequency response is less consistent, and only a resonance could be found with two values of
D1_L, which are 12.15 mm and 16.20 mm. At 12.15 mm, the second resonance frequency (f) is 5.9
GHz with a reflection coefficient of -22 dB and a bandwidth of 900 MHz. At 16.20 mm, the second
resonance frequency (frz) is 4.9 GHz with a decreased reflection coefficient of -19.6 dB and a significant
bandwidth decrease to 160 MHz. This analysis signifies that D1_L influences the reflection coefficient
and bandwidth of the first resonance frequency (fr1). Also indicates that the choice of the length of D1
is crucial for the second resonance (fr»), as only a certain length introduces a response in the second
intended frequency band.
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Figure 7. Reflection coefficient of the antenna for varying parameter D1_L.

The impact of varying parameter values for D1_S of the studied antenna has been analyzed in
Figure 8. The D1_S values range from 2.03 mm to 4.05 mm. The first resonance (fr1) of the antenna
was mostly similar, with resonance around 3.5 GHz, and reflection coefficient around -30 dB, but
the impact on bandwidth is much more noticeable. While D1_S is between 2.03 mm and 2.94 mm,
bandwidth stays around 300 MHz and increases to 700 MHz for the last two values, 3.44 mm and 4.05
mm. For the second resonance (fr»), as the value of D1_S increases, the resonance frequency decreases
from 6.18 GHz to 5.8 GHz. The reflection coefficient also shows some variation, peaking at -33.1 dB
for D1_S of 2.94 mm, and then dropping to -25.6 dB for the highest D1_S value. The bandwidth of
the second resonance increases with the increasing D1_S value, starting at 375 MHz and reaching up
to 900 MHz. This analysis indicates that varying the D1_S value significantly impacts the reflection
coefficient and bandwidth of the antenna across both frequency bands.
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Figure 8. Reflection coefficient of the antenna for varying parameter D1_S.

The impact of varying parameter values for D2_L of the studied antenna has been analyzed in
Figure 9, ranging from 10.13 mm to 26.33 mm. For the first resonance frequency (fr1), the resonance
remains relatively stable around 3.5 GHz, except for the highest value of D2_L, which is 26.33 mm,
where resonance is unavailable. The trend in the reflection coefficient and bandwidth shows improve-
ment with increasing D2_L except for the highest value. The reflection coefficient starts from -23.4 dB
and reaches a maximum of -37.5 dB, and the bandwidth of the first resonance frequency (fr1) also
shows improvement from 280 MHz to 700 MHz at D2_L = 18.23 mm, but decreases and becomes
unavailable with further increment of D2_L. For the second resonance frequency (fr2), the resonance
is unavailable while D2_L is 10.13, but as D2_L increases, the frequency response shows a deviation
from 6.0 GHz to 5.75 GHz. The reflection coefficient of the second resonance frequency (fr») varies
significantly, peaking at 45 dB for the highest D2_L value. The bandwidth shows a consistent increase,
reaching up to 1000 MHz at D2_L = 26.33 mm. This analysis reveals that when the value of D2_L is
10.13 mm and 26.33 mm, the antenna only resonates at a single frequency band, either at the 3.5 GHz
band or the 5.9 GHz band. This indicates that for dual-band frequency response, the value of D2_L
should be between 10.13 mm and 26.33 mm. Also, adjusting the D2_L value can significantly influence
both the reflection coefficient and the bandwidth.
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Figure 9. Reflection coefficient of the antenna for varying parameter D2_L.

The impact of varying parameter values for D2_S of the studied antenna has been analyzed in
Figure 10, ranging from 4.05 mm to 8.91 mm. The frequency response of the first resonance frequency
(fr1) spans from 3.4 GHz to 3.51 GHz. The reflection coefficient for the first resonance frequency (fr1)
improves with increasing D2_S, starting from -20 dB and reaching up to -32.2 dB. The bandwidth of
the first resonance frequency (fr;) also shows an increasing trend beginning at 260 MHz and peaking
at 700 MHz before decreasing to 650 MHz for the highest value of D2_S. For the second resonance
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frequency (fr2), as D2_S increases, the frequency shows a slight deviation starting from 6.18 GHz
to 5.84 GHz. The reflection coefficient of the second resonance frequency (frz) exhibits significant
improvement, particularly for the D2_S values of 6.48 mm and 7.70 mm, where it reaches up to 33
dB before dropping to 27.1 dB for the highest D2_S value. The bandwidth of the second resonance
frequency (fr2) gradually increases to 920 MHz from 140 MHz. This analysis highlights that changing
the D2_S value notably impacts the resonance, reflection coefficient, and bandwidth of the antenna
across both frequency bands.
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Figure 10. Reflection coefficient of the antenna for varying parameter D2_S.

Figure 11 explores the effect of varying D3_L values on antenna performance, with D3_L ranging
from 15.19 mm to 27.34 mm. For the first resonance frequency (fr1), the resonance frequency changes
between 3.57 GHz and 3.41 GHz as D3_L increases. The reflection coefficient also shows some variation,
initially decreasing from -26.3 dB to -25.5 dB, then improving to -31.8 dB, and slightly decreasing again
to -27.7 dB at the highest value of D3_L. The bandwidth starts at 380 MHz for the lower D3_L values
and increases to 700 MHz at 23.29 mm, and again decreases to 600 MHz for the highest value of D3_L.
For the second resonance frequency (fr»), the frequency remains relatively constant around 5.9 GHz,
with minor fluctuations, but the reflection coefficient decreases gradually from -33.4 dB to -29.1 dB
as D3_L increases, with a slight improvement to -29.7 dB at the highest D3_L value. The bandwidth
(BW2) stays consistently around 900 MHz across all D3_L values, with minimal variation. This analysis
indicates that while D3_L affects the first resonance frequency (fr;) more noticeably, its impact on the
second resonance frequency (fr2)is minimal.
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Figure 11. Reflection coefficient of the antenna for varying parameter D3_L.

Figure 12 illustrates the impact of varying D3_S values on antenna performance, where D3_S
ranges from 10.13 mm to 16.20 mm. For the first resonance frequency (fr1). The frequency remains
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nearly constant at around 3.5 GHz across all tested values of D3_S, but the reflection coefficient
improves consistently with increasing value of D3_S, starting at -23.4 dB and reaching up to -37.5
dB for the highest D3_S value. The bandwidth of the first resonance frequency (fr1) initially stays
around 250 MHz for the lower D3_S values but increases significantly to 700 MHz for the highest D3_S
value, 16.20 mm. For the second resonance frequency (fr:), the frequency, reflection coefficient, and
bandwidth remain relatively consistent, with frequency around 5.9 GHz, reflection coefficient around
-28 dB, and bandwidth around 900 MHz, with minor fluctuations. This analysis indicates that while
the D3_S value does not drastically affect the operating frequencies, it does have some influence on the
reflection coefficient and bandwidth of the first resonance frequency (fr1).
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Figure 12. Reflection coefficient of the antenna for varying parameter D3_S.

3.2. Data Arrangement and Curve Fitting

To represent the relationship between a specific geometrical parameter and the resulting resonance
frequency, consider a parameter x from the antenna’s physical geometry. The simulation process for
determining the resonance frequency can be expressed as:

f=F(x) (6)

where,

*  F(x) represents the electromagnetic simulation function that maps the geometry to a resulting
frequency.
e  fis the computed resonance frequency.
In the case of multi-band antennas, each resonant frequency corresponds to a specific operating
band and thus requires its own functional relationship with the antenna’s geometrical parameters.
Furthermore, to represent this, consider x as a geometric input parameter. For a multi-band antenna

with n resonance frequencies, the simulation process can be modeled using n separate functions, as
follows:

fi =F(x), wherei=1,2,...,n (7)
here,

e f; is the resonance frequency of the i band,
*  Fi(x) represents the simulation function relating the input parameter to the corresponding reso-
nance frequency.

Moreover, now that a parametric study has been conducted over N samples of the input parameter,
the dataset can be represented as:

D= {(x]‘,fL]',fz’]',...,fn,j) |]:1,2,,N} (8)
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where,

*  xjis the value of the input parameter for the jM sample,
*  fij = Fi(x;) is the simulated resonance frequency for the ith band at sample j.

With the parametric analysis presented in Section 3.1, a total of 128 data samples have been
collected and structured as shown in Equation (8) to facilitate the optimization process. A summarized
portion of this dataset is presented in Table 1.

Table 1. Collected Data Set for Curve Fitting through Parametric Analysis of the Studied Antenna

Parameter fr1 (MHz) fr2 (MHz)
DLL 3504 — 3520 4410 — 6020
. 11 mm — 21 mm
Director 1
D15 3476 — 3508 5792 — 6184
2 mm — 4 mm
D2 L 3480 — 3592 5600 — 6144
. 8 mm — 26 mm
Director 2
D25 3412 — 3512 5820 — 6016
4 mm —9 mm
D3_L 3396 — 3580 5872 — 5884
. 8 mm — 29 mm
Director 3
D3_S 3500 — 3508 5872 — 5884

10 mm — 16 mm

Curve fitting is an optimization approach used to identify a mathematical expression that best
aligns with a given set of data points. The process involves selecting a model with tunable parameters
and adjusting those parameters to ensure the model’s output closely matches the data [41]. However,
selecting a suitable model is essential, as an overly flexible function may follow random fluctuations
instead of capturing the actual trend [42]. When applied correctly, curve fitting provides an effective
way to represent the complex interactions between antenna parameters and their corresponding
performance indicators, allowing for a more straightforward interpretation of the system’s behavior
as design variables change [43]. Additionally, curve fitting can identify the most efficient operating
regions within various frequency bands, thereby supporting improved antenna performance across
the targeted spectrum. In this study, curve fitting has been utilized to explore trends and relationships
within the dataset, estimate missing or specific values, and also make more accurate adjustments to the
antenna parameters, which has helped to develop a better understanding of the underlying patterns in
the data and has supported more informed decisions during the optimization of the proposed antenna
design.

To predict resonance frequencies from any input x without running full simulations, polynomial
curve fitting is applied to approximate each simulation function. A fitted polynomial model for each
band i is defined as:

d
Fi(x) =} cpxt )
k=0

where,

e 4> 1is the degree of the polynomial,
e cj are the polynomial coefficients for the ih band.

The coefficients cjx are determined by minimizing the sum of squared residuals:

N
min (fl,] — Fl-(x]-))z (10)
{ci} j=1
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Finally, after curve fitting, it is important to assess the quality of the curve in representing the
data; otherwise, the degree of the polynomial d can be adjusted to improve the fit. To evaluate the
goodness-of-fit, the coefficient of determination R? is calculated for each band:

R2_1_ L (fij — Fi(x)))?

2 — = (11)
’ L (fij — fi)?
where, f; is the mean resonance frequency for band i, given by:
- 1 X
fi= N];fi,j (12)

Once the fitted models F;(x) are established, the next step is to determine the optimal value of
x that achieves the desired set of target resonance frequencies f; target- The optimization problem is

formulated as follows: ;

Irg(in L(x) = Z (E(x) - fi,target) ’ (13)

i=1

subject to the constraints:

fi,min < fi,target < fi,maxr Xmin < X < Xmax

This loss function £(x) penalizes the deviation of the predicted resonance frequencies from their
respective target values and is minimized to obtain the best-fit parameter value.

Figure 13 depicts the relationship between the length of Director 1, D1_L, and the antenna’s
resonance frequencies, (f1) and (f2). As the length of D1_L increases from 11 mm to 21 mm, the lower
resonance frequency (f1) remains relatively constant, with only minor fluctuations around 3.5 GHz,
indicating low sensitivity to changes in D1_L. On the other hand, the higher resonance frequency (f>)
decreases significantly from about 6 GHz to 4.4 GHz as D1_L increases, demonstrating a strong inverse
relationship between the length of Director 1 and the higher resonance frequency. This suggests that
increasing D1_L brings the frequency response lower of the higher resonance frequency (f,) while
the lower resonance frequency (f;) stays stable, which could be particularly useful for optimizing the
antenna’s performance across multiple frequency bands for multi-band applications.

Polynomial relationship has been modeled for each resonance frequency (f;) and (f2) based
on the input parameter x = D1_L, and the computed equations are presented in Equation (14) and
Equation (15), with the constraint 11 mm < x < 21 mm. Using the loss minimization function defined
in Equation (13), the optimal value of D1_L has been computed for target resonance frequencies
frtarget = 3.5 GHz and f3 target = 5.9 GHz. The optimization yielded a spacing of 12.38 mm for D1_L.

Fi(x) = 0.01x° — 0.51x° + 19.92x* — 412.33x% + 4762.11x% — 29083.61x + 76847.42 (14)
B (x) = —1.96x* + 123.94x3 — 2886.86x2 + 29091.07x — 100986.63 (15)

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202511.1449.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 November 2025 d0i:10.20944/preprints202511.1449.v1

13 of 25

—_—FW o — W ° /
3.7 7.4

6.9

N i N
= 36 =
QO 64 O
Ny ‘S
< 59 ©
) (5]
= =
« [
5 Ls4 5
S g
& =7

4.9

Length of Director 1, D1_L [mm]

Figure 13. Fitted Polynomial Curve of the Antenna’s Resonance Frequencies for D1_L Data Points.

The relationship between the spacing of Director 1, D1_S, and the antenna’s resonance frequencies,
(f1) and (f2), has been presented in Figure 14. The data reveal that as D1_S increases from 2.0 mm
to 4.0 mm, the lower resonance frequency (f;) experiences a slight shift but stays around 3.5 GHz,
indicating minimal sensitivity to changes in D1_S. In contrast, the higher resonance frequency (f2)
decreases significantly from around 6.2 GHz to 5.8 GHz, showing a much greater sensitivity to D1_S.
The intersection of the two curves suggests a specific spacing where the two frequencies converge,
which has been leveraged for optimization of the studied antenna for multi-band applications. This
information is crucial for tuning the antenna’s performance across multiple bands, allowing for precise
adjustments in the design to achieve optimal frequency responses.

Polynomial relationship has been modeled for each resonance frequency (f1) and (f2) based on the
input parameter x = D1_S. The computed equations are presented in Equation (16) and Equation (17),
with the constraint 2.0 mm < x < 4.0 mm.

Using the loss minimization function defined in Equation (13), the optimal value of D1_S has been
computed for target resonance frequencies f1 ssrger = 3.5 GHz and f3 target = 5.9 GHz. The optimization
yielded a spacing of 3.44 mm for D1_S.

Fi(x) = —136.86x" + 3404.50x” — 36711.94x° + 224085.52x% — 846650.90x* + 2027309.44x> — 3004201.11x2

(16)
+2518885.59x — 911467.90
By(x) = 238.34x° — 4354.57x° 4 32710.84x* — 129254.51x° 4 283304.04x% — 326812.53x + 161362.84 17)
) o J — ) ° 5.
= a6 L1 §
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Figure 14. Fitted Polynomial Curve of the Antenna’s Resonance Frequencies for D1_S Data Points.
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Figure 15 illustrates how the length of Director 2, D2_L, affects the antenna’s resonance frequencies,
(f1) and (f2). As D2_L increases from 8 mm to 26 mm, the lower resonance frequency (f;) remains
relatively stable around 3.5 GHz, with only minor fluctuations up to 20 mm, indicating low sensitivity
to D2_L between 8 mm and 20 mm and high sensitivity between 20 mm and 26 mm. The higher
resonance frequency (f2), however, exhibits a more complex behavior. The frequency response initially
increases from around 5.6 GHz to 6.1 GHz, peaks between 10 mm and 15 mm, and then decreases
gradually to approximately 5.75 GHz as D2_L continues to increase. This variation indicates that D2_L
has a significant impact on (f,), which can be fine-tuned by adjusting the length of Director 2 to achieve
specific performance characteristics. The intersection and divergence of the two resonance frequencies
at different points highlight the potential for optimizing the antenna’s dual-band capabilities by
carefully selecting the length of D2_L. For D2_L, dual-band frequency response can be observed in
two points in Figure 15; however, the value around 9.5 mm is discarded as the response is unstable in
this region. Moreover, from Figure 9 this can be determined that the resonance is hardly touching the
minimum boundary in that region.

Polynomial relationship has been modeled for each resonance frequency (f1) and (f2) based
on the input parameter x = D2_L, and the computed equations are presented in Equation (18) and
Equation (19), with the constraint 8 mm < x < 26 mm. Using the loss minimization function defined in
Equation (13), the optimal value of D2_L has been computed for target resonance frequencies f1 target =
3.5 GHz and f target = 5.9 GHz. The optimization yielded a spacing of 18.25 mm for D2_L.

Fi(x) = 0.00002x” — 0.002x° + 0.13x° — 3.91x* + 66.97x> — 657.98x> + 3448.00x — 3968.12  (18)

B (x) = 0.001x° — 0.13x* + 8.25x> — 212.24x + 2425.05x — 4008.56 (19)
) o / — ) ° /
3.7 6.3
E 6.1 E
<) <)
5 <
8 F 5.9 8
= =
< ]
= =
& 2
:'2 5.7 é
5.5

8 10 12 14 16 18 20 22 24 26
Length of Director 2, D2_L [mm]

Figure 15. Fitted Polynomial Curve of the Antenna’s Resonance Frequencies for D2_L Data Points.

The relationship between the spacing of Director 2, D2_S, and the antenna’s resonance frequencies,
(f1) and (f2), has been presented in Figure 16. The spacing of Director 2, D2_S, increases from 4.0 mm
to 9.0 mm, and with increasing D2_S, the lower resonance frequency (f1) shows a gradual increase
from approximately 3.4 GHz to 3.51 GHz, indicating a positive correlation between D2_S and (f1).
Conversely, the higher resonance frequency (f;) gradually decreases slightly from around 6.1 GHz
to 5.8 GHz, as D2_S increases. The curves intersect at a point where both resonance frequencies are
close in value, which suggests a specific spacing that could be optimized for dual-band operation of
the studied antenna. This information is critical for antenna design, where adjusting the spacing of
Director 2 can be used to fine-tune the antenna’s resonance frequencies to achieve desired performance
across multiple frequency bands.

Polynomial relationship has been modeled for each resonance frequency (f1) and (f2) based
on the input parameter x = D2_S, and the computed equations are presented in Equation (20) and
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Equation (21), with the constraint 4.0 mm < x < 9.0 mm. Using the loss minimization function defined
in Equation (13), the optimal value of D2_S has been computed for target resonance frequencies
fitarget = 3.5 GHz and f5 target = 5.9 GHz. The optimization yielded a spacing of 7.68 mm for D2_S.

Fi(x) = 0.15x% — 7.28x7 + 154.34x° — 1845.23x° + 13611.13x* — 63434.43x° + 182428.88x2 — 296005.01x + 210857.32  (20)

B (x) = —0.28x* +8.27x% — 90.27x2 4 397.15x + 5413.00 (21)
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Figure 16. Fitted Polynomial Curve of the Antenna’s Resonance Frequencies for D2_S Data Points.

Figure 17 illustrates how the length of Director 3, D3_L, affects the antenna’s resonance frequencies,
(f1) and (f2). As D3_L increases from 8 mm to 29 mm, the lower resonance frequency (f1) remains
relatively stable around 3.5 GHz, with only minor fluctuations, indicating low sensitivity to D3_L. The
higher resonance frequency (f,), however, decreases initially from around 6.1 GHz towards 5.9 GHz
between 8 mm and 21 mm and then decreases quickly to 5.7 GHz as D3_L continues to increase. This
variation indicates that D3_L has a significant impact on (f2), which can be fine-tuned by adjusting the
length of Director 3 to achieve specific performance characteristics. The intersection and divergence of
the two resonance frequencies at different points highlight the potential for optimizing the antenna’s
dual-band capabilities by carefully selecting the length of D3_L.

Polynomial relationship has been modeled for each resonance frequency (f1) and (f,) based
on the input parameter x = D3_L, and the computed equations are presented in Equation (22) and
Equation (23), with the constraint 8 mm < x <29 mm. Using the loss minimization function defined in
Equation (13), the optimal value of D3_L has been computed for target resonance frequencies f1 target =
3.5 GHz and f target = 5.9 GHz. The optimization yielded a spacing of 23.48 mm for D3_L.

Fi(x) = —0.001x* + 0.05x% — 1.04x? + 7.38x + 3566.22 (22)

B(x) = —0.00002x° + 0.002x> — 0.11x* + 2.66x° — 33.89x2 4 215.47x + 5345.83 (23)
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Figure 17. Fitted Polynomial Curve of the Antenna’s Resonance Frequencies for D3_L Data Points.

The relationship between the spacing of Director 3, D3_S, and the antenna’s resonance frequencies,
(f1) and (f2), has been presented in Figure 18. As D3_S varies from 10 mm to 16 mm, both resonance
frequencies remain nearly constant. The lower resonance frequency (f;) hovers around 3.5 GHz, while
the higher resonance frequency (f>) stays around 5.9 GHz. The stability of these frequencies across the
range of D3_S indicates that the spacing of Director 3 has minimal impact on the antenna’s resonance
frequency. This suggests that other parameters may be more influential in tuning the antenna’s
performance, and D3_S can be adjusted within this range without significantly affecting the antenna’s
resonance characteristics. However, as can be seen from Figure 12, although adjustment of D3_S has
a minimal effect on resonance frequencies, but has some influence on the reflection coefficient and
bandwidth of the lower resonance frequency (f1).

Polynomial relationship has been modeled for each resonance frequency (f1) and (f2) based
on the input parameter x = D3_S, and the computed equations are presented in Equation (24) and
Equation (25), with the constraint 10 mm < x < 16 mm. Using the loss minimization function defined
in Equation (13), the optimal value of D3_S has been computed for target resonance frequencies
frtarget = 3.5 GHz and f3 target = 5.9 GHz. The optimization yielded a spacing of 15.74 mm for D3_S.

Fi(x) = —0.003x 4 0.32x% — 16.91x7 + 512.71x°® — 9965.93x° + 128759.70x* — 1105600.29x° + 6083011.95x2

(24)
—19457545.24x 4 27568367.68
B (x) = —0.002x7 4+ 0.21x% — 7.57x° + 154.77x* — 1895.83x% + 13929.07x — 56892.88x + 105618.91 (25)
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Figure 18. Fitted Polynomial Curve of the Antenna’s Resonance Frequencies for D3_S Data Points.
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3.3. Visualization of Current Distribution

Visualizing the current distribution on an antenna is a powerful technique for identifying the
components that most significantly affect the antenna’s radiation performance [44]. Areas with high
current density, known as key contributors to the antenna’s far-field radiation, indicate which parts are
critical for efficient energy transmission. Conversely, regions with minimal current flow may have little
impact on radiation. Additionally, observing current distributions across different frequencies reveals
the resonant modes being excited, aiding in the fine-tuning of multi-band or broadband characteristics
[45]. By analyzing these patterns, this can be understood how modifications to components, for
example, directors of the Yagi antenna, influence overall performance, enabling more optimized
antenna designs.

The surface current distribution of the studied antenna has been presented in Figure 19. The
maximum surface current of 51.57 A/m has been achieved for the resonance frequency of 3.5 GHz,
and similarly, the peak surface current is 47.61 A/m for the 5.9 GHz resonance frequency. The analysis
in Sections 3.1 and 3.2 highlights the significant impact of the directors on the antenna’s radiation.
Director 1, in particular, affects both resonance frequencies, with a more noticeable influence on the
second resonance frequency, as seen in the current distribution. On the other hand, Director 3 has a
minor effect on the first resonance frequency and does not impact the second resonance frequency.

(a) (b)
Figure 19. Current Distribution of the Antenna at Different Frequencies. (a) 3.5 GHz. (b) 5.9 GHz.

4. Result Analysis of the Optimized Dual-Band Antenna

With the optimization presented in Section 3, the proposed antenna has been optimized for
multi-band operation, specifically at resonance frequencies of 3.5 GHz and 5.9 GHz. The proposed
antenna has been prototyped and presented in Figure 20(a), whereas Figure 20(b) presents the testing
environment and measurement setup used to measure the characteristics of the proposed antenna.
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(b)

Figure 20. Prototyped Proposed Antenna and the Measurement Setup. (a) Prototyped Antenna. (b) Measurement
Setup.

The reflection coefficient is a critical parameter in wireless communication systems, representing
the amount of energy that is reflected back towards the source. The reflection coefficient evaluates
the match of impedance between the antenna and the feeding network or transmission line [22]. A
lower reflection coefficient indicates enhanced power transfer and minimized signal reflections back
to the source, which is crucial for achieving optimal antenna performance. This coefficient is often
measured in decibels (dB), and the usual threshold is considered as -10 dB for efficient operation [13].
Bandwidth, on the other hand, defines the range of frequencies over which an antenna can effectively
transmit and receive signals, and the bandwidth of an antenna is usually defined by the frequency
range of the antenna under -10 dB threshold [14]. Figure 21 illustrates both the reflection coefficient and
the operational bandwidth of the proposed antenna, demonstrating that the antenna operates across
two distinct frequency bands, 3.5 GHz 5G cellular frequency and 5.9 GHz vehicular frequency. The
multi-band operation is crucial for C-V2X application, and the proposed antenna presents significant
capabilities in 3.5 GHz and 5.9 GHz frequency bands with a reflection coefficient of -31.68 dB and -29.36
dB, respectively. Also, the operational bandwidth of the proposed antenna is highly suitable for C-V2X
application, with 700 MHz bandwidth in the 3.5 GHz frequency band, ranging from 3.3 GHz to 4.0
GHz, and 900 MHz in the 5.9 GHz frequency band, ranging from 5.2 GHz to 6.1 GHz. The measured
reflection coefficient lines up closely with the simulation result, with some minor variation; however,
the measurement result is presented up to 6 GHz frequency, constrained by the N9912A FieldFox
RF Analyzer. Moreover, with a precise fabrication and measurement method, the gap between the
simulated and measurement results can be minimized further.

0

Reflection Coefficient [dB]

-40 1 — Proposeii (Simulated)
- Proposqi (Measured)

T

3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5
Frequency [GHz]

Figure 21. Reflection coefficient of the Proposed Antenna.
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In antenna systems, gain indicates the measure of how well an antenna concentrates the radiated
power in a particular direction and how much the antenna enhances the power of an incoming
signal toward the direction [15]. For an antenna system, achieving high gain is crucial for improving
both signal transmission and reception performance. Applications that emphasize extensive signal
coverage require antennas with high gain to facilitate communication over longer distances. This is
particularly important for antennas used in vehicular communication systems, where substantial gain
is essential for effective operation. The gain of the antenna is measured in units of decibels isotropic
(dBi). Efficiency in antenna systems denotes the ability of the antenna to convert input power into
radiated signals effectively. Antennas with higher efficiency are able to transform a greater portion of
the input power into a usable radiated signal, thereby minimizing power losses.

The proposed antenna demonstrates peak gain and radiation performance across the targeted
frequency bands, while also sustaining a consistent level of gain throughout the operational bandwidth,
as illustrated in Figure 22. Specifically, the antenna achieves a peak gain of 7.55 dBi in the 3.5 GHz
frequency band and 4.45 dBi in the 5.9 GHz frequency band. Moreover, the peak efficiency attained
is 90.1% at 3.5 GHz and 78.4% at 5.9 GHz. These results indicate that the antenna not only exhibits
high gains but also maintains efficient radiation in both frequency bands, which is crucial for vehicular
applications.
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Figure 22. Gain and Efficiency of the Proposed Antenna.

Three-dimensional radiation and absorption patterns of an antenna system are represented by the
radiation pattern. The radiation pattern is considered a crucial antenna parameter as this measures
the directional radiation capabilities. Figure 23 illustrates a 2D normalized radiation pattern of the
proposed antenna’s electric field (E-field) radiation across various azimuth and elevation angles,
providing a visual representation of the antenna’s directional characteristics. The orientation of the
antenna and the respective antenna planes are denoted with XZ, YZ, and XY axis marks. Moreover, the
sectional view of the antenna has also been illustrated with the radiation pattern. Figure 23(a) depicts
the radiation pattern of 3.5 GHz resonance frequency, whereas Figure 23(b) depicts the radiation
pattern of 5.9 GHz resonance frequency. The polar plot is centered around the origin, with various
concentric circles representing different levels of radiation intensity. The main lobe, indicating the
direction of maximum radiation, is prominently shown, while smaller side lobes and nulls are visible,
indicating areas of reduced or minimal radiation.

The E-field pattern for the 3.5 GHz frequency has achieved a lobe magnitude of 10.4 dB(V/m) at
¢ = 0° in XZ plane, 21.6 dB(V/m) at ¢ = 90° in YZ plane, and 21.6 dB(V/m) at § = 90° in XY plane.
Furthermore, for the 5.9 GHz frequency, the lobe magnitude achieved is 18 dB(V/m) at ¢ = 0° in XZ
plane, 18.7 dB(V/m) at ¢ = 90° in YZ plane, and 15.3 dB(V/m) at 6 = 90° in XY plane.
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Figure 23. Normalized Radiation Pattern of the Proposed Antenna. (a) 3.5 GHz. (b) 5.9 GHz.

5. 3D Radiation Pattern of the Proposed Antenna with Vehicle Integration

The authors in [46] have presented CAD-based vehicle models optimized for electromagnetic
simulations. To test the effectiveness of the optimized antenna while installed on vehicles, the antenna
has been simulated with a 3D Mini Cooper car model. Figure 24 depicts the antenna installed on the
dashboard of a Mini Cooper, and the results have been presented in Figure 25. The radiation for a
frequency of 3.5 GHz is shown in Figure 25(a), where this can be seen that the primary lobe is directed
outward and radiating in the car’s front direction, which is suitable for effective communication
with cellular base stations. Moreover, Figure 25(b) presents the radiation for a frequency of 5.9 GHz,
where this can be observed that the lobe structure differs from the previous one and is more dispersed
towards the front left and right, ensuring connectivity with nearby vehicles and devices connected to
the vehicular network.

Proposed
Antenna

Figure 24. Proposed Antenna Installed on the Dashboard of a Model Mini Cooper.
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(a) (b)

Figure 25. 3D Radiation Pattern of the Proposed Antenna while installed on a car dashboard. (a) 3.5 GHz. (b) 5.9
GHz.

6. RLC Equivalent Circuit Model of the Optimized Dual-Band Antenna

The proposed antenna has been modeled using a distributed transmission line approach, as
illustrated in Figure 26. This equivalent circuit provides an electrical representation of the antenna
using a combination of basic components such as resistors, capacitors, and inductors, capturing the
antenna’s impedance characteristic across the operating frequencies. The feed line is represented by
a series inductor L1 and resistor R1, which are connected to ground through a capacitor C1. L2, C2,
and R2 represent the dipole of the antenna, which is capacitively coupled to the director element with
C6 capacitance. The director elements are modeled as (L3, C3), (L4, C4), and (L5, C5), corresponding
to Director 1, Director 2, and Director 3, respectively. Each director is capacitively coupled to the
subsequent director and to ground, accurately representing the mutual coupling and electromagnetic
interactions within the array. Finally, the completely resembled model has been analyzed and tuned
using the Advanced Design System (ADS) software.

[Second Director] [Third Director]|

Terminal

Figure 26. RLC Equivalent Circuit Model of the Proposed Antenna.

A comparison between the simulation and the RLC equivalent circuit model reveals a strong
agreement in terms of reflection coefficients, as shown in Figure 27. This alignment effectively validates
the design, confirming that the RLC equivalent circuit accurately reflects the antenna’s response across
both targeted frequency bands: 3.5 GHz and 5.9 GHz.
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Figure 27. Reflection Coefficient of the RLC Equivalent Circuit Model.

7. Comparative Analysis of the Proposed Antenna

Table 2 presents a performance comparison of the proposed antenna with recent literature to
highlight the prominence. Many of the examples of vehicular antennas described in the literature
mainly concentrate on the 5.9 GHz legacy vehicular frequency band [47,48]. In comparison, the
antenna proposed in this study supports simultaneous operation in both 3.5 GHz (5G N78) and 5.9
GHz (C-V2X) bands. The antenna presented in [47] has achieved a high gain of 7.68 dBi; however,
with a size of 1.46 x1.46 A2, the gain-to-size ratio is not particularly impressive. Furthermore, while
designs often sacrifice overall gain or size in order to achieve multi-band operation [49], the antenna
proposed in this study demonstrates a high gain of 7.55 dBi with the size of only 0.44 x0.64 A?. With
the multi-band support and compact design with high gain, the proposed antenna is suitable for
demanding applications like vehicular communication.

Table 2. Performance Comparison of the Proposed Antenna with Recent State of the Art Studies

Ref Frequency (GHz) Bandwidth (GHz) Efficiency (%) Peak Gain (dBi) Size (A?)
[49] 35,59 3.23-6.26 92 5.9 0.9%0.35
[47] 5.9 04 94 7.68 1.46x1.46
[48] 5,6 4.77 - 6.31 93.2 4.2 3.93x2.95
This Study 35,59 07,09 90.1,78.4 7.55,4.45 0.44 < 0.64

8. Conclusion

A microstrip planar Yagi antenna for Sub-6 GHz 5G and C-V2X communication has been designed
and optimized using a data-efficient optimization method. The initial single-band antenna has been
optimized for dual-band operation, with frequencies of 3.5 GHz and 5.9 GHz, respectively. The
optimization process follows a hybrid method that has integrated parametric studies and curve fitting
with advanced data visualization techniques to the proposed antenna with 128 data samples. The
dual-band antenna showcases an impressive reflection coefficient of -31.68 dB and -29.36 dB with 700
MHz and 900 MHz bandwidths for frequencies of 3.5 GHz and 5.9 GHz, respectively. Moreover, the
proposed antenna exhibits an impressive gain-to-size ratio, with a peak gain of 7.55 dB and a size of
0.44x0.64 A%, while achieving a peak efficiency of 90.1%. Furthermore, the proposed antenna has been
integrated into the dashboard of a Mini Cooper simulation model for radiation analysis, where the
antenna shows different lobe structure for 3.5 GHz and 5.9 GHz frequency bands, suitable for each
application requirement. This study is constrained by the lack of a precisely constructed prototype
and an advanced measurement setup, despite the simulation result having been validated through
the prototype and measurement. Moreover, the resonance frequency has only been considered for
optimization; thus, performance optimization considering additional parameters, such as gain and
efficiency, should be included in future studies. Finally, the performance of the proposed antenna
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has been analyzed in comparison to the recent literature, and altogether, the proposed antenna
demonstrates promising performance for 5G and C-V2X, specifically for vehicular communication.
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