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HIGHLIGHTS

e The proposed microstrip patch antenna on an FR4 substrate demonstrates impressive triple-band
operation covering Ku-, K-, and Ka-bands.

e The star-shaped patch with a swastika stub design on the FR4 substrate showcases innovation in
antenna geometry.

e Utilizing the Finite Integration Technique (FIT) in computer simulations measured the antenna's
measured performance.

Abstract: The triple-band operation of a microstrip patch antenna on an FR4 substrate is demonstrated,
covering Ku-, K-, and Ka-bands. The antenna features a star-shaped patch with a swastika stub on the FR4
dielectric substrate, activated by a 50-ohm microstrip transmission line. The Finite Integration Technique
(FIT) is employed in computer simulations, aligning with a comprehensive investigation. The lower band
exhibits measured impedance bandwidths with a VSWR of 2:1 at 3.02 GHz (11.83 to 14.93 GHz), 4.29 GHz
(16.42 to 20.72 GHz), 1.85 GHz (21.38 to 23.40 GHz), and 3.49 GHz (23.74 to 27.09 GHz). This innovative
antenna design showcases versatility across frequency bands, with the FR4 substrate contributing to its
production. The activated microstrip transmission line ensures efficient signal transmission with stable 50-
ohm impedance. The FIT-based simulation tool enhances precision in predicting the antenna's behavior.
Within the operational frequency range, the antenna demonstrates a stable omnidirectional radiation pattern,
crucial for its applications in communication systems. Comparisons between measurement and simulation
findings validate the proposed prototype's performance, emphasizing the reliability of the FIT-based
simulation tool. This comprehensive study highlights not only the antenna's operational capabilities but also
the accuracy of the computational approach employed.

Keywords: Microstrip Patch Antenna; Triple-Band Operation; FR4 Substrate; Finite Integration Technique
(FIT); Omnidirectional Radiation Pattern.
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INTRODUCTION

Developing a compact, cost-effective, highly portable, wide-ranging, and versatile planar antenna has
emerged as a critical priority. This is driven by the escalating demands placed on wireless communication
systems and the increasing requirements of diverse applications. In recent decades, there has been a
substantial investment of research efforts in the field. Academics have concentrated on the propagation of
antennas to meet diverse design objectives. Among the various options, printed planar microstrip patch
antennas have emerged as a focal point of interest. This is attributed to their attractiveness in areas such as
compact size, low weight, straightforward production processes, and their seamless compatibility with other
elements within wireless apparatus.

Recent literature underscores the existence of numerous low-profile planar patch antennas, along with
their capacity to operate across multiple frequency bands. Various innovative antenna designs have been
explored to enhance performance and capabilities. These encompass a range of configurations, including
the hexagonal-shaped triangular slotted antenna [1], stacked circular patch antennas [2], S-shaped microstrip
patch antennas [3], square slotted patch antennas [4], and modified fork-shaped antennas with integrated
parasitic elements [5]. Additionally, researchers have delved into techniques involving the incorporation of
shorting pins or walls [6], as well as the integration of strips [7] to augment functionality. Moreover, significant
progress has been achieved through the introduction of stubs or supplementary components to either the
ground plane or the radiating patch [7, 8]. These endeavors represent a concerted effort to diversify and
refine antenna design methodologies, resulting in a broader spectrum of options for various applications in
wireless communication and technology. Top of Form

Microstrip patch antennas exhibit limitations such as restricted bandwidth, modest gain, and an amplified
influence of cross-polarization, all of which are regarded as their drawbacks. Expanding the bandwidth
without altering the antenna's dimensions, cost, or weight is a challenging endeavor due to the heightened
bandwidth requirements of contemporary communication systems and devices catering to diverse
applications. This complicates the achievement of this objective. Enhancing the patch antenna's bandwidth
can be approached through several strategies. These encompass employing a thicker substrate, utilizing a
material with lower dielectric constant, or integrating slots and stub elements into the radiating patch structure.

Furthermore, adjustments to the size and shape of the slots can contribute to bandwidth augmentation.
These alterations may involve variations like rectangular slots [9], circular slots [10], octagonal slots [11],
fractal-shaped slots [12], or modified and partial slots [13]. Incorporating a ground plane [13, 14] can also
prove advantageous in attaining the desired bandwidth around the anticipated resonant frequency.

In contemporary communication systems, the utilization of large dish antennas in radar and satellite
applications has progressively given way to smaller, more streamlined antenna alternatives. Traditional
satellite antennas functioning at ultra-high frequency or very high frequency necessitate increasing antenna
dimensions as wavelengths become longer [15]. In contrast, satellite antennas functioning within the Ku/K
band exhibit compactness, reduced initial investment requirements, enhanced cost-effectiveness, and
heightened reliability. The utility of these antennas spans from individual satellites to satellite constellations,
as well as various wireless communication scenarios and educational contexts [16]. A thorough investigation
has been carried out in the domain of planar dual-band antenna design, focusing particularly on the Ku/K
frequency bands. The objective is to identify a low-profile antenna solution viable for satellite communication
purposes.

Significant research efforts have been dedicated to the exploration of planar dual-band antenna designs
tailored to the Ku/K frequency bands. The goal is to identify a compact antenna solution that can effectively
serve satellite communication purposes. In recent times, a multitude of compact antenna concepts have
emerged for applications within the Ku and K frequency bands. Here are some representative examples: the
dual-layer multi-feed electromagnetic (EM) bandgap antenna [17], the triangular slotted microstrip patch
antenna [18], an S-shaped patch antenna optimized for wideband applications [3], the double-S-shaped
slotted patch antenna [19], a linear polarized planar filtenna [20], and a single-fed dielectric resonator antenna
[21].

This manuscript introduces a design concept for a printed microstrip patch antenna that exhibits a
compact, planar configuration and is capable of operating across the Ku, K, and Ka frequency bands. The
proposed design employs a straightforward geometrical arrangement, achieved by combining two mutually
perpendicular rectangular shapes with a swastika-shaped stub. Achieving the desired frequency bands is
accomplished by fine-tuning parameters on the radiating patch. This process involves conducting numerical
simulations utilizing the readily available CST software. The substrate employed is constructed from FR4
material, possessing a dielectric constant of 4.4. Subsequently, an antenna prototype is constructed based
on the dimensions that have been optimized through simulation. This meticulous procedure ensures that the
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antenna performs optimally within the specified frequency ranges. The use of advanced simulation tools and
precise material selection, such as the FR4 substrate, enhances the accuracy and effectiveness of the final
antenna design. This systematic approach, from simulation to fabrication, underscores the importance of
precision and empirical validation in the development of high-performance antennas.

The prototype antenna's performance is corroborated through experimental measurements, affirming its
effectiveness in operating across four discrete frequency bands. Specifically, it operates within the ranges of
11.83 to 14.93 GHz for the Ku band, 16.42 to 20.72 GHz for the K band, and 21.38 to 23.40 GHz and 23.74
to 27.09 GHz for the Ka band, addressing applications in satellite communication and radar systems. The
forthcoming sections delve into a comprehensive analysis and discussion of the geometrical design, aligning
with parametric investigations, simulation outcomes, and the experimental findings.

ANTENNA DESIGN AND ITS PARAMETRIC

Figure 1 illustrates the evolutionary stages of the geometrical configuration for the Integrated Printed
Antenna with Star Shaped Swastika Stub. The antenna was fabricated on an FR4 substrate, known for its
relative permittivity of 4.4. This substrate choice is pivotal as it significantly influences the antenna's
performance. By leveraging the unique properties of FR4, the antenna design can effectively achieve the
desired electromagnetic characteristics. This includes factors like impedance matching, radiation pattern, and
bandwidth. The integration of the Star Shaped Swastika Stub into the design further enhances its capabilities,
allowing for optimized performance across specified frequency bands. This combination of precise geometry
and tailored substrate material underscores the meticulous engineering involved in developing high-
performance printed antennas. It represents a strategic fusion of design innovation and material science to
create a functional and reliable antenna for diverse applications in modern wireless communication systems.
The complete dimensions of the antenna measure 26 mm in width, 32 mm in length, and 1.6 mm in height.
The region responsible for radiation occupies an area of 18.7 mm x 17.5 mm, encompassing the loading of
the Swastika stub. The substrate maintains a thickness denoted as "j," while the design incorporates copper
with a thickness denoted as "k". The antenna possesses a straightforward geometric configuration achieved
through the integration of two rectangles which are orthogonal to each other, resulting in the creation of star
shaped patch. This design facilitates the attainment of specified resonance frequencies while maintaining an
acceptable bandwidth. The radiating patch is supplied with power through a Sub Miniature version A (SMA)
connector using a 50Q coaxial cable. The center conductor of the SMA establishes electrical continuity with
the antenna’s radiating element via a 12.4 mm long and 2.0 mm wide microstrip line. Conversely, the outer
conductor links to the partial ground plane. The placement of the microstrip feed line at the midpoint of the
antenna, precisely along the x-axis, ensures uniform distribution of electromagnetic energy to the radiator,
optimizing its performance.

The antenna is designed using the below equation.

c 2

N @)
L=———2AL 2
2frEeff ( )
-1
&r+1 &—1 12h] 2
eff =~ T 73 [1+ W] (3)
W +0.264
AL = 0.412h eI+ (hW ) (4)
(eerf=0-258) (T+0.8)

The equations incorporate the following variables:
"c" signifies the speed of light.

"fr" represents the resonant frequency.

"h" denotes the substrate's height.

"eeff" stands for the effective dielectric constant.

To evaluate the antenna's performance, a range of parameter configurations were adjusted to achieve
the requisite resonance frequencies and bandwidths. To attain this objective, a numerical investigation was
carried out employing CST, a software founded on the Finite Integration Technique (FIT) and comprehensive
full-wave electromagnetic field simulation. This involved an extensive process of exploring various
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parameters and conducting multiple simulations. As a result, the most effective dimensions for these
parameters have been successfully determined and are detailed in Table I. This rigorous analytical approach
ensured precision in refining the antenna design for optimal performance. CST's application of FIT, coupled
with its sophisticated electromagnetic field simulations, facilitated a thorough assessment of the antenna's
behavior. The process involved systematically adjusting key variables and analyzing their effects on the
antenna's characteristics. This iterative procedure led to the identification of dimensions that enhance
performance across specified frequency bands. The culmination of this effort is presented in the detailed
findings outlined in Table I, which serve as a valuable reference for constructing the optimized antenna
prototype

The development process of the Star Shaped Swastika Stub Integrated Printed Antenna began by
considering the established formulae commonly utilized for standard rectangular metallic antenna radiating
patches [22-24]. The parametric analyses do not encompass substrate materials, the antenna's overall
dimensions, or the feed location as independent variables, given their demonstrated significant impact on
antenna performance. To holistically investigate the influence of specific elements on the reflection
coefficient, a singular item was selected as the variable, while the other components were maintained
constant throughout the entirety of the process.

Antenna 1 Antenna 2

Antenna 3

Figure 1. Evolution of the Star Shaped Swastika Stub Integrated Printed Antenna

Figure 1 depicts the evolving geometric structure of the antenna in question. In contrast, Figure 2
showcases the suggested antenna along with its associated parameters. Figure 3 displays the corresponding
performance of the antenna with regard to the reflection coefficient (S11). The achieved bandwidths of the
suggested antenna are 3.02 GHz (11.83 to 14.93 GHz), 4.29 GHz (16.42 to 20.72 GHz), 1.85 GHz(21.38 to
23.40 GHz), and 3.49 GHz (23.74 to 27.09 GHz). The initial resonant mode is activated at distinct frequencies
of 12.78, 17.64, 19.71, 22.28, and 25.01 GHz. Significantly, the wideband feature of the central operating
band is enhanced by the inclusion of two extra resonant frequencies at 17.64 and 19.71 GHz. This notably
contributes to the overall expansion of the band.

lllustrated in Figure 1, the evolution process is delineated into three stages. The first stage, Antenna 1,
features a simple rectangular ring configuration with full ground coverage. This configuration resonates at 25
GHz and exhibits a wide bandwidth within the operational frequency range due to the inherent attributes of
the rectangular ring structure. Figure 3 showcases the return loss characteristics of Antenna 1.

In the second stage, Antenna 2 is fashioned by reducing the ground size, inducing alterations in the
inductance and capacitance of the antenna design. As a result, this results in dual-band operation at 15.8
GHz and 29.2 GHz. Figure 4 displays the return loss characteristics of Antenna 2.

Moving to the third stage, Antenna 3 operates across frequencies of 12.78, 17.64, 19.71, 22.28, and
25.01 GHz. This is accomplished by introducing a vertical step along with the swastika stub. Figure 5
illustrates the return loss characteristics of Antenna 3. This adjustment leads to a significant increase in
bandwidth across the Ku, K, and Ka bands. The Voltage Standing Wave Ratio (VSWR) features of the
proposed antenna are depicted in Figure 6.

Brazilian Archives of Biology and Technology. Vol.67: e24231199, 2024www.scielo.br/babt


https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=2ahUKEwjY_IyMpJjfAhXBqZAKHdazDawQFjAAegQIAxAC&url=http%3A%2F%2Fwww.scielo.br%2Fbabt&usg=AOvVaw08BojU0LuZNEI4C434jTD4

Sudha, R.; and Bhavani, S

a
Figure 2. Proposed antenna with its parameters

Table 1. Proposed antenna with its parameters values (in mm)
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Figure 4.Antenna 2 S11 Characteristics
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A comprehensive evaluation of key parameters including ground length (Ig), feed width (wf), and patch
width is conducted through parametric analysis to identify the optimal values that significantly influence the
desired output. This process aims to select the parameter values that yield the desired antenna performance.
The parametric analysis of the ground length is presented in Figure 5 and Figure 6, illustrating the range of
ground lengths examined. Notably, it becomes evident from the figure that a ground length of 24 mm aligns
with the desired outcomes, thus emerging as the most suitable choice for this parameter.

0~
-5 4 S
\ ;O
-10 + \ N A \
- \ i ! \ /
= 151 XY \ i LI I | i
=7 Y Y 1 l'
25 g i »
Y I Ia
30+ ' I u!
10 15 20 25 30
Frequency (GHz)
Figure 5. Antenna 3 S11Characteristics
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Figure 6. Antenna 3 VSWRCharacteristics

The ground length is investigated across a range spanning from 16 mm to 26 mm. After careful
consideration, 24 mm is determined as the preferred ground length. This choice is underscored by its
favorable impedance matching characteristics across all resonating bands, which leads to its selection as the
final and optimal ground length

Upon close inspection of Figure 7 and Figure 8, a discernible pattern emerges. A systematic increase in
feed width, spanning from 1 mm to 3 mm, reveals a noteworthy trend: the optimal feed width of 2 mm ensures
comprehensive impedance matching across all operational bands. As a consequence, the designated ideal
value for the feed width, denoted as "wf," is firmly set at 2 millimeters (mm). This meticulous analysis
underscores the critical role of feed width in achieving optimal impedance characteristics for the antenna's
performance. The observed trend reaffirms that the 2 mm value represents a finely-tuned balance, allowing
the antenna to effectively resonate across a diverse range of operational frequencies. This careful
consideration of feed width is pivotal in the design process, as it directly influences the antenna's ability to
efficiently transmit and receive signals within the desired frequency bands. Thus, "wf=2 mm" serves as a
crucial parameter, ensuring the antenna's peak performance across its specified range of operation.
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Figure 7. Variation in S11 Vs Frequency with respect to Ground length (Ig)
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Figure 8. Variation in S11 Vs Frequency with respect to Feed Width (wf)
Figure 9 portrays the parametric assessment of the patch width "wp." The depicted configuration displays

favorable impedance matching characteristics across all resonating bands when the patch width is set at
13.5 mm. Therefore, this value is deemed the most appropriate for practical implementation.
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Figure 9. Variation in S11 Vs Frequency with respect to Patch Width (wp)
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RESULTS AND DISCUSSION

Figure 10 provides a visual representation of the simulated surface current distributions at both the lower
and upper resonant frequencies. The graphic vividly portrays that the current distribution across the radiating
patch's surface exhibits non-uniformity across different resonating frequencies. In detail, during the lower
resonant mode, the surface currents conspicuously concentrate around the feed line and its immediate
vicinity. Moving into the mid-band range, the distribution of surface currents shifts towards the central and
upper regions of the radiating element. Conversely, as the frequency increases, the current distribution
becomes more pronounced in the central area of the patch and extends towards the swastika stub.

This visual analysis of surface current distributions provides critical insights into the antenna's behavior
at different resonance frequencies. It underscores the dynamic nature of current flow across the radiating
patch, indicating that the distribution pattern adapts with shifts in frequency. This understanding is pivotal in
optimizing the antenna's performance for specific operational bands. By fine-tuning the design to align with
the observed current distributions, engineers can enhance the antenna's efficiency and effectiveness across
a range of frequencies. Consequently, this comprehensive examination of surface currents plays a pivotal
role in refining the antenna's functionality for diverse applications in wireless communication systems.

This observed phenomenon serves as tangible evidence that substantiates the proposal to extend the
radiating patch and incorporate a swastika stub. This strategic design modification effectively accomplishes
the targeted resonance frequency and desired bandwidth across all operational bands.

Figure 11 presents the normalized radiation patterns of the analyzed antenna prototype, recorded in both
the E-plane and H-plane. Across the upper, mid, and lower frequency bands, these patterns exhibit distinct
symmetry, albeit with a discernible directional bias. This directional preference is particularly evident in the
high-frequency bands, as anticipated.

With an upward shift in frequency bands, the radiation patterns in both the E-plane and H-plane become
more focused. This concentration results in a reduction in gain. This phenomenon signifies that as the
frequency increases, the antenna's energy becomes more concentrated in a specific direction, leading to a
narrower coverage area. Consequently, this can affect the antenna's overall performance, influencing factors
such as its range and effectiveness in specific applications. It's important to carefully consider this behavior
when designing and deploying the antenna for optimal performance within the desired frequency range.

Figure 11 showcases the observed variations in gain as they correlate with the operating frequency. The
illustration underscores a pronounced connection between antenna focus and frequency, elucidating that
higher frequencies correspond to intensified antenna focus. As a direct outcome of this heightened focus,
there is a concurrent decrease in gain while radiation efficiency experiences an augmentation. Across all
resonating bands, the antenna has consistently exhibited an average gain of 2.5 decibels isotropic (dBi). This
gain aspect is visually depicted in Figure 13.

Furthermore, the antenna's directivity is consistently maintained above 4 dBi across all resonating
frequencies, as highlighted in Figure 12.
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Figure 11. Gain Vs Frequency plot of Swastikastub-based Star shaped printed antenna
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The physical realization of the antenna, achieved through the photolithography method, is visually
depicted in Figure 13. The process of photolithography was employed to ensure the successful construction
of the antenna. The process begins with the application of a mask containing the inverse of the planned
design onto a thoroughly cleaned FR4 substrate treated with acetone. The antenna design employs a dual-
sided CU-clad FR4 substrate as its foundational material. Following UV light exposure of the CU-clad FR4,
the substrate is immersed in a NaCl developer solution. Subsequently, the etching process utilizing FeCl is
executed, concluding with the removal of the photoresist to finalize the fabrication of the intended design.

Figure 14 provides a concise visual comparison, juxtaposing the measured and simulated reflection
coefficient (S11) against frequency curves for easy assessment. The measured data exhibit a reasonable
degree of agreement when contrasted with the simulated data. However, a minor disparity (less than 2
percent) is discernible, particularly concerning operating frequencies and bandwidths. This subtle variation
between the measured and simulated outcomes might be attributed, at least in part, to factors such as
manufacturing nuances, imprecision in measurement, cable losses, and soldering effects. Table 2 offers a
comparative analysis of the proposed antenna against existing literature.

Table 2. Comparison with Literature

Ref No Method used Foot print area (mm*mm) No. of Bands
18 Triangular slot 67.66 2
19 sloting 300 2
22 parasitic patches in ground 10800 2
23 CSRR 4100 2
24 SRR 528 2
Proposed Star shaped + Swastika stub 832 5
CONCLUSION

This study conducts a comprehensive analysis of a microstrip patch antenna designed for Ku/K band
satellite communication services, emphasizing its multiband functionality, including construction, fabrication,
and empirical validation against simulated data. The experimental outcomes of the compactly sized antenna
indicate bandwidths for a reflection coefficient (S11) of -10 dB spanning 3.02 GHz (11.83 to 14.93 GHz), 4.29
GHz (16.42 to0 20.72 GHz), 1.85 GHz (21.38 to 23.40 GHz), and 3.49 GHz (23.74 to 27.09 GHz). The primary
resonance frequencies are identified at 12.78, 17.64, 19.71, 22.28, and 25.01 GHz. The antenna exhibits
favorable reflection coefficients across the designated frequency ranges and demonstrates commendable
gain characteristics, leading to appropriate directional radiation patterns. A comparative analysis between
the measured and simulated results highlights a noticeable degree of alignment between the two sets of data.
These attributes collectively establish the proposed antenna as well-suited for applications within the Ku/K/Ka
band satellite communication realm.
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